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Zusammenfassung

Diese Arbeit befasst sich mit der Theorie von Atomen, die an das Quan-
tenlichtfeld eines optischen Resonators koppeln und durch Laser getrieben
werden. Die Untersuchungen behandeln einen Bereich, in dem die Atome
oberhalb eines kritischen Wertes der Laserintensitét spontan regelméfige
rdumliche Strukturen bilden, die durch die mechanischen Effekte des Lichtes
stabilisiert werden. Die Dynamik, die zu selbstorganisierten Mustern fiihrt,
wird systematisch und im semiklassischen Grenzfall beschrieben, wohingegen
das Resonatorfeld als Quantenvariable behandelt wird. Die Figenschaften
im Gleichgewicht und auferhalb des Gleichgewichtes werden untersucht,
die experimentellen Observablen werden charakterisiert. Fs wird gezeigt,
dass diese Systeme eine eindrucksvolle Plattform bilden, um Kritikalitat in
getriebenen dissipativen Systemen mit langreichweitigen Wechselwirkungen
zu untersuchen, die in diesem Fall durch mehrfache Photonenstreuung zwis-
chen den Atomen hervorgerufen werden. Die Anwendbarkeit auf eine grofe
Anzahl an Atomen bei ultrakalten Temperaturen wird im Kontext andauern-
der Experimente diskutiert.
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Abstract

This work deals with the theory of atoms coupled to the quantum light field
of an optical resonator and driven by lasers. The studies address a regime
where, above a critical value of the laser intensity, the atoms spontaneously
form regular spatial structures, stabilized by the mechanical effects of the
light. A systematic description of the dynamics leading to self-organized
patterns is provided in the semiclassical limit, whereas the resonator field
is treated as a quantum variable. The equilibrium and out-of-equilibrium
properties are determined, the experimental observables are characterised.
It is shown that these systems constitute a formidable platform to study
criticality in driven-dissipative systems characterized by long-range interac-
tions, which here arise from multiple photon scattering between the atoms.
Applications for large atomic samples at ultralow temperatures are discussed
in the context of ongoing experiments.
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Introduction

Research context

The control of mechanical effects of light on matter is the basis of several
techniques for manipulating the quantum state of physical systems in the
microsopic (and also in the mesoscopic) realm [1, 2|. This is a result of the
astonishing achievements in cooling and trapping atoms with laser light
[3, 4, 5] at the end of the 20th century, being awarded by the Nobel Prize in
Physics [6, 7, 8]. Prominent examples are the creation and manipulation of
crystalline structures of atoms due to the interaction with a light field [9, 10]
that shows, for instance, a periodically modulated intensity (optical lattice)
[11]. Recently, the strong coupling of atoms and molecules to the field of a
resonator (cavity) has been achieved, opening novel perspectives of control
[12, 13, 14, 15, 16, 17]. In this scenario, usually, the quantum light field can
not be considered as an independent component of the dynamics, as it is
strongly affected by the presence of the atoms. Vice versa, the cavity field
acts back on the atomic motion by the mechanical effects of the light (cavity
backaction). This, in total, constitutes a prototype of an optomechanical
system [18, 19, 20]. This thesis aims at providing a theoretical framework
for studying those dynamics, that is based on the effective interactions
between atoms, mediated by a common atomic coupling to the field inside
the resonator [14, 21].

The optomechanical dynamics of photons and atoms in a cavity is
known to give rise to intriguing pheonomena, such as bistability [22, 23, 24],
synchronization [25, 26| and self-ordering [27, 28, 29, 30]. Those effects
are mostly triggered by the long-range interactions [31] that are mediated
by multiple photon scattering and which induce collective phenomena. By
this means, atom-cavity setups can be shown to share several analogies
with extensively studied long-range interacting systems [32, 33, 34|, such



as gravitational clusters, plasmas or coupled oscillators [35, 36]. In fact, in
certain limits, the observed collective effects in cavities can be reduced to a
long-range Hamiltonian which reflects the observed phenomenon [37, 38].
Nevertheless, in general, one deals with an open system, as cavity photons
are lost via the mirrors [39]. For instance, dissipation can be used to tailor
processes in which kinetic energy is extracted from the atoms and by this
cool matter, known as cavity cooling [40, 41, 42, 43, 44|. Photon losses can
be compensated for by an external laser pumping on the system. This might
be realized by driving the atoms and/or the cavity by laser light. Here, the
strength of the drive can determine whether strong collective effects emerge
or not. Indeed, in several scenarios, there exists a critical value of the
pump strength which separates two distinct phases of matter (and/or the
light field), for instance non-synchronized (unordered) from synchronized
(ordered), reminiscent of a phase transition [27, 45, 46, 47, 48].

One of the main questions that arises in such a driven-dissipative long-range
interacting many-body quantum system is related to the characterization
of the steady state that the system adopts, in particular, whether it can
be described by thermal equilibrium [49, 50, 51, 52]. Further interest
is dedicated to the aspects of relaxation towards steady state [53]. In
long-range interacting (Hamiltonian) systems it is known that long-lived
metastable states may emerge, in which the system may reside for a long
time before reaching the steady state [35, 54, 55, 56, 57, 58]. Recent studies
investigate the robustness of these out-of-equilibrium states and the possible
modifications of the relaxation processes in such systems in the presence of
noise and dissipation or specific perturbations [59, 60, 61, 62, 63]. The atom-
cavity setup, discussed in the following and mainly considered throughout
this thesis, constitutes a driven long-range interacting system, in which
dissipation and noise are intrinsically present. It therefore represents a
remarkable platform to study the out-of-equilibrium dynamics of long-range
interacting systems in a noisy environment [64].

Self-organization and state-of-the-art

In this thesis, we consider the interaction of N atoms with the elec-
tric field of a cavity mode, see Fig. 1. Individual processes of atom-photon
interactions rely on the absorption/emission or virtual scattering of photons
by the atoms. Fach photon (elementary bosonic excitations of the light
field) carries a momentum of the amount Ak [65] which is exchanged with the
atom, with A Planck’s constant and k the wavevector of the light field. Here,
we restrict to a regime in which this field is far-detuned from any atomic
dipolar transition (dispersive regime), giving rise to an effective optome-
chanical atom-field coupling [18|, in which the atoms redistribute photons
by virtual scattering. The setup includes an additional far-off-resonance
transverse laser drive (frequency wr) for the atoms (dipole-field coupling
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Figure 1: Atoms in a single-mode standing-wave cavity and driven by a trans-
verse laser can spontaneously form ordered patterns when the laser intensity 2
exceeds the rate of photon losses, here due to cavity decay at rate k. In this regime
the atoms experience a long-range interaction mediated by the cavity photons and
their motion becomes strongly correlated. Taken from Ref. [64].

Q) [45, 66]. Those sustain the intracavity field by scattering photons from
the laser into the cavity mode (with frequency w,. , wr =~ w.) by Rayleigh
scattering. This gain in cavity photons competes with photon losses (with
rate 2k) due to a finite transmittivity of the cavity mirrors. Those processes
characterize the presented system as a driven-open one. Some of the central
aspects, addressed in this thesis, concern the out-of-equilibrium dynamics
and the thermodynamical properties of this system, including detailed
studies on the spatial structure that the atoms adopt due to the forces
associated with the mechanical effects of the light [14].

In the setup of Fig. 1, for a homogeneous atomic distribution along
the cavity axis, the mean intracavity field vanishes (destructive interference
of the scattered photons) and with it the mean force: force fluctuations
arise from finite density fluctuations and the quantum fluctuations of the
light field [67]. When the atoms, instead, form atomic Bragg gratings
(interparticle distance of multiples of the cavity wavelength A = 27/k)
at the antinodes of the cavity mode (positions of maximal coupling), the
scattered photons constructively interfere. Those configurations can be
stabilized by the mechanical effects of the cavity light field, provided that
the laser drive € exceeds a threshold value, such that collective atomic
photon scattering overcomes the photon losses. The atoms organize in the
scattered potential [68]. This phenomenon is referred to as self-organization.

Self-organization has been theoretically predicted in [45], with first
experimental evidence found in [69]. These findings set the starting
point for many subsequent theoretical and experimental studies on self-
organization, for both a thermal cloud of atoms [43, 48, 66] and atomic
ensembles in the ultracold realm [37, 38, 39, 47, 50, 67, 70, 71, 72, 73|. This



thesis provides theoretical results on self-organization for thermal atoms —
and thus in the semiclassical regime of atomic motion [74] — delivering new
insight and results which concern, amongst others, the following points:
(i) Several theoretical studies impose a semiclassical limit or mean-field
description on the cavity field, valid for large photon numbers [43, 45, 66, 75].
The present work delivers an approach in which the cavity field is treated
fully quantum-mechanically [74]. This allows for consistent results also in
the homogeneous phase, in which field fluctuations can not be discarded,
see Chapter 1 (Ref. [74]). (ii) The transition to spatially ordered patterns
has often been regarded as a second-order phase transition, conjectures were
mostly drawn with mean-field treatments or methods of stability analysis
[43, 66]. We confirm this hypothesis by an explicit mapping of the free
energy to a Landau model at steady state [76, 77|, which is analysed in
detail, see Chapter 3 (Ref. [77]). (iii) The long-range character for the
atom-atom interactions, mediated by the cavity field, is well-known [18].
We draw explicit connections to studies in long-range interacting systems
[54] and show related relaxation dynamics by performing quenches across
the phase transition [64, 78]. Our findings reveal the emergence of long-lived
metastable states which are out-of-equilibrium, go beyond a mean-field
description, and, surprisingly, are induced by dissipation [79], as discussed
in Chapter 6.

Outline of the thesis and internal context

Chapter 1 (Ref. [74]) describes the nonlinear atom-field dynamics
for laser-driven atoms in an optical cavity in a regime for which a time-scale
separation between field and atomic dynamics applies (k > w,, the latter
being the recoil frequency). In this regime, the cavity field can be eliminated
quasi-adiabatically, the atomic motion is treated semiclassically by using a
consistent perturbative expansion in \/w,/k. The resulting time evolution
for the atomic phase-space distribution function [80] for N atoms adopts
the form of a Fokker-Planck Equation (FPE) [81], that can be simulated
by numerically integrating equivalent Stochastic Differential Equations
(SDEs) [82, 83]. In the regime of low laser drive, the cooling rate and final
temperature for the atomic ensemble are studied, comparing the results
with findings in the literature [43]. This optomechanical cooling mechanism
[12, 16, 43, 75, 84, 85] is denoted as cavity cooling and is, in general,
applicable to any polarizable particles, including molecules [86].

Chapter 2 (Ref. [64]) contains the analysis of the FPE for the atomic
motion, derived in Chapter 1, for arbitrary pump intensities and thus in both
phases (homogeneous and ordered). In particular, it provides an analytical
solution for the (thermal) steady state in the regime far from bistability
(small cavity shifts). Furthermore, the effective atom-atom long-range
interactions are identified [35, 54|, while the observed out-of-equilibrium



dynamics (prethermalization) will be further studied in Chapter 6.
Chapter 3 (Ref. [77]) analyses the steady state, presented in the previous
chapter, in more detail. On the one hand, the stability of the Bragg gratings
is investigated by numerical simulations. On the other hand, the properties
of the cavity light field are determined, including the mean intracavity
photon number, the photon statistics and the spectrum at the cavity output
[67, 72]. This chapter contains an explicit mapping of the free energy of the
atoms to a Landau model (that describes a second-order phase transition)
for a convenient order parameter © [66], identifying the two stable (equally
probable) Bragg configurations [© ~ 1 (even) and © ~ —1 (odd)] with a
magnetization.

An imbalance in the emergence of those even and odd patterns can be
induced by an additional (horizontal) laser drive of the cavity mode, which
is only taken into account and discussed in Chapter 4 (Ref. [87]). These
studies include a temporal change of the phase of the cavity laser drive, al-
lowing for a switching between the two configurations and deterministically
choosing one desired pattern ('pattern seeding’).

Chapter 5 (Ref. [88]) contains a mean-field description for laser-driven
atoms in optical cavities (see Fig. 1) that imposes a factorization ansatz for
the atomic N-particle distribution function of the previous chapters (Chap-
ter 1-3). The transition to spatially ordered patterns is well reproduced
within this formalism. We show that the latter, instead, fails in correctly
predicting all the dynamical features that are observed after performing
a quench (sudden temporal change of the control parameter) across the
driven-dissipative phase transition.

Chapter 6 (Ref. [78]) focuses on such quenches from the disordered (© ~ 0)
to the ordered (|O| &~ 1) phase and, by this, on the onset of self-organization
due to the interplay of dispersive and dissipative long-range forces. We
verify that the mean-field approach of the previous chapter is (only) suitable
for describing the short-time dynamics. Indeed, several dynamical stages are
identified and analysed, drawing analogy to long-range interacting systems
[35, 54], in which long-lived prethermalized states are found [58]. While
in many recent studies those metastable states have been verified to being
destroyed by noise [59, 62, 63|, it is shown that, in our case, the peculiar
long-range character of the intrinsically present noise [89] can further extend
the prethermalized stage and substantially modify relaxation [90].
Chapter 7 (Ref. [91]) deals with studies on a setup, in which the coherent
laser drive is replaced by an incoherent drive, allowing for population inver-
sion in the effective two-level atomic spins with an ultranarrow transition.
In fact, the internal atomic degrees are crucial for the discussed phenomena
in this chapter: dipole-dipole interactions, induced by the common coupling
to a lossy cavity mode [46, 92|, can lead to synchronization [36] among the
dipoles. Associated mechanical effects have been studied [93, 94, 95|, but
still are to some extent unexplored and especially addressed in this chapter:



we report on giant frictional forces on the atoms due to cavity-induced
spin-spin correlations.

This thesis is closed by the conclusions, providing a summary and an
outlook with open questions that could be addressed in future studies.

Contributions of the author of this dissertation

This cumulative thesis contains 7 manuscripts/publications, organized
in chapters. The following list solely aims at specifying the aspects to
which the author of this dissertation contributed in the manuscripts, it
does mnot imply that the other authors had no contribution to these points.
A more detailed statement, describing the contributions to the respective
manuscript of all the authors, can be found on the first page of the respective
chapters.

Chapter 1 (Ref. [74])

development of theoretical model; design and performance of numerical
simulations; derivation of analytical results; checking, discussing and
analysing the calculations and results; writing of the article

Chapter 2 (Ref. [64])

development of theoretical model; design and performance of numerical
simulations; checking, discussing and analysing the calculations and
results; writing of the article

Chapter 3 (Ref. [77])

development of theoretical model; performance of analytical calcula-
tions; design and performance of numerical simulations; checking, dis-
cussing and analysing the calculations and results; writing of the article

Chapter 4 (Ref. [87])
checking, discussing and analysing the calculations and results

Chapter 5 (Ref. [88])

development of the theoretical model; performance of numerical simu-
lations; checking, discussing and analysing the calculations and results;
writing of the article

Chapter 6 (Ref. [78])

development of the theoretical model; performance of analytical and
numerical calculations; checking, discussing and analysing the calcula-
tions and results; writing of the article

Chapter 7 (Ref. [91])

development of the theoretical model; checking, discussing and
analysing the calculations and results
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Cooling of atomic ensembles in optical cavities: Semiclassical
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Abstract:
The semiclassical dynamics of atoms, when the atoms are confined inside a
standing-wave high-finesse resonator, is theoretically studied. The atoms are



Cooling of atomic ensembles in optical cavities: Semiclassical limit

cooled by scattering processes in which the photons of a transverse laser are
coherently scattered into the cavity mode. We derive a Fokker-Planck equation
for the atomic center-of-mass variables which allows us to determine the equations
of motion in the semiclassical limit for any value of the intensity of the laser field.
We extract its prediction for the dynamics when the resonator is essentially in
the vacuum state and the atoms are cooled by scattering photons into the cavity
mode, which then decays. Its predictions for the stationary atomic distribution
are compared with the ones of the Fokker-Planck equation by Domokos et al. [J.
Phys. B 34, 187 (2001)], which has been derived under different assumptions. We
find full agreement in the considered parameter regime.
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I. INTRODUCTION

The possibility of cooling and trapping the atomic motion
by means of electromagnetic radiation has been remarkably
advanced in atomic physics and quantum optics, which was
officially recognized with the Nobel Prize in physics in 1997
[1]. In a nutshell, radiative scattering can cool the motion
of atoms by means of the mechanical effects of atom-photon
interactions. This is achieved by scattering processes, in which
the transition rate to states with lower mechanical energy is
enhanced by suitably driving an atomic transition, so that the
frequency of the absorbed photon is, on average, smaller than
that of the emitted one [2,3]. In the presence of high-finesse
optical resonators, these processes can be tailored using the
strong coupling with the cavity field [4-9].

A remarkable property of the mechanical effects of light
inside a high-finesse resonator is the collective phenomena
due to multiple scattering of photons, which mediate an
effective interaction between the atoms. They give rise
to nonlinear dynamics, such as bistability induced by the
nonlinear coupling with the motional degrees of freedom
[10], synchronization [11], and collective-atomic recoil lasing
[12]. In single-mode standing-wave cavities, they can lead
to the formation of spatially ordered structures [13—17]. This
phenomenon is found in a setup, such as the one sketched in
Fig. 1, where the atoms are confined inside a resonator and are
driven by a transverse laser. It exhibits a threshold, which
is mainly determined by the intensity of the laser. Above
threshold, ordered atomic structures (Bragg gratings) form,
which coherently scatter photons into the cavity resonator
and, vice versa, the cavity field stably traps the atoms in the
grating [14,15,17].

The theory of self-organization in laser-cooled atomic
ensembles coupled to cavities has been pioneered by Ritsch
and coworkers [18], who derived a Fokker-Planck equation
describing the coupled dynamics of cavity field and atoms

“stefan.schuetz@physik.uni-saarland.de

1050-2947/2013/88(3)/033427(13)

033427-1
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in the limit in which the atomic and field variables can
be treated semiclassically [19]. On this basis, the self-
organization threshold has been determined [17] and numerical
simulations of the system dynamics were performed [18]. This
theoretical model does not describe, however, the properties
of the cavity field, which is treated in the semiclassical
limit. The semiclassical approximation, in fact, breaks down
when the intracavity field is small, namely, below and close to
the self-organization threshold. Close to threshold, when the
patterns are formed, in particular, fluctuations are expected to
become larger and larger [13,17]. This calls for developing a
unifying theoretical formalism which allows one to describe
the coupled atom-field dynamics below, at, and above the
self-organization threshold.

In this work, we derive the Fokker-Planck equation gov-
erning the atomic dynamics, which is valid for any value of
the intracavity field amplitude. This is obtained by following
the procedure developed in Refs. [20-22], which allows us
to derive an effective Fokker-Planck equation for the atomic
motion, in which the cavity field is treated quantum mechan-
ically. This treatment leads to equations of motion which can
be simulated by means of stochastic differential equations
[19,23,24]. The numerical simulations allow for a reliable
description of the dynamics without further assumptions on
the state of the intracavity field. As an example, we determine
the momentum distribution when the loss rates are much larger
than the pump rate, so that the intracavity field is essentially
in the vacuum. We then compare the predictions of our
model on the atomic distribution with the predictions extracted
with the model in Refs. [19,25]. This article is organized as
follows. In Sec. I, the theoretical model is introduced and the
effective master equation, describing the coupled dynamics
of cavity and atoms, is obtained after eliminating the excited
state of the atoms in second-order perturbation theory. The
Fokker-Planck equation for the atomic dynamics is derived in
Sec. III, and the numerical simulations of the center-of-mass
motion dynamics are reported and discussed in Sec. IV. The
conclusions are drawn in Sec. V. The appendices report details
of the calculations in Secs. III and IV.

©2013 American Physical Society
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FIG. 1. (Color online) A gas of atoms is confined within a
standing-wave resonator and is illuminated by a transverse laser. A
dipolar transition of the atoms couples quasiresonantly with the fields
and scatters photons from the laser into the cavity. We analyze the
dynamics of the atomic center-of-mass motion and steady state in the
semiclassical regime.

II. THEORETICAL MODEL

In this section, we derive the master equation which is
at the basis of the semiclassical treatment in Sec. III. This
effective master equation is obtained for a system of atoms
inside the cavity and illuminated by a transverse pump, in the
limit in which the atomic transition is driven below saturation.
It thus describes the coupled dynamics of atomic center-of-
mass motion and cavity field.

A. The system

The physical system is illustrated in Fig. 1: N atoms
are confined inside a resonator and their dipolar transitions
scatter photons of a transverse laser and of the mode of a
standing-wave cavity. The atoms are sufficiently hot to be
considered distinguishable. For the sake of generality, we also
assume that they can be of different species. We denote by
m; the mass of atom j =1,...,N, and by |g); and |e); we
denote the ground and excited state of the corresponding
dipolar transition, whose frequency w; is quasiresonantly
coupled with the laser and with the cavity field (the position
dependence of the transition frequency also takes into account
possible spatial inhomogeneities). The laser is here assumed to
be a classical standing-wave field with frequency w; and wave
vector perpendicular to the cavity axis, while the cavity mode
is a quantum field of frequency w,. and wave vector k. The
cavity and laser field have the same linear polarization, so that
they both drive the atomic dipolar transitions. We denote by a
and a' the annihilation and creation operators, respectively, of
a cavity photon, with [a,at] = 1.

The center-of-mass motion of the atoms is restricted to
the cavity axis, which here corresponds to the x axis. The
position and canonically conjugated momentum of atom j are
given by the operators £; and p;, such that [£;, pr] = ihd i,
with § ;. as the Kronecker delta. Internal and external degrees
of freedom of the atoms couple via the mechanical effects
of atom-photon interactions. Our purpose is to provide a

PHYSICAL REVIEW A 88, 033427 (2013)

theoretical description of the scattering dynamics leading to
cooling of the atomic motion.

We start with the master equation for the density matrix g
for the cavity and for the atoms’ internal and external degrees
of freedom, which reads

0 i~
—0=—=[HpPI+LP+L)p 1
5P G LA+ L + Ly p M

= Lp, (€3
where L is the corresponding Lindbladian. Master equation (1)
is reported in the reference frame rotating at the laser

frequency w; . Here, the coherent dynamics are governed by
the Hamiltonian

N A2

N N
+ > ngi@p@te; +efay+ > neu6f +6p). (3)
j=1 j=1

where 6; = |g);(e| and 6} is its adjoint, A, = w; — @,
and Aj; = w; — w; are the detunings of the laser frequency
from the cavity frequency w. and from the atomic transition
frequency w;, respectively; €2; is the real-valued coupling
strength of atom j with the laser, and g;(£;) = g; cos(k%;) is
the real-valued coupling of the atomic transition, with g; the
vacuum Rabi frequency for the atom j and cos(kx) the spatial
mode function.

The incoherent dynamics is assumed to be due to cavity
losses, at rate k, and to radiative decay of the atoms excited
states, at rate y;. They are described by the superoperators

L.p=—k@'ap+ pata —2apab), )

N
~ Vioata oy anta ~
Eyp=—g Ej( }Loj,o—i-,o ;Oj)+Jp, ©)

N 1
Tb=Y_v / 1 duN;(u)|g) (el je"1"Y pe*i"Ve) (g] ;.
j=t 77

(6

This term describes the jump from [e); to |g); due to
spontaneous decay and takes into account the momentum
transfer along the cavity axis to the atom due to spontaneous
emission [26]. Here, the dipole radiation pattern N;(u) is
normalized and symmetric about # = 0. For later convenience,

we define its second moment by (ﬁ) ;> such that

1
/ duN;(uu® = (u?); . (7
—1

B. Adiabatic elimination of the excited state

We now proceed in deriving the master equation for
the cavity field and atoms’ center-of-mass motion when the
occupation of the atomic excited states can be neglected. Let
us first assume that the particles do not move. In this case,
their coupling g; with the cavity field is fixed, and the excited

033427-2
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state can be eliminated in second order in an expansion in
the parameter 1/|A;|, assuming that |A;| > y;/2,Q; and
[AG] > |Aclk,8j /71, with 71 is the mean photon number in the
cavity. For N atoms, the condition on the coupling strengths
becomes [A ;] > \/NQJ,\/N(gj\/ﬁ); see [27]. When the
center-of-mass motion is considered, on the other hand, the
coupling strength g; varies as a function of time. Moreover,
atoms with different velocities experience different Doppler
shifts, which modify the resonance condition. These effects
can be neglected when the corresponding time scales are
longer than the typical time scale in which the excited state
is occupied, i.e., when kp;/m; < |A;| (with p; = «/(p%)),
which is satisfied when the atomic gas has previously been
Doppler cooled [3,28].

Formally, the effective master equation describing the
dynamics of cavity field and atoms’ center-of-mass motion
is obtained by deriving a closed equation of motion for
the reduced density operator 0 when the atoms are all in
the internal ground state |g) = |g1,82, - ..,8n). The reduced
density operator ¥ is defined as 0 = P p, where

0= Pp=1g)(gl(glrlg). ®)

= 0p, (€))

where P and Q =1 — P are projectors (P> = P, Q> = Q,
Pt =P, 0t = Q) and (P + Q)p = p. In order to adiabati-
cally eliminate the excited state, we rewrite the Lindbladian as
L = (P + Q)L(P + Q) and introduce the decomposition

L=CLA+CF + T+ ™, (10)

where

with LFP = PLF. Term
N
A . ~ Vi Ao
Lip=3 [zA,-[|e>j<e|,p] — Se)el;p + p|e>,v<e|>}
j=1
(12)
issuchthat 0£4Q = L4 and LAP = PL* = 0, while TP =
Oand PJ = PJQ. Finally, PL™P = 0, with
A N
LM =—i ) [{le)(gl;[Q; + g;(%))al + He}.pl. (13)
j=l1
The master equation (1) is thus rewritten in terms of coupled

differential equations for the time evolution of 9 and W defined
in Eqgs. (8) and (9). The formal solution for & reads

T
W(7) =/ dt’eQ(ﬁ"+LF)(r—r/)Qﬁmtw(r/)
0

+ / dr/eQ(LM»EF)(T—r’) Qﬁimﬁ(l’/), (14)
0

where we have assumed W(0) = 0, namely, all atoms are in the
internal ground state at # = 0. Using Eq. (14) in the differential
equation for 9 leads to an integrodifferential equation of
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motion,
0

5 0= PLIO+ PT + L™

t
X / dreE DD g riti 0y 4 V(z)],  (15)
0

with
T
V() = / dt/eQE LD o pint 52"y 4 ()],
0

Equation (15) can be brought to the form of an effective
Born-Markov master equation by performing a perturbative
expansion to the second order in the small parameters

i A, . . .
€int X \/Ng*/;,«/Ni and € o 2<% which consists in
|Agl | Agl [Aal” [Aa]

neglecting terms such as (£")3, (LMY)2LF, £i(LFY, (LF)3,
and higher. In this approximation, the master equation for the
reduced density matrix 9, given by Eq. (15), is reduced to the
form

ol

513 = —;fl[fteff,ﬁ] —k(@'av + vata — 2a0ah)
N V/ 1
-y ?’{E;Ejﬁ + 08B, —2/ duzv](u)éjﬁéj},
j=1 !
(16)

where y]f =y g? / (A% + yjz /4) is the rate of incoherent photon
scattering via spontaneous decay, while operator

A —ikjuf ava o S
Bj = e """ | cos(kxj)a + g— 17
J
describes the mechanical effect associated with absorption of
a laser or a cavity photon and followed by a spontaneous
emission. The effective Hamiltonian H,¢ reads

N A2 N
LEEDY zp—-’ - [AC ->.U; cosz(k)ej)}afa
= M =1
N
+1) " S;cos(ki;)a +a). (18)

j=I
It contains the shift of the cavity frequency due to the
interaction with the atoms, which scales with the frequency

Ajg;
Vi=xi,
iTYi

and the pump on the cavity field due to coherent scattering into
the cavity mode, which scales with the amplitude

A 8%
T T A2 24"
A2+ y?/4

The corresponding terms in Eq. (18) depend on the atomic
positions and give rise to mechanical forces on the atoms. We
remark that the master equation in Eq. (16) has been reported,
for instance, in Refs. [17,19], where the internal dynamics is
eliminated by setting 6, ~ —1 and ultimately expressing &,

19

S; (20)

and 6} in terms of cavity field operators. Here, we have given
its detailed derivation using second-order perturbation theory
by means of projectors acting on density operators [29].
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III. SEMICLASSICAL MODEL

In this section, we analyze the predictions of Eq. (16) under
the assumption that the atoms’ center-of-mass motion can be
treated semiclassically. For this purpose, we first consider
the dynamics of the atoms in Wigner representation and
denote by W,(x, p) the operator for the cavity field degrees
of freedom, where the subscript ¢ indicates the time. Operator
W,(x, p) is related to the reduced density operator # by the
equation

N 1 © i
W, (x,p) = P f dge 1Pt

oo

o
<x + §§|v|x - §§>7
2n

with y = (yq,...,yn), where y = x, p,&. It is a scalar func-
tion of the atoms’ positions x; and canonically conjugated

momenta p; of the atoms. Note that p - § = le.\/:l p;&; and

[ dE = ]_[;V=1 /72, d&;. The Wigner function for the atoms
is denoted by f(x, p,t) and is defined as

f(x,p.t) = Te{W,(x, p)}.

From the density operator in Eq. (21), one can find the
combined atom-field Wigner function W(x, p,o,a*) used in
Ref. [19] by means of the relation

(22)

d*n . " < N
Wixpaa’) = [ e T D). 23

where o and o* are the variables for the cavity field amplitude
and 25(7;) = exp(n&i — n*a) is the displacement operator for
the cavity field, with n complex variables.

Let us now discuss the conditions under which the motion
can be treated as a semiclassical variable. This is possible
when the typical width of the momentum distribution, which
we denote by Ap; for the atom j, is much larger than the

PHYSICAL REVIEW A 88, 033427 (2013)

photon momentum #ik,

hk < Ap;. (24)

In this limit, the momentum changes due to emission and
the absorption of a photon are very small. In addition, the
uncertainty in the atomic position, Ax;, is larger than the value
set by the Heisenberg uncertainty relation, Ax; > h/Ap;.
These conditions are met when the atoms are at the stationary
state of Doppler cooling, such that Apf /(2m;) ~ hy;/4 when

Yj > o, with o, % the recoil frequency [3,28]. In this

work, we derive a Fokker-Planck equation starting from this
assumption, and then check that the corresponding stationary
state fulfills the conditions under which the Fokker-Planck
equation is valid.

A. Semiclassical model below the self-organization threshold

We now derive equations of motion for the atomic degrees
of freedom by eliminating the cavity degrees of freedom. This
is possible provided the cavity degrees of freedom evolve on
a faster time scale than the atomic motion, namely, when

kAp;i/m; < |k +iA.|. (25)

As one can easily check, this condition is consistent with
Eq. (24), provided that o, < k. The following treatment
extends the method applied in Ref. [20] to the dynamics of
atoms coupled to a resonator. We start with the master equation
in Eq. (16) in Wigner representation for the atomic degrees of
freedom and consider the reference frame moving with the
atoms and defined by the relation

W, (x,p) = Wi(x + v(t — 1), p),

where v = (py/my, ...

(26)

,PN/MN), W,(x,p) is defined in
Eq. (21), and W, (x, p) is given in the reference frame moving
with the atoms, with £, an initial time. Its time evolution reads

0 2 X 2 X A X i kG4 2r) & x+rhkj/(2mj)
—W = LoW £'w — =) S;j@+at T w
or ’(p) ’ '(p)+ ’(p) 221: ' (aH)[e ’( p—hk;/2
—ikG+ Py & (x — Thk;/(2m}) i ikt iy 2 x — thk;/(2m;)
J T m w _ S m; w J J
e ' ’( p+ik;/2 ¢ ' p+nk;2
—ik(xj+p—j,r) 2 x + rhk,/(2m]) i . At
ml W
+e ,( p—lik; /2 (a+a")
i At 2ik(X'+Lj_T) 2 X+ Thkj/mj —2ik(x +L/_r) S X — ‘L'hkj/m]' ~ X
B U lat TP w it W oW
4; '][M[e ’( p—nk; )7 U par )T
i Piry A — thk; P ikt iy A hk; i S
- ez”“"*m’f’)w,<x : Mmj)“ 2’“”’*'"?”Wr(x“ ]/mJ)HWf(x) atal. @7)
p+hk;j p —hk; P
where VAV,(x,p) = VAV,(;), T =1 — 1o, and (k;); = k& ;, while
P X . ra B X B X\ . AR X 2 X\ il
L'OW,< ):lAC[aTa,W,< >]+K|:2aW,< )aT—aTaW,( >—W,( )afa]. (28)
p p p p p
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The effects of spontaneous emission are included in £ W ( ; ),
whose detailed form is reported in Appendix A. After
performing a Taylor expansion up to second order in the
parameters €; = hik/Ap and €, = /%f, Eq. (27) can be cast
in the form

%Wf(x,P) = [Lo+ L1(t) + L2(OIW(x, p),  (29)
where L; is of the jth orderin €€, and we have assumed €; ~
€ ~ e, which is correct provided that w, < k. Now, operators
W, (x, p) appear all at the same positions and momenta x, p, s0
that we omit writing the argument explicitly. Superoperators
L; are defined as

LoW, = LoW, —i Y Ujlata, cos’(kx)W,]
J

—i )" 8;[@ + ah), costkx )W, 1+ LF W,.  (30)

L S e

P RS TN ) 1
8p3 8Xj J

with £ ; the force operator on the jth atom [29], which is

defined as

Fj = hkS; sin(kx;)(@ + a') + hkU; sin(2kx;)a'a

—i(@' - &)hk%sj sin(kx ),

with s; = Q;/g;. The terms ﬁg,W, ﬁ’l’/W, and E;W are due
to spontaneous emission and their explicit form is given in
Appendix A. Note that £, is evaluated at T = 0 since this term
is already of the second order in €.

We rewrite the operator W, as

W, (x,p) = f(x,p.0)os(x) + % (x,p.1), (33)

where o5(x) is the density matrix for the field, which
solves equation Lyos(x) = 0 for N atoms fixed at positions
xj, while f(x,p,t) is the Wigner function of Eq. (22)
in the reference frame moving with the atom. Therefore,
f(x, p,0)og(x) corresponds to the solution in which the cavity
field adiabatically follows the external atomic motion, while
the nonadiabatic terms are contained in the (traceless) operator
# = W — Tr{W}o,. When condition (25) is fulfilled, this
contribution is expected to be a small correction and reads

() = f dt' S LL () f(x, pt')o

fo

= Tr{L1(t) f (x, p.1))os}oy], (34)

where the value at t = f( is taken to be zero, as is consistent
with the assumption that when the transverse laser is switched
on, there are no correlations between field and atoms. Under
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this assumption, we use Eq. (33) in Eq. (29) and consider a
coarse-grained dynamics. Applying the Markov approxima-
tion after tracing over the cavity degrees of freedom, we obtain
the equation governing the time evolution of the Wigner
function f (x, p,t), which is valid up to second order in €:

9 .
— t
a[f(x,p, )H
=lo

= Tr{[ﬁl(xd’ato) + ‘cz(xvpato)] : f(xvp!to)as(x)}
fo
+Tr{£1(x,p,to)f di' e O"OL, (x, p,t')

- f(x, p.to)o(x)
—Tr[Li(x, p.t) - f(x,p,ro)oxx)]as(xn}. (35)

The equation in the original reference frame is found by using
the relation f(x, p,to) = f(x, p,to) together with equation

0 - J . d
afh:to = Eﬂr:ro +v- Eﬂt:m'

After observing that the trace over the term containing operator
L5 (neglecting £} ) vanishes, we cast Eq. (35) in the form

a Mo Di

E J
7’( X — ) X t
Bt ( 7p’t)|t 8 ; ]f( » P, )

N
- Z i (‘DJ - Z Yje Pz) S, p,1)
= =1

Djy f(x,p.1)
Pe

d
—nje— f(x,p.1), (36)
. X2

where the derivatives are now explicitly reported. This
equation has the form of a Fokker-Planck equation for the
atomic center-of-mass variables, while the field enters in the
coefficients through the expectation values of field variables
taken over the density matrix og(x). In particular, ®; =
Tr{as(x)I:" ;} is the mean dipole force over the j atom due to
the cavity field, and y;, are the friction coefficients which read

P iT A
Yie=vj +Tr =F]/ dtexp (Lot) —[F,05(0)] ¢,
0 Tim,
where yjfl is the contribution due to spontaneous emission,
while the second term arises from the coupling with the
cavity. Coefficients D, are the diffusion matrix coefficients;

they include the contribution due to spontaneous decay (D} 0
and the contribution to diffusion due to the cavity field,

oo
) A 1 R
Djy=D},+Tr (FJ/ dt exp(LoT) {E[os(x),th
0

- Tr[o;(x)ﬁz]os(x)}) .

Finally, the Fokker-Planck equation exhibits cross derivatives
between position and momentum of the particles with
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coefficients
, P e T [1 .
nje=mn;, +Tr| F; drexp (Lot) — { =[os(x), Felt
’ 0 my 2
- Tf[Us(x)Fz]Us(x)}) ,

where the first term r/j , is due to spontaneous emission. This
term can be rewritten as

N N
9 9 3o nje

—npu—f = 7[*(77‘zf)—(7> f],
j,lZ=1 ap; J 0xy ];1 op; | 0x, J EY)

where the second term in the brackets gives a contribution to
the force of higher order in € and can thus be discarded [21,22].
The other term can also be neglected well below the
self-organization threshold, when the spatial distribution has
a width which largely exceeds the cavity wavelength A [20].
It must be taken into account, nevertheless, at and above
the self-organization threshold, when spatial structures with
periodicity A form.

We note that the explicit form of the coefficients due to
spontaneous emission, y j/ > D} 0 n} ,»isreported in Appendix A.
These coefficients characterize the dynamics also in the
absence of the resonator. In the limit which we will consider
here, where the laser and cavity fields are far detuned from
the atomic resonance, they are of higher order and their
contribution to the dynamics can often be discarded.

We finally give the form of the field density matrix oy (x).
By solving Lyo,(x) = 0, we find o,(x) = |a(x)){(x(x)|, with
|a(x)) the coherent state of amplitude

Zj S;i[1 —i(y;/2A )] cos(kx;)
[Ac =2, Ujcos?(kxj)] + ik’

a(x) = (37

with

gz. Vi 2 A2
K =K+ J <—]> —1 cos®(kx;).
2 i/ \24;) AX+y?/4 !

J

Operators of the form F (a,a'), which are a function of the
field variables, have expectation value

(F) = / dxd pTe{W,(x. p)F). (38)

where W, is found from Eq. (33) using the nonadiabatic term
in Eq. (34) after applying the Markov approximation.

B. Comparison with the semiclassical model in Ref. [19]

We now consider the Fokker-Planck equation derived in
Ref. [19]. This is based on the assumption that both the atomic
motion and cavity field can be treated semiclassically. With
respect to the previous treatment, hence, here one also assumes
that the mean-field amplitude is large, (@) = || > 1, so that
one can perform an expansion in the quantum fluctuations
about the mean value «. This allows one to discard higher
derivatives in the field and atomic variables, thereby obtaining
a Fokker-Planck equation.

In this regime, it is convenient to consider the Wigner
function for field and atomic motion in Eq. (23), whose
time evolution is given by master equation (16) in Wigner

PHYSICAL REVIEW A 88, 033427 (2013)

representation. The corresponding Fokker-Planck equation in
the semiclassical limit is obtained by performing an expansion
up to second order in the small parameters €; ; = % and

J
\alT\’ whereitis assumed that €, ; and €, are approximately
of the same order. The resulting time evolution reads

€ =

N
9 9 /
5W[ = e Ao —«'a, — ;sjr‘j cos(kx;) | W,
3 N
3w Ao, —k'oy — Zsj Ujcos(kx;) | W,

j=1
A

— Y h—V [~ Ujla|* cos’(kx;)
o 0P,

—s;Uj cos(kx;)2a,) + Ra;)s;I"j cos(kx ;)]W;
XN: Ol (2 L2 Y ew,

— — = -\—=+— )«
= 9x; Lm; " 4\0e? ' da? '

N
k. 9 9 9
+) ST Sln(kaj)a (ai— - a,—) W,

- o, 0o
j=1

N 92 . B
+ ;(hk)zrj;ﬁﬂaﬁ[snﬁ(kxj) + (l/lz)j COSZ(kxj)]

+5;(u2);[2a, cos(kx ;) + s; 1} Wi, (39)

where o, = Re{a}, o; =Im{a}, while s; =Q;/g;, T
v;/2, with

g

i
T AT 4 y2/4
as the effective rate of spontaneous emission. Moreover, k' =

K+ le.\/:l r; cos?(kx j) is the rate at which cavity photons are
lost (via both cavity decay and spontaneous emission), and

N
A=A, =) Ujcos’(kx;))
j=1

is the effective detuning between cavity and laser, which
includes the dynamical Stark shift due to the coupling with
the atoms.

Equation (39) is a Fokker-Planck equation for the variables
x, p, o, and «;. We note that its derivation does not require
one to explicitly assume a time-scale separation between
the cavity field and atomic motion. On the other hand, its
derivation consists of neglecting derivatives corresponding to
orders €] j€3, € ;€, which is motivated under the assumption
that the semiclassical limit for the field amplitude applies. Such
approximation becomes invalid for small photon numbers and
thus, for instance, below and close to the self-organization
threshold. Nevertheless, this equation is used in the literature
for studying the dynamics of the system below threshold
[17,25].
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IV. DYNAMICS FOR LOW PUMP INTENSITIES

We now analyze the predictions of Eq. (36) for low pump
intensities €2, such that the cavity field is essentially in the
vacuum state. We first solve Eq. (36) at the asymptotics of
the dynamics and find an explicit form for the stationary
distribution; we then extract numerical predictions based on
stochastic differential equations that we will define below. In
the following discussion, we will assume, for simplicity, that
all atoms are identical and setm; =m, S; = S, U; = U, and

Yi=V-

A. Fokker-Planck equation for small intracavity
photon numbers

We assume that the low effective pumping rate S is
small compared with the cavity decay rate « (more precisely,
VNS « k). Consequently, the mean number of intracavity
photons is close to zero, le|*> <« 1. In this limit, we can
analytically evaluate o, by reducing the Hilbert space of the
photon field to zero- and one-photon states. The coefficients
can be then analytically determined in lowest order in ||, and
Eq. (36) can be cast in the form

d
gf(xvpst)

N

_ 3Pn
o ;8)@1

—2hkS? Z A’2 + 5 sin(kx,) cos(kx,) f
amkr XL Alk
-5 — ¢ sin(kx,) sin(kxe) pe f
n Z;I Ipn (A2 +’<2)2

N

L1222 ” K sinkx,) sin(kxe) f
N Xn) S X )
2= 0paidpe A2+ K2 ‘
(40
where we have additionally assumed that s = Q/g =

S/U 2z 1.

In Eq. (40), we did not report the cross derivative between
position and momentum, since we assume that the atoms’
spatial density n, is uniform: In fact, the pump intensity is
taken to be well below the self-organization threshold, the
mean intracavity photon number is close to zero, and we expect
that the intracavity optical lattice does not confine the atoms.
We will check the consistency of this hypothesis later on.

We have also neglected spontaneous emission, since we
choose |A| > y/2 and consider large cooperativity, C =
g%/(ky/2) [30]. This can be checked when comparing the
contribution to the diffusion coefficient due to spontaneous
decay to the one due to the coupling with the cavity field.
Their ratio reads

u? (ﬂ) A§+K2A2+y2/4;2;lA§+K2
(sin2(kx,)) \ 2g K2 A? C «r

where we have used that |A.| 3> N|U| and that (sin®(kx i) =
1/2 when the atoms are not spatially localized inside the vol-
ume of the cavity mode. Therefore, the effect of spontaneous
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decay can be neglected when C >> 1 (and A, is of the order of
k), which are the conditions we consider in the following. In the
other regime, when the atoms are localized at the points where
their coupling with the field is maximum (the self-organized
phase), then (sin?(kx 7)) ~ 0 and diffusion is mainly due to
spontaneous emission.

1. Stationary state

We first analyze the predictions of the Fokker-Planck
equations under plausible assumptions, which we then verify
numerically later on. We extract, in particular, the cooling rate
and steady-state momentum distribution. In the following, we
assume N |U| < | A.|, which is consistent with uniform spatial
distributions, as shown in the following.

Let us first define the momentum distribution at time ¢,
which is the integral of the Wigner function over the positions:

F(p,t)= /dxf(x,p,z).

Under the assumption of uniform spatial distribution,
f(x,p,t) = F(p,t)ny, where we denote the spatial density by
n,. We then integrate Eq. (40) over x and obtain an equation
for the momentum distribution of the form

N
3 3 Ack Sy
—F(p.t) ~ —4w, Yy —8*——— p,F(p.t
o (p,1) wzapn (A?Jr )2p1 (p,1)
N
+hmao, Z—z o afen. @D
1 n

which has been obtained assuming N |U| < |A.|, with
3A2—k?NUJ/22N — 1
A2+ A, 2N
2A2 NUJ/22N —1
A2+ k2 A, 2N

=1+

S =1+

We note that the assumption N|U| < |A.| is consistent with
uniform spatial distributions. In Eq. (41), there are no terms
which mix variables from different atoms: In fact, for uniform
spatial distributions, they vanish after integrating over the
positions. In this limit, the equations for the momentum
of each atom can be decoupled using the ansatz F(p,t) =
1—[?1:1 F;(pj,t), which delivers the equation of motion for the
momentum distribution F;(p;,t) for atom j:

82
afszFj(Pj,l), (42)

d
EFj(Pjal)h = :

0
— " Ap;Fi(p;.) +
8[9/ J5J J

with
AkS
A o2 B
(AZ+x2)
1 K(SQ
B = —(hk)*S*————.
2( ) A2 + k2

A stationary solution exists for A < 0, which is verified
when A, < 0. In this case, one can make the ansatz that the
momentum distribution of one atom is a Gaussian of width
Ap;.From Eq. (42), we find that Ap; = Ap(t), which s given
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by the equation

Ap() = {ApO)e™ + (1 —apZ )2, (43)
with Ap(0) the width at 1 =0 and Apy, = +/—B/A the
width of the stationary state. Since the momentum distribution
is a Maxwell-Boltzmann distribution, we can associate a
temperature T to the width, with kg7 = Ap?, /m, whereby

kpT =h——— —. (44)
The steady state is reached with rate ['coo) = —2A, which we
denote by the cooling rate and reads

The cooling rate thus scales with the square of the scattering
amplitude S and with the recoil frequency , and is indepen-
dent of the number of atoms. In fact, when the atoms spatial
distribution is uniform, superradiant effects are negligible
and the atoms can be considered as independent scatterers.
Minimum temperature and faster rate are found for A, = —«.
For this choice, kgT = 7k /2 and oo = 20,(S/K)?8;. Tt is
interesting to observe that, also in the case when the cavity
is driven, the final temperature of the atomic ensemble is
determined by the cavity linewidth, and it is minimal for
A, ~ —k [31].

2. Limits of validity

On the basis of the results we just derived, we are now able
to identify the parameter regime for which the semiclassical
description of the atomic motion we applied is valid at the
final stages of the cooling dynamics. It is simple to check using
Eq. (44) that both conditions (24) and (25) are verified provided
that |[A.| ~ « and w, < «. In particular, the requirement that
the motion evolves more slowly than the cavity field, given by
Eq. (25), leads to the restriction that the detuning between the
cavity field and pump cannot be either much larger or much
smaller than the cavity linewidth.

Let us now consider the assumption that the atoms’ spatial
distribution is uniform in space. This assumption shall be
checked, since the atoms are subject to the dispersive potential
due to the mechanical effects of the cavity field on their motion.
Using a uniform spatial distribution in Eq. (37), one finds
that the mean-field amplitude vanishes. The mean intracavity
photon number is found using Eq. (38) for F = a'a, and
reads

NS2/2

) 45
A2+K2 (43)

Ncay ~
which discards the higher-order contribution due to nona-
diabatic effects. This value is much smaller than unity
provided that /NS <« |A. + ix|. The corresponding potential
depth is Uy = Unc,y, and it is much smaller than the mean
kinetic energy (thus, the atoms are not spatially confined
by the potential) when Uy < /2, which corresponds to the

condition
K
VNS <L« /U‘ (46)
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When S or N are such that this inequality is not fulfilled,
the assumption of spatial flat distribution becomes invalid.
Correspondingly, the cavity field starts to establish correlations
between the atoms which ultimately lead to the formation of
ordered structures.

B. Numerical results

In this section, we evaluate the dynamics predicted by the
Fokker-Planck equation obtained in the semiclassical limit by
adiabatically eliminating the cavity degrees of freedom. Our
aim is to get an insight in the dynamics of the system by
analyzing the trajectories of the atoms. For this purpose, we
use [to-type stochastic differential equations (SDE) [19,23,24],
which we extract from Eq. (36). They read

dx; = 2lar + dx;, (47)
- _

!’

N
AL
dp; = 2%k S? Z W cos(kx;) sin(kx;)dt,

+ Z 8w, §2— < Ack

5 sin(kx;) sin(kx ;) p;dt +d P,
A/z + K )

(48)

where j =1,...,N labels the atoms and dP; denotes the
noise term, which is simulated by means of a Wiener process.
In particular, (d P;) = 0 and (dPide) = 2D;;dt, with

D;; = (hk)*S? sin(kx;) sin(kx ) (49)

A/2+ 2

as the element of the diffusion matrix, while (dP;dX,) =
T)jgdl‘, with

2 A/Z
nje = 2o, S sin(kx;) sinkx,) ————< . (50)
(A2 +x?)

When one includes spontaneous emission, the elements of
the diffusion matrix read
2

/
Dij = (hk)z{ sin(kx;) sin(kx;) + 8;; & > 2},

K
AZ +x?
D

which reports the dominant contributions [the rescattering of
a cavity photon by the atom is neglected here; see Eq. (A6)].
The analytical estimate of the steady-state momentum width
for homogeneous spatial distribution increases accordingly,

A2+)/2/4A2+I€ 12
Apooz,/—B/A{l—i—Z2 A2 2C52} . (52

The simulations are performed considering a gas of ®*Rb
atoms, whose D, line, namely, the hyperfine transition
528, 12 < 52P3/2 at wavelength A = 780 nm and linewidth
y/2 = 2m x 3 MHz, couples with the mode of the resonator
and with the transverse laser. The laser frequency is assumed to
be detuned from the atomic frequency by A, = —500y /2 and
from the cavity frequency by A., with N the number of atoms
and k = 0.5y /2. The dynamics and steady state of the atoms
are studied, assuming that initially the atoms are at a steady
state of Doppler cooling with kg7 = %y /2. The initial state is
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a Gaussian distribution (the initial momentum is generated by
means of Gaussian-distributed random numbers) with uniform
density (the initial positions of the atoms are given by means of
uniformly distributed random numbers in the interval [0,A]).

In the calculations, we neglect spontaneous emission, which
is plausible under the assumption that the cavity is far-off
resonance from the atomic transition. We have checked for
a sample of values when this assumption is justified by
comparing the simulations including spontaneous emission
with the simulations in which spontaneous decay was not
included (see Fig. 4 and related discussion). We further
discard the cross correlations, setting (dP;dX) =0, after
verifying that this assumption is justified for the considered
parameter choice [32]. We first check that the parameters
are chosen so that the number of intracavity photons is
sufficiently close to zero. We choose A, = —«, for which one
expects the minimum value from Eq. (44). Using Eq. (38) and
setting n.,, = 0.1, we obtain VNQ ~ 0.6|A,|k/g. For the
parameters that we chose and NU/A, = 0.05, 2 ~ 45y /2.
We set Q2 ~ 21y /2, which corresponds to 7¢,y ~ 0.02. In this
regime, we evaluate the density matrix of the field in the
reduced Hilbert space, where the photon states are truncated
up to n = 2; see Sec. [V A.

On the basis of this result, we evaluate the time evolution
of the width Ap of the momentum distribution for each atom
taking N =5 atoms. If we take identical particles with the
same initial temperature, the momentum distribution of each
atom will be the same at all times. We then focus on the
momentum distribution averaged over all the atoms,

1 & e
) =5 3 [ vt = p)Fi0),
j=1

Figure 2 displays the width of the momentum distribution as
a function of time: The points are obtained from 5000 trajec-
tories for an initial momentum distribution corresponding to
a Maxwell-Boltzmann distribution with kT = hy /2 for each
atom. The dashed line is the function given in Eq. (43), which
has been obtained by assuming that all atoms are independently
cooled and show excellent agreement with the numerics. The
lower panels show the momentum distribution at given instants
of times, = (0.1,1,9) ms. The dashed line corresponds to the
prediction extracted from Eq. (42), which gives a Gaussian at
all times.

‘We now analyze the dependence of the final temperature on
the detuning A.. In order to perform a systematic comparison
with the predictions of the Fokker-Planck equation in Ref. [25],
we express the pumping strength €2 of the laser in units of the
self-organization threshold defined as [25]

S A
28N g

with § = A, — NU/2. This value scales with the number of
atoms and the detuning A.. We fix Q2 = 0.3 Q,, for which the
mean photon number, given by Eq. (38), takes the form

Q\?2 A2 4 k2
Neay ~ | — oo -
Q.) " saz

|2
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This equation shows that when |A.| becomes too small, the
number of intracavity photons increases like n¢,, A%_.

Figure 3 displays the momentum distribution at the{asymp—
totics of the dynamics, which is found by integrating the SDE
after several ms, for three values of A.. The curves are fitted by
Gaussian of width given in Eq. (43): The stationary momentum
distribution is thus a Gaussian with width Apy, = /mkpT,
with T given in Eq. (44).

Figure 4 shows the stationary momentum width as a
function of A., which has been extracted by numerically
integrating the SDE (see blue circles). The curve exhibits a
minimum at A, = —« and is in excellent agreement with
Eq. (43), evaluated at t — oo at the corresponding value of A,
(see blue dashed line). We have compared the predictions of the
Fokker-Planck equation, given by Eq. (36), with the ones of the
Fokker-Planck equation in Eq. (39), based on the assumption
that the cavity field can be treated semiclassically. The
simulations are performed by integrating the SDE reported in
Ref. [19], which for completeness are reported in Appendix B
(see red stars). Agreement between the predictions of the two
Fokker-Planck equations is found: This is remarkable since the
cavity field in this regime is in the vacuum, and thus outside
the formal limits of validity of Eq. (39). In order to check the
effect of spontaneous emission, we have integrated Egs. (47)
and (48) using Eq. (51). The result is shown by the black
circles. The black dashed line corresponds to Ap, in Eq. (52)
and fits the numerical data. We observe an increase of Ap
by about 15% with respect to the case in which spontaneous
emission is not included.

We finally comment on the type of momentum distribution
we find. In [25], by studying the equation of motion of
atoms inside a resonator and driven well below threshold,
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FIG. 2. (Color online) Time evolution of the momentum distribu-
tion Fy(p,t) evaluated from 5000 trajectories simulated by integrating
Eqgs. (47) and (48) for N =5 atoms. The top panel gives Ap(t)
in units of the momentum recoil 7k (circles). The dashed line
corresponds to Eq. (43). Lower panels: Momentum distribution at
t = (0.1,1,9) ms (circles) compared to a Gaussian of width Ap(z)
given by Eq. (43) (dashed line). The parameters are x = 0.5y /2,
NU/A. =0.05, 2 ~21y/2, and A. = —«k. The initial momentum
distribution is a Gaussian with kg T;, = hy /2 for each atom.

033427-9



18 Cooling of atomic ensembles in optical cavities: Semiclassical limit

SCHUTZ, HABIBIAN, AND MORIGI

it was argued that the steady-state momentum distribution
for the atoms far below threshold can obey a g-Gaussian
distribution with g = 1 4+ w, /|8], where 6 = A, — NU/2 and
N|U| < |A¢|. This calculation was performed by neglecting
spontaneous decay. In our model, we do find Gaussian
distributions (g ~ 1), whose steady-state temperature, given
by Eq. (44), is comparable with the result in [25]. Indeed,
our model can only allow for regular Gaussian distribution. In
fact, this is consistent with the limits of validity of the Fokker-
Planck equation we derive, which requires the separation of the
time scales between cavity field and atoms dynamics, namely,
[Ac] = & > .

V. DISCUSSION AND CONCLUSIONS

In this article, we have derived a Fokker-Planck equation
which describes the dynamics of atoms which are cooled by
radiative processes, where laser photons are scattered into the
mode of a high-finesse resonator. The derivation is based on
the assumption that the time scale of the atomic center-of-mass
motion dynamics is much larger than the cavity field typical
time scales, and thus holds for resonators whose linewidth
k is much larger than the atomic recoil frequency w,. It
cannot be applied, thus, to the setup in Ref. [33]. In this limit,
Kk > w,, we eliminate the cavity field from the atomic motion
dynamics using a perturbative expansion up to second order
in the retardation effects and derive a Fokker-Planck equation
for the atomic variables. The equation we derive constitutes
an alternative theoretical description for the cavity cooling
dynamics of atomic ensembles in high-finesse resonators.
In particular, our model provides a description which is not
restricted by the value of the laser intensity.

We have analyzed the predictions when the laser intensity
is well below the self-organization threshold. In this limit,

0.05
PRI ST Ae=—03x
I‘E)@GC SSG .

olesecne®®”, ‘ ‘ ‘ L O960o0n0sscd
__-40 -30 -20 -10 0 10 20 30 40
I
= 0.05 !
S DG
= mcff) *‘X% Ac=—kK
2 L7 o
£ P ©
= oleecon 00N | | | Loovaa. &
— 40 -30 -20 -10 0 10 20 30 40
)
=0.05 .
= f)O@OC

o 0 A, = —1.5k
& o
o ®
j@@@ 9,9@
PNV Y-Ye o0 | | | 520057V &

0 <
-40 -30 -20 -10 0 10 20 30 40
p [units of (hk)]

FIG. 3. (Color online) Steady-state momentum distribution (cir-
cles) for A, = —0.3k (top), A, = —« (middle), and A, = —1.5«
(bottom). The points are extracted from 5000 trajectories evaluated
for each value A, by integrating the SDE in Eqgs. (47) and (48).
The dashed line is a Gaussian whose width is given by Eq. (43).
The parameters are k = 0.5y /2, NU/A, = 0.05, 2/, = 0.3, and
N = 5. The initial momentum distribution is a Maxwell Boltzmann
with mean kinetic energy k75, = hiy /2 for each atom.
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FIG. 4. (Color online) Width of the steady-state momentum
distribution as a function of A,. The blue circles correspond to the
result of numerically integrating 5000 trajectories using Eqs. (47) and
(48) for each value of A, together with Eq. (49). The blue dashed line
plots Eq. (43). The red stars correspond to the result of numerically
integrating 5000 trajectories corresponding to the Fokker-Planck
equation (39), where the cavity field is treated in the semiclassical
limit (details are reported in Appendix B). The results are obtained by
neglecting spontaneous emission. Spontaneous emission is included
in the results reported by the black circles, which have been obtained
by integrating Eqs. (47) and (48) with Eq. (51) for 200 trajectories.
The black dashed line gives the corresponding analytical estimate
according to Eq. (52). The deviations of the simulation data from the
fit originate from statistical noise. The parameters are x = 0.5y /2,
NU/A, =0.05,Q2/Q. =0.3,and N = 5.

collective effects can be discarded and there is no spatial
localization of the atoms by the light forces: at the steady state
of the dynamics, the atoms are uniformly distributed inside
the cavity and their momenta obey a Maxwell-Boltzmann
distribution, whose width is determined by the cavity linewidth
[34]. This result is in agreement with previous studies based on
other approaches [17,25]. In future studies, we will apply this
formalism to the dynamics of atoms and field when the laser
intensity is close to threshold. This will allow us to investigate
the onset of self-organization and to predict, among others, the
coherence properties of the light emitted by the resonator.
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APPENDIX A: SPONTANEOUS EMISSION

In this appendix, we report the Lindbladian in Eq. (27)
and the coefficients of Fokker-Planck (36) which are due
to spontaneous decay. For simplicity, we assume k; = k.
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The Lindbladian in Eq. (27) reads
5 (* Via[p (X ! o (x— Zhkju
z:th<p):—zjsj Wil ) 2 AN oW (T
J/J ata | 2ikGrin s (X4 —hk; ikl (X = Gohk;
_Z [aa[ W’( p—?jzk te LW p+hk
2ik(x;+2i7) A Zhk; ikt &, (XA Rk
i [e . +"”t)""t< , 4k, >+e R QA v | L
i (x 2ik(xj+ 2Lty &, [ X — fhk u
2 t ) m;
+ [a a,W[(p>} / N;(u)a |: W,( p—i—hk,u )
A (X — —hk w—-1 » [(x— —hk w+1) —2ik(x;+ i) A lhikju
w / w T w atd
" ’( + Rk — 1) >+ ’( thku+n )T \ pihku )|
Vi [ ikeeo+ » (x4 5—hk; —ik(ej+ 2y & hk
7] ~ ATy J m W 2mj i W
; {(a+a)2[ ( g )T P+ ik,
L[ ikeg+liey s (X — 5—hk; —ik(x+ o, (X F L hk '
— mj W mj J W 2 A Aj
R o ) e
! J N — —hk >
—1 p—i—hk ( )
—ik(xj+2L1) & — “hk; 1 ik(xj4+ 2Lty & — Lhk; i
+e ik(xj+ mj )Wt x mj J(u +12) + ek( /+mj )Wt x m; J(M +]2)
p+nk;(u+1) p+hk;(u+1)

7ik(x,-+,%t) S X — 7hk ( 2) At
+e W,( +hk( 7) a'ldu . (A1)

This superoperator is expanded in power of €, such that the zeroth-order term in Eq. (30) reads

LW = Z]: %s, [(@ — &), costkx))W] — ; % cos*(kxj)@'aWw + Wa'a — 2awa), (A2)
while the first- and second-order terms, given in Eqgs. (31) and (32), respectively, take the form
S 0 =
L'w= Z Y (hk)—— sin(2kx)[a’a, W] — Xj: 4 (hk)——j sin(2kx;) |:an& o, W}
Z‘ —‘c sm(zkx,)(a' W+ Wala — 2awah, (A3)

J

Y\ — 2y o y/ 2 iz
LYW = Z s3(Rk)*(u ), 7 w Z 0 |:2<:os(2kx )( aapj W+ — 2

»
(o5}
©
s»
IS
>
IS
Ss~——

9% » 9% » 3% = At
—4a— Wa' —2(u?);[2 cos(2kx;) + 2]a + Z 5 (k)*u?) cos(kx;) | a o7 W+ —wal]. A4
ap; ap 8pj

Finally, the coefficients appearing in Eq. (36) and due to spontaneous emission are given by the expressions
, k PO .
yje = %7 sin(2kxg)Tr{Fj / dt exp (Lot) Tldldo,(x) + o,(x)d'a — 2a0,(x)al ]} , (A5)
my 0

/ PN o [ .
D}, = ~2whs s1n(2kx,g)Tr{Fj /0 dr exp(,cor)[a*a,as(x)]}

4

Y/ ,
800k 3 {(& Yoo [SIN2(kx ) + (2 ; cos2(kx )] + 5 2) ;1@ + @),y cOS(kx ;) + s,-]} , (A6)
fe = % ;’nf sin(2kx,)Tr {Fj fo ” dt exp (Lo7) r[&T&,os(x)]} ) (A7)
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APPENDIX B: FOKKER-PLANCK EQUATION FOR LARGE PHOTON NUMBERS

For the Fokker-Planck equation (39), the SDE take the form [19]

dx; = Plar, (B1)
mi
dp; = —hV ;[Ujla|? cos®(kx;) + s;U; cos(kx)(2a,) — (20:)T ;s cos(kx ;)ldt + d P}, (B2)
da, = | —ALe; — K'a, — Y Tjsjcos(kx;) | dt +dA,, (B3)
daj = | Ao, — K'a; — Y 5;U; cos(kx;) | dt +dA;, (B4)
j
where the noise terms d P;, dA,, and d A; are simulated by means of Wiener processes,
dA, dw,
dA,‘ dWZ
dp, | =B| dws |, (B5)
dPN dWN+2
where BBT = D’. The diffusion matrix now reads (39)
a 0 —blai —sz{i —bNO{,‘
0 a b,  bha, by,
—bld,' b]dr C1 0 e 0
D = ,
—bra; bra, 0 (&)
: : 0
—bNOl,‘ bNOlr 0 0 CN

witha = k'/2, b; = —(hk/2)T; sin(2kx;), and

cj = 20hk)°T j{||*[sin®(kx) + (u?); cos®(kx ;)] + 5;(u?) ;[ 2a, cos(kx;) + 5;1}.

When we integrate these stochastic differential equations, we assume that the initial state of the cavity field is a coherent state
with (@) = 5 and (;) = 0. This ensures the validity of the semiclassical description for the cavity field at t = 0, which has to

be verified for all later times.
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Abstract:

Atoms can spontaneously form spatially ordered structures in optical resonators
when they are transversally driven by lasers. This occurs when the laser intensity
exceeds a threshold value and results from the mechanical forces on the atoms
associated with superradiant scattering into the cavity mode. We treat the atomic
motion semiclassically and show that, while the onset of spatial ordering depends
on the intracavity-photon number, the stationary momentum distribution is a
Gaussian function whose width is determined by the rate of photon losses. Above
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threshold, the dynamics is characterized by two time scales: after a violent relax-
ation, the system slowly reaches the stationary state over time scales exceeding the
cavity lifetime by several orders of magnitude. In this transient regime the atomic
momenta form non-Gaussian metastable distributions, which emerge from the
interplay between the long-range dispersive and dissipative mechanical forces of
light. We argue that the dynamics of self-organization of atoms in cavities offers a
test bed for studying the statistical mechanics of long-range interacting systems.
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Atoms can spontaneously form spatially ordered structures in optical resonators when they are
transversally driven by lasers. This occurs when the laser intensity exceeds a threshold value and results
from the mechanical forces on the atoms associated with superradiant scattering into the cavity mode. We
treat the atomic motion semiclassically and show that, while the onset of spatial ordering depends on the
intracavity-photon number, the stationary momentum distribution is a Gaussian function whose width is
determined by the rate of photon losses. Above threshold, the dynamics is characterized by two time scales:
after a violent relaxation, the system slowly reaches the stationary state over time scales exceeding the
cavity lifetime by several orders of magnitude. In this transient regime the atomic momenta form non-
Gaussian metastable distributions, which emerge from the interplay between the long-range dispersive and
dissipative mechanical forces of light. We argue that the dynamics of self-organization of atoms in cavities
offers a test bed for studying the statistical mechanics of long-range interacting systems.
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Long-range interactions characterize the dynamics of
systems from microscopic to macroscopic scales, ranging
from nuclear to astrophysical distances [1]. In these systems
the individual components can interact with a long-range
potential that decays with the interparticle distance r slower
than 7~ in d dimensions. This property leads, to mention
some, to ensemble inequivalence and to the existence of
quasistationary states, i.e., metastable states with nonthermal
distributions [1].

Cold atoms driven by laser light constitute a promising
laboratory realization of long-range interacting systems
[2-5]. Here, multiple scattering of photons by atoms gives
rise to mechanical forces that are infinitely long ranged when
the atoms couple to a single-mode high-finesse cavity [6]. In
the overdamped regime this long-ranged potential lies at the
origin of synchronization [7] and collective atomic recoil
lasing [8]. When the cavity mode is a standing wave and the
atoms are transversally pumped, as in the setup sketched in
Fig. 1, spontaneous ordering in spatially periodic structures
occurs [3,9-11]. The phenomenon can be described in terms
of formation of atomic gratings that maximize coherent
scattering of laser photons into the cavity mode. These
“Bragg gratings™ are stably trapped by the mechanical effects
of the light they scatter, provided that the laser compensates
the cavity losses so that the number of intracavity photons is
sufficiently large. This takes place when the strength of the
laser coupling exceeds a threshold value Q. depending,
amongst others, on the rate of photon losses and the number
of atoms N that couple with the cavity mode [12,13]. This
spatial self-organization was first predicted in Refs. [4,9] and
then reported in a series of experiments at laser-cooling
temperatures [10,14] and in the ultracold regime [11,15].

In this Letter we theoretically analyze the dynamics
leading to the formation of spatial structures and their

0031-9007/14/113(20)/203002(5)
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stationary properties in one dimension. For this purpose we
resort to a Fokker-Planck equation (FPE) derived when the
atoms are classically polarizable particles; their center-of-
mass motion is treated semiclassically, while the cavity
field is a full quantum variable [16]. This semiclassical
limit can be applied when the cavity linewidth x (which
determines the scattering cross section) exceeds the recoil
energy w, = hk*/(2m), scaling the exchange of mechani-
cal energy between an atom of mass m and a photon of
wave number k. Our approach complements the one
applied in Refs. [9,12,13,17], based on the assumption
that the cavity field is a semiclassical variable. By treating
the cavity field quantum mechanically, we determine its
state for any value of the laser amplitude and, in particular,
at threshold, where quantum fluctuations are important.
This information is extracted provided that retardation

Y OHHE

FIG. 1 (color online). Atoms in a standing-wave cavity and
driven by a transverse laser can spontaneously form ordered
patterns when the laser intensity Q exceeds the rate of photon
losses, here due to cavity decay at rate . In this regime the atoms
experience a long-range interaction mediated by the cavity
photons and their motion becomes strongly correlated.

© 2014 American Physical Society
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effects in the scattering processes are perturbations, such
that at leading order the field is determined by the
instantaneous atomic distribution [18]. Thus, for N iden-
tical atoms confined in one dimension along the cavity axis,
the total scattering amplitude depends on their positions
Xy, ..., Xy within the cavity standing wave cos(kx) and the
cavity electric field at time ¢ is E.(¢) « v/Ni(®),. Here, it
is the maximum intracavity-photon number per atom, and
is thus controlled by the strength of the external laser pump
[19], while the order parameter

0= i cos(kx;)/N
=1

characterizes spatial ordering in the cavity [12]. The field
reaches its maximum when |®| = I, namely, when the
atoms form a Bragg grating. The corrections to E,. due to
the atomic motion are systematically included in the
following as perturbation, assuming that the Doppler shifts
of the atoms are smaller than the cavity linewidth «x [16].

The averages (-), are taken over the normalized distri-
bution f(x1, pi;...; Xy, py; 1) at time 7, where py, ..., py
are the atomic momenta and f obeys the FPE [16]

o.f +{f. H}
= —ﬁFZ sin(kx;)0,, %Z sin(kx;) (pj + %81,1_)]’.
i J
(1)

Here, the left-hand side (LHS) contains the Poisson
brackets with the Hamiltonian H governing the coherent
dynamics, that originate from the conservative mechanical
forces of light. The right-hand side (RHS) contains the
friction coefficient due to retardation and the diffusion,
due to fluctuations of the cavity field because of photon
losses [20]: These terms are scaled by 7 and by the rate
I = 8w,kA. /(A +«?), with A, = @, — w, the detuning
between laser and cavity-mode frequencies, such that 7l is
the maximum damping rate of a single atom (N = 1). In
addition, Af = —4A./(A2 + x?). The Hamiltonian

2
p; _
H= § ﬁ + hAAN®? + O(U) 2)
J

contains the cavity-mediated potential, which scales with 7
and is attractive when A, is negative. Hence, this detuning
determines whether the formation of Bragg gratings is
energetically favored. Equation (2) summarizes in a com-
pact way a property that was observed in several previous
works [9,10,12]. It is reported at leading order in [NU/A|,
where U is the dynamical Stark shift due to the coupling
with the cavity field [19], and whose effect is systematically
included in the numerical simulations.

Remarkably, at leading order in [NU/A_.|, Eq. (2) allows
one to draw a direct connection with the Hamiltonian Mean
Field (HMF) model, the workhorse of the statistical mechan-
ics of systems with long-range interaction, which in a
canonical ensemble exhibits a second-order phase transition
from a paramagnetic to a ferromagnetic phase controlled by
the temperature [1]. This analogy becomes explicit, writing
0% =", i{cos[k(x; +x;)] +cos[k(x; —x;)]} / (2N?), which
shows that H is extensive as it satisfies the Kac prescription
[1], and suggests to identify ® with the x component of a
two-dimensional magnetization.

Differing from the HMF model, the term cos[k(x; + x;)]
originates from the underlying cavity standing-wave
potential that breaks continuous translational invariance.
Moreover, the cavity coupling at higher order in [NU/A_|
gives rise to deviations from the Hamiltonian dynamics due
to further terms in the LHS of Eq. (1) (see, e.g., [21]) which
are responsible for bistable behavior [22]. Retardation
effects and cavity losses, in addition, can establish long-
range correlations between the atoms, as visible by inspect-
ing the RHS. In fact, diffusion is here due to global
quenches of the cavity potential. Similarly, retardation
effects modify the cavity potential [23]. When the density
is uniform, the terms in the RHS reduce to the Langevin
terms of a FPE, which fulfills detailed balance and the
model is analogous to the Brownian mean field model [24].
However, this is valid at all times only well below the self-
organization threshold. Indeed, the stationary density is
here controlled by 7, and thus by the laser intensity,
which scales both the strength of the long-range coherent
and incoherent forces. This becomes evident when
studying the dynamics at the asymptotics: A solution of
0,f« = 0 is the thermal distribution f,, = f,exp(—pH)
for A. < 0, with fj normalizing factor. The temperature is
independent of the laser intensity and its minimum
kpTnin = hk/2 is achieved for A. = —k, as also found
in Refs. [12,13,25] using different approaches. In [13] the
self-organization threshold 7, = (1 +«>/A2)/4 was esti-
mated by means of a kinetic theory based on treating the
cavity field semiclassically. This value is consistent with
our results.

We first discuss the predictions of Eq. (1) at the
asymptotics. Figure 2(a) displays the stationary distribution
of the magnetization, P(8,) = (6(®, — @)),. for different
values of 7. For i < 71, P(@) is approximately a Gaussian
centered at zero. At threshold it broadens and becomes
increasingly localized at the values 41 as 7 grows. The
width of this distribution is determined by the fluctuations
of the trajectories ©(7): the larger 7 is, the more localized
are the atoms at a Bragg grating, while the probability of a
jump between gratings vanishes accordingly. Typical
trajectories ©(¢) at the asymptotics of the dynamics are
shown in Fig. 2(b): They are obtained by integrating the
stochastic differential equations (SDE) derived from Eq. (1)
[16]. While below threshold ©(z) fluctuates about zero
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FIG. 2 (color online). (a) Distribution P(®) of the magnetization © at steady state for ii/7i. = 0.1, 0.9, 1, 1.1, 4 (see box for color
code). (b) Typical trajectories at the asymptotics for N = 200 atoms are shown in (b) as a function of time (in units of 1/x) and for
n/n. = 0.1, 1, 1.1, 4. Note that the cavity field amplitude is proportional to ®. (c) Mean intracavity-photon number as a function of time
for the trajectory at i = 1.17,. (d) Spectrum S(w) of the intensity of the emitted light (in arbitrary units) as a function of @ (in units of )
for /A, = 0.1, 0.9, 1, 1.1 (from top to bottom). () g (0) as a function of 7 for different atom numbers. The dots correspond to
numerical results obtained by integrating the SDE. The cavity parameters are rescaled with N so that 7, is independent on N and finite

(see [21]). The atomic transition is the D, line of 8Rb at half linewidth y = 2z x 3 MHz. The laser detuning from the atomic frequency

is A, = —=500y. Here, A, = —«k with x = 0.5y.

(corresponding to a uniform spatial distribution), as 7 is
increased above threshold it takes either positive or
negative values, in which it remains trapped for time
intervals which grow with 7. Jumps between the two
values correspond to quenches of the intracavity-photon
number following losses, as shown in (c) for n = 1.17,,
and take place over time intervals approximately scaling
with the recoil frequency. Note that these jumps correspond
to a simultaneous jump of all atomic trajectories out of the
Bragg gratings [9,12]. For i1 = 4n,. the residence time is
infinite: photon losses give rise to small fluctuations of the
potential depth and the atoms remain locked in a Bragg
grating. These features determine the light amplitude at the
cavity output, the jumps correspond to jumps of the field
phase and can be measured by heterodyne detection
[10,26]. Additional information is contained in the power
spectrum of the light intensity, which is the Fourier
transform S(w) of the correlation function ¢(z) =
lim,_(®(z + 1)O(1))/(|®(¢)|)> and is displayed in
Fig. 2(d) for different values of 7. S(w) exhibits a narrow
peak at the laser frequency as the threshold is approached,
and is associated with the creation of Bragg gratings
coherently scattering light into the resonator. The broad
background spectrum is progressively suppressed, corre-
sponding to a suppression of fluctuations of the order
parameter as the atoms become localized in Bragg
gratings. Moreover, at threshold two broad sidebands
appear whose maximum moves away from o = w; as i
increases from .. A qualitative analysis shows that the
sidebands width decreases as 7 is increased from 7.
Similar features have been observed in the ultracold
[15,26,27] and have been interpreted in terms of density
waves that drive the instability. Figure 2(e) displays the
second-order correlation function of the emitted light at

zero-time delay ¢ (0) as a function of 7, where
g (z) = lim,_(0(z + £)*0(1)?)/(0(¢)?)%. Below thres-
hold ¢ (0) — 3. This value is also found analytically after
discarding correlations between the atoms. It monotoni-
cally decreases with 71 and reaches unity above threshold,
g®(0) = 1, corresponding to a coherent state inside the
resonator [28]. The crossover between these two regimes
narrows as the number of atoms is increased, suggesting a
jump at 71, in the thermodynamic limit (here consisting of
keeping 71, constant as N — oo [12,21]).

These features are consistent with the conjecture that
self-organization is a second-order phase transition con-
trolled by 7. This is also supported by the behavior of the
susceptibility ¥ = (0()?) — (|©(7)|)? as a function of 7,
which suggests a divergence at 71. for N — oo. We remark
that the typical understanding of spatial domain formation
at a second-order phase transition is here meaningless
due to the nonadditivity of the energy: mesoscopic
Bragg gratings with ® = £1 cannot stably coexist in
space, since the resulting cavity field vanishes and with
it the interatomic potential.

We now turn to the dynamics leading to self-organization.
We assume that the initial distribution is spatially
uniform, while the momentum distribution is Gaussian
with 1/ = fk/2. For A, = —«, at 1 < 71, this distribution
is stationary [16]. At r = 0 the transverse field is quenched
to a value corresponding to 7 above threshold. Figure 3
displays a sample of 500 trajectories of ©(¢) as a function
of time when 77 = 41, and N = 200. The trajectories are
bunched and their behavior can be ordered into three
regimes, characterized by different time scales. First, a
fast relaxation occurs over the time scale of dozens cavity
lifetimes 7, = 1/k, in which the magnetization reaches an
intermediate value of about 0.6 [Fig. 3(b)], where it remains
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FIG. 3 (color online). Dynamics of the order parameter above threshold: (a) ® as a function of time (in units of x=!) for N = 200 atoms
and 500 trajectories at 7 = 471, and A, = —«, for an initially spatially uniform distribution at temperature kzT = fix/2. P(®) at the
transient and at the asymptotics is shown in panel (b). The position (¢) and momentum (d) distributions are displayed at the times
indicated by (1), (2), and (3) in panel (a). The dashed lines correspond to the initial distributions [which overlaps to (1) in (c)].
(e) Intensity-intensity correlations of the light at the cavity output, g?) (z) as a function of 7 (in units of x') for 2/7, = 0.1,0.9, 1, 1.1, 4,
(same color code as in Fig. 2) evaluated after the system has reached the stationary state.

for a time scale exceeding 7. by 4 orders of magnitude.
During the relaxation the spatial density is almost uniform,
therefore cross-correlations due to noise and mechanical
forces are almost negligible. After this relaxation, part of the
atoms form a Bragg grating [Fig. 3(c)] while the momentum
distribution is non-Gaussian [Fig. 3(d)]. We denote this
regime by prethermalization. Then, the magnetization
slowly grows to the stationary value over time scales which
are 6 orders of magnitude of the cavity lifetime.
Remarkably, for times of the order of ¢~ 10°z, the
momentum distribution exhibits clear deviations from a
Gaussian, and, hence, from a thermal state, even though the
spatial distribution is very close to the asymptotic one. This
behavior can be understood considering that the diffusion is
a function of the spatial distribution: As visible in the RHS
of Eq. (1), the strength of noise (and thus the relaxation rate)
decreases the more the atoms are localized in the Bragg
gratings, and thus at the nodes of the sin(kx) function. In the
prethermalization time scale we verified that spatial diffu-
sion follows a power law according to (x(#)?) o 2%, where
a is monotonically decreasing as 7 increases. In particular, it
is superdiffusive (a« > 1/2) below 7., while above 7. it
becomes increasingly subdiffusive. In this latter case, in the
long tails of relaxation it becomes normal again, a — 1/2.
Figure 3(e) displays ¢\ (z) for different values of 7z. Below
threshold it rapidly decays from 3 to unity on a time scale of
the order of cavity decay; at threshold its relaxation is orders
of magnitude slower and exhibits damped oscillations,
which can be associated with the density waves that become
unstable and determine the Bragg grating [cf. Fig. 2(d)].
Well above threshold, instead, it remains locked to unity,
corresponding to coherent light.

The prethermalization behavior, followed by the slow
rate at which the steady state is approached, is typical above
the self-organization threshold. We argue that it is a
manifestation of the long-range correlations mediated by

the cavity photons, and is analogous to observations made in
studies of nonequilibrium stochastic long-range-interacting
systems [29]. We further note that similar prethermalization
features have been observed in quantum spin models with
spatially correlated noise [30]. Differing from these latter
models, here the stationary state exhibits long-range spatial
correlations. On the other hand, we do not find signatures of
quasistationary states, whose relaxation times increase with
N, with § > 1 and whose existence is intrinsically related
to the long-range nature of the interaction [1]. We believe
this is due to the effect of the external environment,
consistently with studies showing that its action can make
these states dynamically unstable [31,32].

In this work we discarded the effect of spontaneous
decay, assuming it is negligible as the laser field is far off
resonance. Its role is expected to become more important as
7 is increased above threshold, and thus to enforce the
dynamical instability of quasistationary states. Our model
is also valid for any optically polarizable particles which
can be confined within the resonator [33]. It is also valid for
nn > ., when the atoms are tightly trapped in the poten-
tials, as long as the effective trap frequency v of the
resulting lattice is smaller than the cavity linewidth [34].
The description breaks down for v =k, when quantum
mechanical coherence between the motional levels can be
observed [35,36].

In view of these results, one shall consider the self-
organization transition observed in the ultracold regime by
quenching the laser intensity [11] in terms of an intrinsi-
cally out-of-equilibrium phenomenon. Indeed, our results
predict that Hamiltonian solutions that possess the spatial
modulation of the Bragg gratings will experience very
small noise, even if they do not correspond with the
stationary state. This raises the need to develop a kinetic
theory for these systems as in Ref. [29]. Preliminary studies
in this direction have appeared in [13,25,37,38]. To
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conclude, our study shows that photonic systems offer
a promising platform to study the statistical mechanics
of long-range interacting systems, thus gaining insight
into the dynamical properties of non-neutral plasmas and
self-gravitating clusters [1].
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Abstract:

Pattern formation of atoms in high-finesse optical resonators results from the
mechanical forces of light associated with superradiant scattering into the cavity
mode. It occurs when the laser intensity exceeds a threshold value such that the
pumping processes counteract the losses. We consider atoms driven by a laser
and coupling with a mode of a standing-wave cavity and describe their dynamics
with a Fokker-Planck equation, in which the atomic motion is semiclassical
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but the cavity field is a full quantum variable. The asymptotic state of the
atoms is a thermal state, whose temperature is solely controlled by the detuning
between the laser and the cavity frequency and by the cavity loss rate. From
this result we derive the free energy and show that in the thermodynamic limit
self-organization is a second-order phase transition. The order parameter is the
field inside the resonator to which one can associate a magnetization in analogy
to ferromagnetism, the control field is the laser intensity, but the steady state is
intrinsically out of equilibrium. In the symmetry-broken phase, quantum noise
induces jumps of the spatial density between two ordered patterns: We characterize
the statistical properties of this temporal behavior at steady state and show that
the thermodynamic properties of the system can be extracted by detecting the
light at the cavity output. The results of our analysis are in full agreement with
previous studies; we extend them by deriving a self-consistent theory which is valid
also when the cavity field is in the shot-noise limit and elucidate the nature of the
self-organization transition.
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Pattern formation of atoms in high-finesse optical resonators results from the mechanical forces of light
associated with superradiant scattering into the cavity mode. It occurs when the laser intensity exceeds a threshold
value such that the pumping processes counteract the losses. We consider atoms driven by a laser and coupling
with a mode of a standing-wave cavity and describe their dynamics with a Fokker-Planck equation, in which the
atomic motion is semiclassical but the cavity field is a full quantum variable. The asymptotic state of the atoms is
a thermal state, whose temperature is solely controlled by the detuning between the laser and the cavity frequency
and by the cavity loss rate. From this result we derive the free energy and show that in the thermodynamic limit
self-organization is a second-order phase transition. The order parameter is the field inside the resonator to which
one can associate a magnetization in analogy to ferromagnetism, the control field is the laser intensity, but the
steady state is intrinsically out of equilibrium. In the symmetry-broken phase, quantum noise induces jumps
of the spatial density between two ordered patterns: We characterize the statistical properties of this temporal
behavior at steady state and show that the thermodynamic properties of the system can be extracted by detecting
the light at the cavity output. The results of our analysis are in full agreement with previous studies; we extend
them by deriving a self-consistent theory which is valid also when the cavity field is in the shot-noise limit and
elucidate the nature of the self-organization transition.
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I. INTRODUCTION

There is ample experimental evidence that electromagnetic
fields can cool matter to ultralow temperatures [1-3]. This
is achieved by tailoring scattering processes, so that the
frequency of the emitted photon is, on average, larger than that
of the absorbed one, the energy balance being warranted by
the mechanical energy which is exchanged between matter and
light [4,5]. When atoms or molecules interact with high-finesse
optical resonators, these processes can be tailored using the
strong coupling with the cavity field [6—13].

A peculiar aspect of light-matter interaction inside optical
cavities consists of the long-range interactions between the
atoms, which are mediated by multiple scattering of photons
[14,15]. The onset of this behavior is observed when the system
is driven by external pumps, whose strength overcomes the loss
rate. Some prominent examples are optomechanical bistability
[16,17], synchronization [18], and spontaneous spatial order-
ing [12,19-23]. Among several setups, spontaneous pattern
formation in standing-wave and single-mode cavities has been
the object of several theoretical and experimental studies [12].
This phenomenon occurs when the atoms are confined within
the resonator and are transversally driven by a laser and
consists of the formation of atomic gratings that maximize
coherent scattering of laser photons into the cavity mode,
as sketched in Figs. 1(a) and 1(b). These “Bragg gratings”
are stably trapped by the mechanical effects of the light
they scatter, provided that the laser compensates the cavity
losses so that the number of intracavity photons is sufficiently
large. It takes place when the laser intensity, pumping the
atoms, exceeds a threshold value depending on, among other
things, the rate of photon losses and the number of atoms
[12,21]. This behavior was first predicted in Ref. [21] and
experimentally demonstrated in several settings, which differ
majorly from the initial temperature of the atomic ensemble:
In Refs. [22,24] the atoms were cooled by the mechanical
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effects of the photons scattered into the resonator, while
in Refs. [23,25] the atoms initially formed a Bose-Einstein
condensate, and the mechanical effects of light were giving
rise to conservative forces. As a consequence, matter-wave
coherence was preserved during the experiment. In this regime,
the transition to self-organization can be cast in terms of the
Dicke phase transition [26].

In this work we theoretically analyze the dynamics leading
to the formation of spatial structures and their properties at the
asymptotics. Our analysis is based on a semiclassical treatment
and specifically on a Fokker-Planck equation (FPE) derived
when the atoms are classically polarizable particles and their
center-of-mass motion is along one dimension [27]. The cavity
field, instead, is a full quantum variable, which makes our
treatment valid also in the shot-noise limit [27] and describes
parameter regimes that are complementary to those of the
model in Ref. [28], where the field is a semiclassical variable.
Our formalism permits us, in particular, to consistently
eliminate the cavity variables from the equations of motion
of the atoms, and to analyze the properties of the cavity field
across the self-organization threshold, where the intracavity
field is characterized by large fluctuations.

This work extends and complements the study presented
in Ref. [29]. In particular, we perform a detailed analysis of
the stationary state and obtain an analytic expression, which
allows us to determine the phase diagram of the transition
as a function of the relevant parameters. Drawing from this
result, in addition, we show that the onset of self-organization
in spatially ordered patterns is a second-order phase transition,
associated with a symmetry breaking in the phase of the
intracavity field. This allows us to verify conjectures on the
nature of the self-organization transition, previously discussed
in Refs. [30-32]. We further analyze in detail the effects of the
nature of the long-range interactions mediated by the photons
and report on several features which are analogously found
in the Hamiltonian Mean Field (HMF) model, the workhorse

©2015 American Physical Society
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FIG. 1. (Color online) (a) Atoms in a standing-wave cavity and driven by a transverse laser can spontaneously form ordered patterns (b)
when the laser intensity 2 exceeds a threshold value €2., which depends on the rate of photon losses, here due to cavity decay at rate «. In this
regime the atoms experience a long-range interaction mediated by the cavity photons and their motion becomes strongly correlated. (c) Spatial
ordering of atoms is described by the parameter ®, which characterizes the localization of the atoms within the standing-wave mode of the
cavity and is proportional to the cavity field. This parameter undergoes a bifurcation at 2 = €2, corresponding to two different stable patterns.
The values it takes are the minima of an effective Landau potential, displayed in (d) for some values of 2, demonstrating that self-organization

is a second-order phase transition. See text for details.

of the statistical physics with long-range interactions [33].
This article is the first of a series of works devoted to the
semiclassical theory of self-organization.

In the present work we analyze the thermodynamics of
self-organization and the dynamics at the asymptotics, while
in following articles we investigate the dynamics following
sudden quenches across the phase transition [34] and compare
our analysis with a mean-field model that discards some
relevant effects of the long-range correlations [35]. This paper
is organized as follows. In Sec. II the FPE at the basis of our
analysis is reported and discussed. In Sec. III the stationary
properties of the distribution function are characterized both
analytically and numerically. In Sec. IV the correlation
functions of the light at the cavity output are determined. The
conclusions are drawn in Sec. V, while the Appendixes report
details of analytical calculations and of the numerical program
that is used to simulate the FPE.

1I. MODEL

The dynamics of N atoms or molecules of mass m inside
a single-mode standing-wave cavity is analyzed when the
particles are transversally illuminated by a laser field, as
illustrated in Fig. 1(a). Laser and cavity couple to a dipole
transition of the scatterers and are assumed to be sufficiently
far-off resonance so that the coupling with the internal degrees
of freedom is described by the particles polarizability. From
now on we assume that the particles are atoms, but the
treatment in this paper can be extended to any ensemble of

linearly polarizable particle that can be confined within the
optical resonator [36].

In this regime the atoms scatter all coherently and the cavity
field E. is the sum of the fields that each atom scatters. We
assume that the atoms’ center-of-mass motion is confined
along the cavity axis, which coincides with the x axis (we
disregard their motion in the transverse plane), and that the
atoms are uniformly illuminated by the laser field. Denoting
the atomic position by x; and the cavity-mode function by
cos(kx), with k the wave number, then E. & N®, where

0= ;Zj:cos(kxj) (1)

measures the ordering of the atoms within the cavity standing
wave. For N > 1, when the atoms are uniformly distributed,
® ~ 0 and the field within the cavity vanishes. The intra-
cavity intensity is maximal when the positions are such that
cos(kx;) = 1 (even pattern) or cos(kx;) = —1 (odd pattern),
namely, when the atoms form Bragg gratings; see Fig. 1(b).
These gratings are the two possible stable configurations the
atoms can form when the laser pump is above threshold, as
shown in Fig. 1(c).

The formation and stability of the Bragg gratings is
determined by the mechanical effects of photon scattering
on the atoms. In this section we report the basic equations
describing the dynamics of the coupled systems, as well as the
assumptions that lead to a FPE governing the semiclassical
trajectories of N atoms inside the single-mode resonator [27].
The FPE is derived under the assumption that the atomic
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motion is at all times in the semiclassical regime, while the
cavity field adjusts quasi-instantaneously to the atomic density
distribution. In this limit, using a perturbative treatment, the
cavity field can be eliminated by the equations of motion of the
atoms’ external degrees of freedom [37]. Readers interested in
the detailed derivation of the FPE from the full quantum master
equation of atoms and cavity are referred to Refs. [27,37]. An
alternative FPE, where fluctuations of the intracavity field are
treated semiclassically but no time-scale separation between
atoms and cavity dynamics is assumed, is derived in Ref. [28].

A. The cavity field

In our treatment the cavity field is a quantum variable. We
report its equation of motion in the limit in which the atoms
constitute a nonsaturated medium and their internal atomic
transitions are described by the polarizability. Our starting
point is the Heisenberg-Langevin equation for operator a(t),
which annihilates a cavity photon at frequency w. and wave
number k. The equation is reported in the reference frame
rotating at the laser frequency w; and reads [38]

%&(t) = —{k —i[A. — NUBONJa@) — iNSO®) + £(1),
)

where A, = w; — w, is the detuning of the laser from the
cavity frequency, £(t)isthe Langevin force with E@EN)) =
2k8(t —t'), and « is the cavity decay rate. The cavity field is
a function of the two operators B(z) and ©(¢), which, in turn,
are functions of the atomic positions £; at time ¢. In detail,
U is a frequency, U = g?/A,, where g is the vacuum Rabi
frequency at the antinodes of the cavity mode, A, = w; — w,
is the detuning of the laser frequency from the atomic transition
resonance w,, and operator B is defined as

B= % Zcosz(k)e ) 3)
J

and takes on values between 0 and 1. Its expectation value
B = (B) is the so-called bunching parameter [12]. Operator
O(r) is the quantum variable corresponding to the order
parameter in Eq. (1). In Eq. (2) it is scaled by the frequency
S = Qg/A,, which is proportional to the laser Rabi frequency
Q and corresponds to the scattering amplitude of a laser
photon into the cavity mode by an atom at an antinode, with
S/U = 2/g. Equation (2) shows that the pump on the cavity
is maximum when (®) = =£1, corresponding to the situation
in which the atoms form Bragg gratings. Self-organization
occurs when these gratings are mechanically stable, namely,
when the mechanical effects of the scattered light stabilize the
atoms in ordered structures, which, in turn, generate the field.
In order to determine these dynamics one would need to solve
the coupled equations of cavity and atomic motion.

We can further simplify the problem by considering the
regime in which the time scale over which the atomic motion
evolves is much larger than the time scale determining the
evolution of the cavity field. This is typically fulfilled when
kp/m < |k +1iA.|, where p = /(p?) is the variance of the
atomic momentum (the mean value vanishes), under the
condition that the coupling between cavity and atomic motion
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is sufficiently weak. This latter condition requires that [39]
Vo VNIS| L |A + i, )

where w, = hk?/(2m) is the recoil frequency, scaling the
exchange of mechanical energy between photons and atoms.
At zero order in this expansion the cavity field operator
depends on the instantaneous density and reads

NSO®@)

Ay +ix’ ®

ay(t) =

where the subscript indicates the adiabatic limit and we omitted
to report the noise term. Operator A/, is defined as

Al =A.—UNB. (6)

Its mean value vanishes for certain density distributions,
giving rise to resonances. For [NU| > k small changes of
A, about the resonance can induce large variations of the
field, resulting in the appearance of optomechanical bistable
behavior [16,17,40]. In this paper we focus on the regime in
which |[NU| < «, and treat this as a small parameter on the
same footing as the retardation term. In this limit, the field,
including the diabatic corrections, reads

) = Y5O MU sy | + e, @
A= AC+iK[ Ao+ ix } Aredll):
where
o iNS & .
Arer(1) = (iAC — K)2 (8)

accounts for retardation effects and depends on the time
derivative of operator ®, Eq. (1). The derivative, in particular,
takes the form

X 1 kpi(t kpi(t
6= ~3N ; {sin[k;?_,»(t)]ipé( ) + —p’;( ) sin[ka?j(t)]}
and shows that the diabatic correction scales with

(kp/m)/|x +1A.|. When this parameter is small, then one
can perform a coarse graining for the atomic motion, over
which the cavity field fast relaxes.

It is also useful to discuss the mean number of photons
inside the resonator. In the adiabatic limit it is given by

N

()10 = N(O?),, ©

which is valid in zero order in the delay time. For later
convenience, we introduced the dimensionless quantity

NS?
A2 4 %’

n= (10)
such that N7 gives the maximum intracavity photon number,
corresponding to the value (®2), = 1, namely, when the atoms
form a perfectly ordered Bragg grating. The average photon
number can be different from zero also when the field inside
the resonator has vanishing mean expectation value, since in
this case it is proportional to the fluctuations of the order
parameter.
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B. Fokker-Planck equation for N atoms

An equation for the motion of the N atoms within the
resonator is derived under the assumption that at all times
the atomic momentum distribution has width Ap = p, which
is much larger than the quantum of linear momentum Ak
that the atom exchanges with the individual photons (but
sufficiently small so that the atoms are within the velocity
capture range [11]). This assumption is valid for cavities whose
decay rate « exceeds the recoil frequency w,: w, < k. In fact,
we show that « determines the minimum stationary width
of the momentum distribution. This regime is encountered in
several existing experiments [17,22,24]. We note that, with this
assumption, the requirement of time-scale separation between
cavity and motion is fulfilled, since the inequality kp/m < «
is consistent with o, < K after using p*/2m = hi /2.

Reference [27] reports the detailed steps that lead to the
derivation of a FPE for the distribution f(x,p,t) of the N
atoms positions and momenta x = (x,x;,...,xy) and p =

(p1,p2, -..,pn). The FPE can be cast in the form
af pi 0 2
- = e S°Lf, 11
ot Xl: m 0Xx; F+ f (D

where f = f(x,p,t). The right-hand side (RHS) separates the
ballistic motion from the term proportional to the scattering
rate S and describes the dynamics due to the mechanical effects
of light. This latter term specifically reads

sz—zaa

Pi

_Za
i.j

Fo(x) sin(kx;) f

i_ LCo(x) sin(kx;) sin(kx;)p; f

32
+ XJ: e no(x) sin(kx;) sin(kx ;) f

2

+2

ij

D, in(kx;) sin(kx ;
opip, o(x) sin(kx;) sin(kx ;) f

y/ 82
SP(
+5 Z @D () f- (12)

Here the first term on the RHS describes the dispersive force
associated with scattering of laser photons into the resonator,
where

2A!

Fo(x) = (hk)A/Czi_i_"Kz(l +6r)NO. 13)
Its amplitude is proportional to the order parameter © [Eq. (1)],
which is the Wigner representation of operator @ [27]. Its
sign is also determined by the frequency shift of the cavity
frequency A/(x) from the laser, which takes the same form
as in Eq. (6), now with the corresponding Wigner form
for operator B. Coefficient S8 is a small correction for the
parameter regime we consider; its general form is given
in Appendix A. The same applies for the coefficients §;

(j = I',n, D) appearing in the other terms we specify below.
The second term on the RHS of Eq. (12) describes the
damping force due to retardation between the scattered field
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and the atomic motion. It depends on the atomic momentum
and is scaled by the function

8A k
(14 8p). (14)

(AZ +x2)

The third summand is due to the anharmonicity of the cavity
optical lattice. The function scaling this term has the form

(-a2+4)

ey W

and vanishes when A!, = +«.
The last two terms describe diffusion. In particular, the one
scaled by the function

1—‘O(x) = Wy

no(x) = 2hw,

Dyx) = (o 5 (14 8) (16)

corresponds to the diffusion associated with global fluctua-
tions of the cavity field and is characterized by long-range
correlations, while the term with coefficient D*P(x;) is instead
due to spontaneous emission of a photon outside the resonator
with y’ = yg?/A2, where y is the decay rate of the excited
state. It is the sole term which acts locally, and the dynamics it
implies does not establish correlations between the atoms. Its
explicit form is reported in Appendix A.

C. Dynamics away from the bistable regime

Equation (11) describes the coherent and dissipative dy-
namics associated with the mechanical effects of light on the
atomic motion. In this work we assume that y’ is much smaller
than the other rates and discard the effect of spontaneous decay
in the dynamics, so that losses are due to cavity decay. As far as
it concerns the terms due to the cavity, we note their nonlinear
dependence on the bunching parameter, which appears in
the denominator of all coefficients and gives rise to bistable
behavior. Here we focus on the regime in which |[NU| < k.
In this regime the dispersive forces due to the mechanical
effects of light in leading order are due to scattering of laser
photons into the cavity. In this limit, we choose detunings
|A¢| ~ « so that the motion is efficiently cooled, as we show
below. Correspondingly, the coefficients of the functional in
Eq. (12) are modified so that A/ >~ A. and the functions
8r,8,,8r,8p ~ 0. More precisely, we perform an expansion
in first order in N|U|/«. In this limit, the FPE, Eq. (11), can
be cast in the form

3 o _NU

Lif

c

1
= —al ) sin(kx,)d), 5
i

. m ]
x Z sm(kxj)<pj + Ea,,, + %%)ﬁ (17
J
where all terms due to the coupling with the light scale with 7,
given in Eq. (10). In detail, the left-hand side (LHS) collects
the Hamiltonian terms, expressed in terms of Poisson brackets
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with Hamiltonian
p?
H=) —L+4+hAAN®?, 18

; oo A (18)
as well as the terms scaling with U, summarized in the
functional L;, whose detailed form is given in Appendix A.
The RHS reports terms of different origin, which can be
classified as damping, diffusion, and a third term which scales
cross derivatives in position and momentum. In the order of
this list, they are scaled by the coefficients

I = 8w,k A/ (A2 +«k?), (19)
B = —4A./h/(A2 +k?), (20)
_ k2 — A2
T ) .

We remark that the term in the FPE scaled by parameter 7 was
already found in the derivation of Ref. [37]. While its effect is
to date not well understood, we checked that for the parameters
we consider it gives rise to small corrections in the quantities
we evaluate. In the mean-field treatment it can be cast in terms
of a correction of the effective mean-field potential the atoms
experience. In that limit it induces a shift to the critical value
of the pump strength at the self-organization transition [35].

D. Long-range correlations

Let us now make some preliminary remarks on the FPE
discussed this far. We first focus on the Hamiltonian term,
Eq. (18). In addition to the kinetic energy this contains
the cavity-mediated potential, which has been obtained in
zero order in the retardation time. Its sign is determined by
the sign of the detuning A.: When A, < 0, the formation
of Bragg gratings, which maximizes the value of |®|, is
energetically favored. Thus, Eq. (18) summarizes in a compact
way a property which was observed in several previous works
[21,22,29,30].

We note that the Hamiltonian in Eq. (18) exhibits several
analogies with the HMF model [33], whose Hamiltonian reads

2
P; J
HMF = ; % + ﬁ ;[1 - COS(@,‘ - Oj)]’ (22)

where 6; are angle variables that in our case would correspond
to 8; = kx;. The analogy becomes explicit in Eq. (18) by using

©% = “{coslk(x; + x;)] + coslk(x; — x,)1}/(2N?).
iJ
Like Hamiltonian Hyg, also Hamiltonian H is extensive as
it satisfies the Kac prescription [33] for the thermodynamic
limit we choose, which keeps 7 fixed for N — oo (see the
next section). In a canonical ensemble, for J > 0 the HMF
exhibits a second-order phase transition from a paramagnetic
to a ferromagnetic phase controlled by the temperature, where
the order parameter is the magnetization M = (M,,M,), with
M, =3 ;cos0;/N and M, =} sin6;/N. This suggests
that ® identifies with the x component of a two-dimensional
magnetization and creates an expectation of a transition to
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order for negative values of the detunings, A, < 0, for which
a nonvanishing interaction potential term tends to minimize
the energy (we mention that the dynamics for A, > 0 has
been recently studied in Ref. [41]).

Differing from the HMF model, the term cos[k(x; + x;)]in
©?2 originates from the underlying cavity standing-wave poten-
tial that breaks continuous translational invariance. Moreover,
the cavity coupling at higher order in [NU/A,| gives rise to
deviations from the Hamiltonian dynamics due to further terms
in the LHS of Eq. (17), which for larger values are responsible
for bistable behavior [40] and only in certain limits can be cast
in the form of conservative forces.

We further highlight that long-range correlations can also
be established by the terms on the RHS of the FPE in Eq. (17),
which are usually associated with incoherent processes. In fact,
retardation effects in the scattering of one atom modify the
intracavity potential which traps the whole atomic ensemble.
Photon losses, in addition, give rise to sudden quenches of the
global potential [11,42]. When the density is uniform, the terms
in the RHS can be reduced to a form [27] which is analogous to
the Brownian Mean Field model [43]. However, this mapping
applies only when the system is deep in the paramagnetic
phase. When the atoms form a Bragg grating, instead, damping
and diffusion become smaller, the atoms being localized at the
points where sin(kx;) ~ 0. Moreover, when several atoms are
trapped in a Bragg grating, also damping and diffusion of
atoms which are away from the nodes become smaller. These
properties share some analogies with models constructed to
simulate correlated damping [44] and suggest that incoherent
dynamics can endorse coherent effects for transient but long
times [29,34].

III. PROPERTIES AT EQUILIBRIUM

We now discuss the existence and the form of the stationary
state, namely, of the solution of Eq. (17) satisfying

0 fs=0.
It is simple to verify that the function of the form
fs = foexp(—BH) (23)

is a stationary solution in zero order in the parameter
UN/k and 7}, where f; warrants normalization. Equation
(23) describes a thermal state whose temperature 7 is solely
controlled by the detuning A:

h(AZ 4 «?)
—4A,

‘We mention that this result has been reported in Ref. [29] and
was also found in Refs. [30,31,45] using different theoretical
approaches.

In this section, starting from Eq. (23) we analyze the
properties of the system at steady state. We show that Eq. (23)
makes it possible to identify the transition to self-organization
and the corresponding critical value at which it occurs. By
deriving the single-particle free energy in an appropriate
thermodynamic limit, we demonstrate that the transition to
self-organization is a second-order phase transition, whose
order parameter is ®. We point out that the treatment here
presented applies concepts of equilibrium thermodynamics

kpT =1/B = 24)
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and is strictly valid at the steady state, because it is a thermal
distribution.

This section contains analytical results, extracted from
Eq. (23), and data of numerical simulations, obtained by
integrating the stochastic differential equations (SDEs) which
simulate the dynamics of Eq. (17). These equations have been
reported in Ref. [27] and for completeness are also detailed
in Appendix B . A single trajectory for N atoms corresponds
to integrating the set of coupled equations (B1) and (B2) for
the variables {x,(t); pe(t)} with £ =1, ... ,N and for a given
initial condition. From this calculation, for instance, we find

N
O@) = Y _ coslkx,(t)]/N.
=1

The mean values are numerically computed by taking the
average over n such trajectories, which statistically satisfy
the initial conditions, and deliver quantities such as (®?), =
Z?:l @i(t)z/n, where i now labels the trajectory,i =1, ... ,n.

In the simulations we assume an ensemble of *Rb
atoms with transition wavelength A = 780 nm (D, line).
This gives the recoil frequency w, = 27w x 3.86 kHz. The
transition linewidth is y = 27 x 6 MHz and the linewidth
of the resonator is k =27 x 1.5 MHz. These parameters
correspond to the ones of the experiment of Ref. [23]; they
warrant the validity of our semiclassical treatment based on a
time-scale separation.

A. Self-organization as second-order phase transition

In order to characterize the thermodynamic properties of the
self-organization transition, we first determine the free energy
per particle. Our starting point is the definition of the free
energy F = —kpT In Z, where Z is the partition function,

1
Z = F/xdx/;dpexp(—ﬂH), 25)

and A is the unit phase space volume. For convenience,
we have introduced the notation [ dx = fok dxy--- fo)‘ dxy
and [, dp = [ dpy -+ [ dpy. After integrating out the
momentum variables, Eq. (25) can be cast in the form

1
Z=(Z0A/A)N/ dOR(O)exp(—NBhiAAO?). (26)
—1

Here Zy = (2mrm/B)"/? is a constant which depends on the
temperature. The functional £2(®) is the density of states at a
given magnetization ® and is defined as

dx 1 &
22(0) = / Il 8|:® -y Z cos(kx,-):|. 27
* i=1

For identifying the transition to order, we consider N > 1.
This requires an adequate thermodynamic limit. We choose
a thermodynamic limit for which the amplitude 77 [Eq. (10)]
remains constant as N increases and warrants that Hamiltonian
in Eq. (18) is extensive. In detail, it corresponds to scale the
vacuum Rabi frequency as g ~ 1/+/N, which is physically
equivalent to scale up the cavity mode volume V linearly
with N, being the vacuum Rabi frequency g oc 1/4/V. It
follows that the scattering rates characterizing the dynamics
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scale as S ~ 1/+/N and U ~ 1/N as N — oo (moreover,
S%n9 ~ 1/N, but this contribution is here neglected). Such
scaling has been applied in a series of theoretical works
[30,38,40].

With this definition in mind, we determine an explicit form
of the free energy as a function of ® by using the method of
the steepest descent. We identify the fixed point ®*, which is
given by the equation

_ L(yeH

L(y®©*)’
with y = 27i/fi. and 71, > 0, while I; and I, are modified
Bessel functions of the first kind [46] (the details of the
calculations are reported in Appendix C). Depending on y,

and thus on 72, Eq. (28) allows for either one or three solutions,
where the two regimes are separated by the value 7 = 7., with

*

(28)

2 2
K-+ A
flp = ———<. 29
fic A2 (29)
Using this result, the free energy per particle in the thermody-
namic limit takes the form

FO)~ Fy+ %[(1 - ?)@2 + %@4], (30)
with Fo = —kpT In(ZpA/A). Equation (30) has the form of
the Landau free energy [47], and shows that the transition to
self-organization is continuous and of second order. Its form
close to threshold for different values of the pump strength,
and thus of 71, is sketched in Fig. 1(d), where (Q2/ Q.)* = i1/ii..
For 7 < 1., thus, the order parameter vanishes: The atoms
are uniformly distributed in space and one can denote this
phase as paramagnetic invoking the analogy between ©
and a magnetization. For 7 > ii., on the contrary, the order
parameter takes a value different from zero, as shown in
Fig. 1(c). By setting the first derivative of the free energy
[Eq. (30)] to zero we also find an analytic expression for
the order parameter above but close to the threshold: ® =
+2(n/n. —1).

We remark that in Ref. [30] it was conjectured that
self-organization in a standing-wave cavity is a second-order
phase transition. In this section we have demonstrated that
this conjecture is correct by performing an explicit mapping
of the free energy into the form of a Landau model [47].
Our theoretical model demonstrates that the steady-state
distribution is thermal; it further naturally delivers the steady-
state temperature and the value of the critical pump strength,
here cast in terms of the quantity 77.. We observe that the critical
value i, is in agreement with the value determined in Ref. [30]
by means of a mean-field model based on a phenomenological
derivation. [This is visible after considering the definition in
Eq. (10), which gives the critical pump strength value €2, after
using S, = g2./A, as a function of the critical value 7, of
Eq. (29).] In Ref. [31] the self-organization threshold was
estimated by means of a kinetic theory based on treating the
cavity field semiclassically, finding a value consistent with our
result.

We remark that the typical concept in second-order phase
transition of spatial domains, whose average size increases
with a power-law behavior as the critical value is approached,
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FIG. 2. (Color online) (a) Order parameter |®| and (b) steady-
state temperature as a function of 7 and A, (in units of «). The red
line denotes the value 72, as a function of A, as reported in Eq. (29).

becomes now invalid: Their energetic cost scales with the
system size due to the long-range cavity-mediated potential.
This is simply understood as two domains with (®) = +1
and (®) = —1 generate fields which interfere destructively,
resulting in a vanishing intracavity photon number. This
example illustrates the nonadditivity of long-range interacting
systems. We now analyze more in detail the behavior of the
magnetization.

B. Phase diagram

The magnetization of our model [Eq. (1)] is intrinsically
related to the spatial order of the atoms within the cavity and
thus determines the properties of the signal at the cavity output.
Its stationary value depends on the various physical quantities,
which can be summarized in terms of the single parameter 7 in
Eq. (10). The detuning A, which also enters in the definition of
i1, determines the temperature of the steady state; see Eq. (24).

Figure 2(a) displays the phase diagram of the magnetization
as a function of 77 and A.: The white region is the paramagnetic
phase, the dark region the ferromagnetic one, and the scale
of gray indicates the value of |®|. We note that the lines at
constant A, correspond to constant asymptotic temperatures
and to a well-defined threshold value of 7i.(A.). Following
one such line, the value of |®| is zero for 7 < 7., while
above 1. it grows monotonically until unity as 7 — oco. The

PHYSICAL REVIEW A 92, 063808 (2015)

magnetization as a function of 77 and at A, = —« is shown in
Fig. 1(c).

Keeping 7 fixed and varying A instead consists of varying
the temperature. However, not for all values of 7 there
is a temperature at which the transition to ferromagnetism
is observed. In fact, if 7 < min(ii;) = 1/4, the phase is
paramagnetic for all values of A.. For i > 1/4, instead,
there exists a critical value of A.(72) at which the transition
to self-organization occurs. In this case, above threshold the
magnetization monotonically grows with A .. The temperature
of the atoms is shown in Fig. 2(b): Here it is clearly visible that
the temperature is independent on 7 and is solely a function of
A..In particular, it reaches a minimum at A, = —«, as one can
verify using Eq. (24). The corresponding minimal temperature
i8 kp Trin = fic /2.

C. Dynamics of the magnetization at steady state

The mapping of the free energy to the Landau model
allows one to draw an analogy between self-organization and
ferromagnetism. Due to the long-range interactions, however,
the symmetry-breaking transition does not occur through
the spatial formation of magnetized domains of increasing
size, rather through the observation of Bragg gratings during
long periods of time, whose mean duration increases as the
pump strength is increased above threshold. This property was
already reported in Refs. [21,30] and is also found in the HMF
[33]. The behavior close to threshold is instead to large extent
unexplored, as it is characterized by large fluctuations of the
cavity field and thus requires a theoretical model that treats
the cavity field as a quantum variable, which our model does.
Our analysis focuses on the statistical properties of these time
intervals and, more generally, of the autocorrelation function
of the magnetization across the transition. In this section
we discuss this temporal behavior by analyzing trajectories
of the magnetization evaluated by means of the SDE as in
Appendix B . We set A, = —« and N|U|/k = 0.05.

1. Stationary magnetization for finite N

In order to perform the numerical analysis, we first
benchmark the statistical properties for a finite number of
trajectories. Typical trajectories at the steady state are shown
in Fig. 3 for different values of 7.

They show ©(¢), obtained by averaging over the instanta-
neous positions of 50 atoms within the resonator. Fluctuations
about the mean value are visible: Their size increases below
threshold as 7 is increased and depends on the number of
atoms, as one can see in Fig. 4 (see below). In order to extract
the order parameter from the numerical data, we thus need to
estimate the size of the fluctuations about the mean value as a
function of N. For this purpose we determine the probability
distribution Py (®y) of finding ® = O at the stationary state,
which we define as
1

Py(©®0) = Py / dOS(O — ©y)2(0®) exp(—BhA AN O?),
1

(€1Y)

where £2(®) is given in Eq. (27) and the parameter Py =
(Zor/A)YN /Z warrants normalization: fll d®yPy(®y) = 1.
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FIG. 3. (Color online) Order parameter as a function of time (in
units of «~!) at the asymptotics of the dynamics and for different
values of 71 (see inset). Each trajectory corresponds to a numerical
simulation with N = 50 atoms.

For a given detuning A, this probability distribution depends
on 7 and on the atom number N. We determine Py(®,) using
our analytical model and performing the integral by means of
the Metropolis algorithm [48].

The results are displayed in Fig. 4 for different atom
numbers N and pumping strengths 7i. The curves clearly show
that the size of the fluctuations about the mean value decrease
with N. We also observe that, for N fixed, the fluctuations
about the mean value increase with 7 as it approaches the
threshold value from below. For atom numbers of the order
of 50 and larger we verified that Py(®() converges to the
form exp(—N @3 /4) for i1 = ii., in agreement with the result
found in the thermodynamic limit. Above threshold, on the
contrary, the distribution exhibits two peaks whose centers
converge towards the asymptotic values of Eq. (28) for large
N and whose widths decrease as 7 is increased. We compare
these results with the data obtained after integrating the SDE

(a) n=0.017n, (b) n=07n,

25| ‘ ] 25}

N
N
N

5
8
2|

0

=15+

Py(©

SN

lPN (90‘)
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(circles) and verify the convergence of the numerical results
with increasing N to the predictions at the thermodynamic
limit.

Figure 5(a) displays ©(¢) as a function of time obtained
by integrating the SDE for N = 20 atoms and 77 = 0.01 i,
thus well below threshold. The distribution Py(®g) that we
extract after averaging over the time and over 100 trajectories
of this sort is given by the circles in Fig. 5(b). The curve is in
excellent agreement with a Gaussian distribution centered at
®¢ = 0 (dashed curve) whose explicit derivation is reported
in Appendix D and which reads

1 22
P*(@g) = ——— exp (——2) (32)
2710.2 ZGN
N
with
oy = 1/+2N. (33)

From this result we identify the width o with the statistical
uncertainty in determining the value of ®y. Figure 5(c)
displays a trajectory ©(¢) forn = 1.4 1., thus above threshold;
the corresponding distribution Py (®y) is given by the circles in
Fig. 5(d). The trajectory exhibits jumps between the two values
of the Bragg gratings, the duration of the time intervals during
which the atoms are trapped in a Bragg grating determines the
size of the fluctuations about the two peaks of the probability
distribution, and the finite rate at which these jumps occur
is the reason for the nonvanishing value of the probability at
@0 ~ 0.

2. Autocorrelation function

We now analyze the autocorrelation function for the
magnetization,

C(r) = lim (OO + 7)), (34)

(c)

n= N

Pn(©y)

Oy

FIG. 4. (Color online) Probability distribution for the order parameter at steady state, Py(®y) as in Eq. (31), for N = 5,8,20 atoms with
A, = —k and /i = 0.01, 0.7, 1, 1.4 (from left to right). The dots correspond to the probability distribution Py(®,) extracted from numerical
simulations at steady state, performed by means of the SDE. The dashed vertical lines in (d) indicate the asymptotic value @) = +0* [Eq. (28)]

forn = 1.47,.
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FIG. 5. (Color online) (Top panels) Magnetization ® as a func-
tion of time (in units of k'), obtained from a simulation of the SDE
for N =20, A, = —«k, and 7 = 0.01 72, (a) and 7 = 1.4, (c). The
black dashed lines are located at oy = 4+/1/(2N) and indicate the
statistical uncertainty in the determination of the value of ®. Subplots
(b) and (d) display the corresponding probability distribution Py (®y)
obtained after averaging over time and over 100 trajectories ©(t)
(circles). The dashed line in (b) is the theoretical prediction in Eq. (32).
The dashed line in (d) corresponds to the distribution obtained by
numerically integrating Eq. (31) using a Metropolis algorithm [48].

which we extract from the trajectories evaluated using the
SDE. Figure 6 displays C(t) for different values of 7. For
all values of the pump strength a fast decaying component is
always present whose temporal width seems to be independent
of 7ii. One also notices the contribution of a slowly decaying
component whose decay rate decreases as 71 increases.

In order to gain insight, we first analyze the autocorrelation
function below threshold for 7 = 0.0172.. For this case we
can reproduce the numerical result by means of an analytical
model, reported in Appendix D . This model assumes that
the atoms are homogeneously distributed in space and form a
thermal distribution at the temperature determined by Eq. (20),
which corresponds to the stationary solution of the FPE in
Eq. (17) well below threshold [27]. Starting from this state,
their motion is assumed to be ballistic and is thus calculated
after setting 7 = 0 in Eq. (17). The resulting autocorrelation
function reads

Cfree(T) = O-I%I exp [_(T/Tcﬁ-ee)2]’ (35)

where the correlation time is

e = /B w,. (36)
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FIG. 6. (Color online) Autocorrelation function C(r)=
lim, o (®(1)O(t + 7)) [Eq. (34)] as a function of the time 7 (in
units of k~!) for N = 20 atoms, A, = —k, and various values of 7
(see inset). The curves are obtained by determining ®(f) with the
numerical data (SDE).

Its excellent agreement with the numerics is visible in Fig. 7.
This result shows that below threshold the fluctuations are
mostly due to thermal motion, while the effect of the cavity
forces, which tend to localize the atoms, is negligible. By
considering the analogy between the different curves in Fig. 6,
we conjecture that thermal fluctuations are responsible for the
short-time behavior of the autocorrelation function.

We now turn to the long-time behavior of the autocorrela-
tion function for increasing values of 7. Inspection of typical
trajectories close and above threshold, shown in Figs. 3 and
5(c), shows that this is related to the time scales over which the
atomic ensemble forms a Bragg grating. The system can take
on values for the collective parameter ® clearly exceeding the
value of o for times which are orders of magnitude larger than

0.025

0.02

function

FIG. 7. (Color online) Autocorrelation
lim,_, o (®(t)O(t + 1)) as a function of the time t (in units of k)
for N =20 and N = 50 atoms (see inset). The circles correspond to
numerical simulations performed with 7 = 0.017, and A, = —«.
The line shows the analytical estimate using Eq. (35).

C(r)=
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the correlation time 7. characteristic of thermal fluctuations, as
visible in Fig. 5(c). We call these finite time intervals trapping
times, corresponding to configurations in which (part of) the
atoms are trapped in Bragg gratings.

In order to analyze the statistics of the trapping times, we
first introduce the following criterion: the atoms are forming
a Bragg grating when |®(¢)| > oy. This criterion alone,
however, also includes fluctuations that can also happen well
below threshold, as visible in Fig. 5(a). For this reason we
set an infrared cutoff for the trapping times, such that they
shall exceed T;ree. Herewith, we thus find a trapping time
of length 7., with starting point ¢ and end point # + Ty,
if O +1")| > oy for ' € [0,Tyap] and Tyap > 1077, It is
important to note that this sets a rather strict criterion on the
trapping times as we explain now. In Fig. 5(c), one can see
that even if the atoms seem to be trapped in a grating, the
order parameter can take on values |®(¢)| < oy for times of
the order of ™. We choose to ignore these events when they
are not associated with a sign change of ®. We perform the
statistics of the trapping times by evaluating the probability
density Py,p(7) of finding a trapping time of length 7, and then
using this quantity to determine the cumulative distribution
F(Tyrap), defined as

o0
F(Tlrap) = / df,Ptrap(T,)~ 37

Tirap
Distribution F(zy,p) thus gives the probability that the trapping
time is larger than Ty,,. Figure 8 displays F(Typ), as we
extracted it for N = 20 atoms and different values of 7: It
is clearly visible that the trapping times are shifted towards
higher values as 7 increases. The distribution exhibits long
tails, which suggests that this dynamics is characterized by
the existence of rare events with very long trapping times.
In order to better understand this behavior, we determine the
mean trapping time (Tyap),. This is numerically found for a
given interval of time t#, in which n trapping intervals of

length ‘L'tE.ia)p are counted (i = 1, ...,n), and reads

<Ttrap)n = Z ttf'ia)p/n' (38)
i=1

In Fig. 8(b) we plot (Tyap), as a function of the number of
counts for N = 20 and various values of 77 above threshold.
The mean trapping time (Tyap)n, in particular, seems to
converge to a finite value for sufficiently long integration times.
We argue, however, that this can be an artifact of the finite
integration time f,;, which we choose to be i &~ 100k~
This conjecture is supported by the rather steep decay of
the cumulative distribution at # > 103« ™! visible in Fig. 8(a).
Hence, our results do not exclude the existence of a power-law
decay of the distribution F (7). This discussion clearly shows,
nevertheless, that the trapping times are responsible for the
long tails of the autocorrelation function.

We now study the statistics of the events which lead to
jumps between two Bragg gratings. These events are visible,
for instance, in Fig. 5(c) and are characterized by a time
scale which we now analyze. We denote these finite times
by jumping times. More precisely, we define a jump of time
length tjump as the interval of time [0, Tjymp] Within which
O + 1) < oy for t' € [0,Tjymp]. We further impose that
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FIG. 8. (Color online) Statistics of the trapping times, evaluated
numerically by averaging over 100 trajectories of N =20, A, =
—k, and total evolution time #,, &~ 10%~!. The curves correspond
to different values of 77 above threshold (see inset). (a) Cumulative
distribution F(7yy,) for the trapping times [Eq. (37)]. Higher pumping
strengths lead to longer trapping times. Subplot (b) displays the mean
trapping time (Tyap)n [Eq. (38)] as a function of the number of counts
n. The inset shows the values of (z,,) as a function of 72, which we
extrapolate from the curves, like the ones shown in the onset.

at the starting and the end points of the jumps the order
parameter ® has a different sign, such that the configuration
has switched, for instance, from an even pattern (® > oy)toan
odd one (@ < —oy). We identify jump events in Fig. 5(c) with
the green segments. An exception is the event at «¢ ~ 3000,
which does not fulfill the criteria we impose and thus does not
qualify. We numerically determine the probability distribution
Piump(Tjump) for the jumping times at a given value of 7 > 7.
Figure 9(a) displays the probability distribution Pjymp(Tjump)
for 7 = 1.471.. We observe that it exhibits the features of
exponential decay with time. Further information is extracted
from the mean jumping time (Tjump)n, Which we evaluate as

<Tjump>n = Z Tj(lil)np/l/l, (39)
i=1

with Qﬁ;p the jumping time for the ith jumpandi =1,...n.
Figure 9(b) displays (Tjump), for different pumping strengths.
The mean values (Tjump), do not differ much for different
pumping strengths, in agreement with the conjecture that ther-
mal fluctuations are responsible for the short-time behavior of
the autocorrelation function. Nevertheless, we see indications
that the mean jumping time decreases as 71 increases; thus, at
large pump strengths the atoms reorganize in Bragg gratings
over shorter time scales.

Insight into the dynamics underlying a jump in the order
parameter can be gained by considering the corresponding
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FIG. 9. (Color online) Statistics of the jumping times, evaluated
numerically by averaging over 100 trajectories of N =20, A, =
—k, total evolution time # A 10°%~!. (a) Probability distribution
Piymp(Tjump) for i = 1.4 1. (b) Mean jumping time (Tjymp)» [Eq. (39)]
as a function of the number of counts n and for several values of 77
above threshold (see inset).

individual atomic trajectories. A simulation for N = 5 atoms
is shown in Fig. 10(a) for the choice of a pump strength
above threshold 7 = 1.47,. At a given instant of time, the
atomic positions are, in general, at distances which are integer
multiples of the cavity wavelength, thus localized either at the
even or the odd sites of the spatial mode function, thus forming
one of the two possible Bragg gratings. When this occurs,
the atoms perform oscillations about these positions. The
amplitude of these oscillations does not remain constant, and
one can observe an effective exchange of mechanical energy
among the atoms. This can lead to a change of the potential
that can untrap atoms. The onset of this behavior seems to be
the precursor of the instability of the whole grating, as one
can observe by comparing these dynamics with the one of the
corresponding order parameter in subplot (b). The oscillations
about the grating minima, moreover, are responsible for the
damped oscillation observed in the autocorrelation function in
Fig. 6 for values of 71 above threshold.

3. Power spectrum

Complementary information to the temporal behavior of the
autocorrelation function can be gained by studying its Fourier
transform. We thus numerically compute the power spectrum
of ®(t), which we define as

S(@) = (|0)]*), (40)

where

@(w):/ dt exp(—iwt)0(7) 41
0
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FIG. 10. (Color online) (a) Individual atomic trajectories and (b)
corresponding order parameter as a function of time (in units of
«~ 1 for N = 5 atoms, A, = —«k, and /i = 1.47i.. The black dashed
horizontal lines in (a) indicate the position of the even sites of the
cavity spatial mode function. The trajectories have been numerically
evaluated taking the stationary state as the initial distribution.

is the Fourier transform of the order parameter. Figure 11
displays the spectrum of the autocorrelation function for
different values of 7 (a) below and (b) above threshold.

One clearly observes two different kinds of behavior,
depending on whether 7 is below or above threshold: For
i < i, we observe a rather broad spectrum about w = 0,
whose breadth increases as 77 approaches the critical value
from below. The emergence of a flat broad structure can
be associated with the creation of (unstable) Bragg gratings
and is related to the broadening of the distribution Py (®)
visible in Figs. 4(b) and 4(c). Above threshold, for 77 > 7., the
width of the component centered at zero frequency becomes
dramatically narrower and narrows further with 7, indicating
that the atoms become increasingly localized in a Bragg
pattern. The width of this frequency component is determined
by the inverse of the mean trapping time, namely, the rate at
which jumps between different Bragg gratings occur.

Above threshold sidebands of the central peak appear,
which correspond to the damped oscillations of the autocor-
relation function. The central frequency of these sidebands
increases for higher pumping strength, while their width
decreases. We understand these features as the onset of oscil-
lations about the minima of the Bragg grating, which one can
also observe in the trajectories of Fig. 10(a). This conjecture is
supported by a simple calculation of the oscillation frequency
as a function of 72, assuming that the potential about their
minima is approximated by harmonic oscillators. Even though
the estimated frequency is higher, this estimate qualitatively
reproduces the dependence of the sidebands’ central frequency
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FIG. 11. (Color online) Spectrum of the autocorrelation function
S(w) [Eq. (40)] and in arbitrary units, as a function of the frequency
(in units of k) for different 72, and evaluated from the numerical data of
O(¢) for 100 trajectories of N = 50 atoms, A. = —«, and evolution
time f,,; = 10*~!. The subplots show the spectrum for 7i below (a)
and above (b) threshold (see insets).

with 7 above threshold, as visible in Fig. 12. This plot further
shows that the behavior between the two parameter regions,
below and above threshold, are qualitatively very different. The
results of our simulations suggest that the transition in Fig. 12
at 71, becomes sharper as the atom number is increased.

IV. PHOTON STATISTICS AND COHERENCE OF THE
FIELD AT THE CAVITY OUTPUT

Since the photons scattered by the atoms into the resonator
carry the information about the density of the atoms within the
cavity spatial mode function, then detection of the light at the
cavity output allows to monitor the state of the atoms during
the dynamics. This is an established method in experiments
with atoms and ions in cavities [22,49-52], and it is at the
basis of proposals for detecting nondestructively the quantum
phase of ultracold atoms [53,54].

Formally, the field at the cavity output doy(?) is directly
proportional to the intracavity field & via the relation oy (1) =
2ica — ain(t), where G;,(¢) is the input field, with zero mean
value and [8in(7),din(t')T] = 8(r — ') [55]. The intracavity field
is, in turn, given by the solution of the coupled atoms-field
dynamics, and under the assumption of time-scales separation
it can be cast in the form given in Eq. (7), which expresses an
effective operator resulting from the coarse-grained dynamics.
Equation (7) shows that in leading order the intracavity field is
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FIG. 12. (Color online) Contour plot of the spectrum of the
autocorrelation function S(w) [Eq. (40)] as a function of 7 and of
the frequency (in units of «). The other parameters are the same as
in Fig. 11. The red dashed line corresponds to an estimate deep in
the organized regime assuming the atoms are trapped in a harmonic

potential with frequency &@ = 2w,k /f..

proportional to the magnetization ©(t); therefore, the features
of the magnetization we identified thus far shall be visible
also in the photon statistics at the cavity output. In addition,
there is a retardation component, which gives rise to cooling
and that in our parameter regime is a small correction. We
now report the analysis of the intracavity photon number,
and of the first- and second-order correlation functions as a
function of the pump strength 7. Throughout this analysis
we consider that the system has reached the stationary state
at A, = —«, corresponding to the minimum temperature of
the atoms. Analytically, all averages are taken assuming the
atomic distribution is stationary. Numerically, this consists of
assuming that the trajectories are evolved starting from the
stationary distribution.

A. Intracavity photon number

The intensity of the emitted light is proportional to the mean
intracavity photon number

new = Tim (@ (). (“2)

Figure 13(a) displays n,y as a function of 7 for different atom
numbers. The circles correspond to the mean photon number
evaluated by numerical simulations using Eq. (7), whereas the
dot-dashed lines show the adiabatic solution, Eq. (9), evaluated
with the steady-state solution of Eq. (23). For i < 7i. the mean
photon number is below unity: Therefore, in this regime shot
noise is dominant. Above threshold, n.,, rapidly increases with
N and 1. For the parameters we choose its value is essentially
determined by the adiabatic component of the cavity field,
while the contribution due to retardation is negligible (it is
less than 0.1%). Thus, the intracavity photon number provides
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FIG. 13. (Color online) (a) The mean intracavity photon number
ney at steady state is displayed as a function of the pump strength
7 (in units of 77.) and for different atom numbers (see inset). The
circles correspond to the numerical data obtained by using Eq. (7)
and integrating the SDE. The dot-dashed lines correspond to the
adiabatic limit ncg|.q = N7 lim,_, o (O(t)?), where the average is
performed over the stationary state in Eq. (23). (b) Contour plot of
Ncav|aa @s a function of N and 71. The color code is in logarithmic scale.
The horizontal lines correspond to the dot-dashed curves shown in
subplot (a).

direct access to the autocorrelation function at zero-time delay,
(©?). The numerical data, represented by the circles, follow
very closely the curves corresponding to the adiabatic solution
Neaylad = N7 lim,_, o (©(7)?). The difference between the two
curves is indeed small and due to the effect of the dynamical
Stark shift scaling with the parameter U, which in the numerics
is systematically taken into account. This nonlinear shift of the
cavity frequency is maximum when the atoms are localized in
a grating and for the chosen sign (U < 0) it tends to increase
the value of n¢,y.

Figure 13(b) displays the contour plot of n¢,y as a function
of 7 and N using the adiabatic solution [Eq. (9)] and the
steady-state solution in Eq. (23). We observe that well below
threshold n.,, depends solely on 72 and is independent of N. In
this regime, in fact, the atoms are homogeneously distributed;
there is no collective effect in photon scattering and thus no
superradiance. Using the assumption of a homogeneous spatial
distribution and 7 < i, we can derive an analytical estimate
of n¢,y which is independent of N (see Appendix D ):

ncav|ﬁ<<ﬁ( ~ ﬁ/z
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As 71 approaches and then exceeds the threshold value, instead,
the dependence of the mean intracavity photon number on N
becomes evident.

B. Spectrum of the emitted light

We now turn to the first-order correlation function at steady
state, g0(7) = lim,_. oo (a1 (t + 0)a(r)). At zero-time delay,
t = 0, it corresponds to the intracavity photon number. For
finite delays t it is proportional to the power spectrum of the
autocorrelation function. In addition, it contains the nonlinear
contribution of the cavity frequency shift and the retarded
component of the cavity field. We discuss here the spectrum
of gV(1),

o0

S(w) = lim i/ dre (@'t 4+ v)a(r)), (43)
t—o0 21 J_o

which we then compare with the result obtained for the power

spectrum of the magnetization. The spectrum S(w) is displayed

in Fig. 14 for N =50 atoms and different values of the

pumping strength.

The behavior is very similar to the spectrum of the
autocorrelation function of the magnetization in Fig. 11. Below
threshold [Fig. 14(a)] we observe a broad frequency spectrum,
while above threshold [Fig. 14(b)] we notice the emergence
of sidebands whose frequency increases with 7. In general,
the spectrum of the emitted light has the same form as the
power spectrum of the magnetization and thus allows to extract
information about the thermodynamics of self-organization.
The contour plot is very similar to the corresponding one
of the autocorrelation function, Fig. 12. A distinct feature is
found in a small asymmetry between the red (v < ;) and the
blue (w > w; ) sidebands in Fig. 14(b). The asymmetry seems
to be due to the contribution of the diabatic component of
the cavity field, given in Eq. (8). Remarkably, the spectrum
qualitatively agrees with the one observed in experiments
analyzing self-organization of ultracold atoms in single-mode
standing-wave resonators [52], thus outside the regime of
validity of the semiclassical treatment. In particular, sideband
asymmetry above threshold was also reported in Ref. [52].

C. Intensity-intensity correlations

The intracavity photon number below and close to threshold
is smaller than unity, and is thus characterized by large photon
fluctuations. We now study the properties of these fluctuations
by determining the intensity-intensity correlation function,

(@'mat(t + vyat + ovya())
(ata())? '

with # — oo indicating the steady-state, and focus on its value
at zero-time delay, g®(0), as a function of 7 for gaining
insight in the photon statistics. Figure 15(a) displays the
correlation function g (0) as a function of 7 and for different
atom numbers. The circles show g®(0) extracted from
numerical simulations using Eq. (7), while the dot-dashed lines
correspond to the adiabatic solution g®(0)|,q = (©%)/(©?%)2
using the steady-state solution in Eq. (23). Both curves are in
good agreement. We observe a crossover from g®(0) ~ 3 to
2@(0) ~ 1 when tuning the pumping strength from below to

g?(@) = lim (44)
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FIG. 14. (Color online) Spectrum of the intracavity field inten-
sity S(w) [Eq. (43)] and in arbitrary units at steady state. In (a) the
curves correspond to values of i < 71, and in (b) they correspond
to values of 77 > .. The data have been numerically evaluated for
N = 50 atoms and over the interval of time (—10% : 1 : 10*)x~!.

above the threshold, which sharpens as N grows. The value
above threshold is associated with coherent radiation, which is
what one expects when the atoms are locked in a Bragg grating.
The behavior below threshold can be reproduced by means of
an analytical model valid for 7 < 7., in the limit in which the
atoms form a homogeneous distribution. In Appendix D we
show that in this limit we can write

£2(0) =3 -3/2N), (45)

which asymptotically tends to 3 as N increases. This result
qualitatively agrees with experimental measurements with
ultracold atoms performed below threshold [52]. While this
value is also found for squeezed states, in our case we could not
find any squeezing in the field quadratures and thus attribute
the behavior of g®(0) below threshold to thermal fluctuations.

Figure 15(b) displays g@®(0) for different pumping
strengths and number of atoms, evaluated using the adiabatic
solution g®(0) = (©*)/(©?)? and the steady state in Eq. (23).
The dashed horizontal cuts correspond to the dot-dashed

PHYSICAL REVIEW A 92, 063808 (2015)

/.

FIG. 15. (Color online) (a) The intensity-intensity correlation at
zero-time delay g®(0) [Eq. (44)] is shown as a function of the
pump strength 7 (in units of 7.) and for different atom numbers
N (see inset). The circles correspond to the data extracted from
numerical simulations, the dot-dashed lines are evaluated using the
steady state in Eq. (23) and the adiabatic solution, where the field
is proportional to the instantaneous value of the magnetization:
£@(0)].a = (6%/(©%)2. (b) Contour plot of the adiabatic component
of the intensity-intensity correlation function at zero-time delay
£2@(0)],q vs 1 and N . The horizontal cuts correspond to the dot-dashed
lines in subplot (a).

curves shown in subplot (a). One clearly observes the crossover
from g®(0) ~ 3 to g®(0) ~ 1 when 7 exceeds 7., while the
transition sharpens for increasing atom numbers.

V. CONCLUSIONS

Atoms can spontaneously form spatially ordered structures
in optical resonators when they are transversally driven by
lasers. In this paper we have characterized the stationary
solution, which emerges from the interplay between the
coherent dynamics due to scattering of laser photons into the
resonator and the incoherent effects associated with photon
losses due to cavity decay. We assumed that these dynamics
are characterized by a time-scale separation, such that the
cavity field relaxes on a faster time scale to a local steady
state depending on the atomic density. This assumption is
valid when the cavity loss rate x exceeds the recoil energy
w, scaling the mechanical effects of light, and it is fulfilled
in several existing experiments [17,22,24]. Retardation effects
are small, but important in order to establish the stationary
state.
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Starting from a FPE, which has been derived by means of
an ab initio theoretical treatment [27], we have shown that the
stationary state is thermal, with a temperature that is solely
determined by the detuning between cavity and laser. From
this result, we could determine the free energy and thus show
that atomic self-organization in a standing-wave cavity mode
is a second-order transition of Landau type. Our model allows
us to determine the phase diagram for the self-organization
transition and delivers the critical value of the pump strength in
a self-consistent way. This value is in agreement with previous
estimates [30,31]. An interesting further step is to connect this
theory with quantum-field theoretical models which analyze
self-organization in the ultracold regime [32,45,56], thus
extending the validity of our model to the regime in which
quantum fluctuations in the atomic motion cannot be treated
within a semiclassical model.

We further remark that, while our analysis focuses on a one-
dimensional model, we expect that from our predictions we can
extrapolate the stationary behavior in two spatial dimensions.
This can be calculated by means of a straightforward extension
of the treatment in Ref. [27] to two dimensions. Differing from
one dimension, in the symmetry-broken phase the atoms will
form a checkerboard pattern as found in Ref. [23], as long
as the atomic gas is uniformly illuminated by the laser and
the coupling with the resonator can be treated in the paraxial
approximation. The effect of the dimensionality can modify
the specific form of friction and diffusion. Moreover, in two
dimensions the effect of correlations is expected to be more
relevant, so that the statistical properties will be modified.

Photodetection of the emitted light allows one to reveal the
thermodynamic properties of the atoms. Our results show that
they exhibit several remarkable analogies with experimental
results obtained with ultracold atomic ensembles inside of
resonators [52]. While our theory is not generally applicable
to these systems, it is not surprising that the field at the cavity
output does not depend on the presence (or absence) of matter-
wave coherence, as it solely depends on the atomic density.
Nevertheless, it would be interesting to identify observables
for the cavity field output, if possible, that provide information
about quantum coherent properties of matter, in the spirit of
matter-wave homodyne detection discussed in Ref. [57]. This
could be possible when the cavity spectroscopically resolves
the many-body excitations, as is verified in the parameter
regime of the experimental setup reported in Ref. [58].

This work is the first of a series analyzing the effect of the
long-range cavity-mediated interaction. Here we focused on
the dynamics at steady state. In Ref. [35] we will compare
the results here reported with a mean-field solution, which
is systematically derived from this treatment after making a
mean-field ansatz, and discuss its validity in the perspective of
developing a BBGKY hierarchy for self-organization in optical
resonators [33]. In Ref. [34] we will analyze the dynamics of
the full distribution after quenches across the phase transition,
expanding on the results presented in Ref. [29].
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APPENDIX A: PARAMETERS OF THE
FOKKER-PLANCK EQUATION

In this Appendix we give the explicit form of the parameters
appearing in the coefficients of Eq. (12):

NU®
8 = cos(kx;), (A1)
NU®3A? —?
(S[‘ = COS(ka)T;W
NU® NU®)?
+ cos(kx;) . + 4 cos(kx;) cos(kxj)(A?fK)z,
(A2)
2NU®)?
n = m cos(kx;) cos(kx;)
2NUBA, [3k* — A?
— AR +K2 A2 +K2 COS(kxj) — COS(le') s (A3)
ANU®
Sp = A 12 cos(kx)[A + cos(kx;) )NU®]. (A4)
c

The diffusion coefficient for the spontaneous decay term reads

N2§2@? —
DP(x;) = (hk)z{ m[sinz(kxi) + u? cos®(kx;)]
2NSOA.
+S Wcos(kxl‘) + s ,

where s = Q/g and u? determines the momentum diffusion
due to spontaneous emission recoils projected on the cavity
axis (dipole pattern of radiation).

Finally, the correction scaling with NU /« in Eq. (17) reads

2

. A
Lif =2hkA.©O Z sin(kx;) |:A27

B+ © cos(kx; :|3,,if
(AS)

and is systematically taken into account in our calculations.

APPENDIX B: STOCHASTIC DIFFERENTIAL EQUATIONS

The FPE given in Eq. (17) for |[NU| < |A.| can be
simulated by SDEs, which in our case read

dx; = 2ar + ax;, (B1)
m
N
= hk 5 sinkx;) [Z cos(kx;) :|8Udt

i=1

8w, SZA .k N

_— sm(kx sin(kx;)p; |dt + dP;,

(A2+x ' [Z

(B2)
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with

Su=1+

NU[ A2 —«?
(B3)

A | a2 +K213 + ®cos(kxj):|,

where j =1,...,N labels the atoms and dP; denote the
momentum noise terms, which are simulated by means of
Wiener processes. In particular, (dP;) =0 and (d P;d P;) =
2D; jdt , with

D;; = (hk)*S? sin(kx;) sin(kx ) (B4)

A2 4 k2
the element of the diffusion matrix when spontaneous emission
is neglected.

For A, # —k, we additionally take into account position
noise dX;, which shows cross-correlations with momentum
diffusion (d P;d X,) = n;.dt, with

k2 — A2

(A2 +#2)°
These terms can only be simulated when adding terms as
(dX;dX ;) # 0 to the FPE.

For the numerical simulations, we use the Heun method
[59], which is a second-order Runge-Kutta scheme with a
Euler predictor.

nje = 2hw, S? sin(kx ;) sin(kx;) (B3)

APPENDIX C: DETERMINATION OF THE FREE ENERGY

The equilibrium state reads
1
flx,p)= ZAN exp(—BH),
where Z is the partition function, A is the unit phase space

volume, and Hamiltonian H is given in Eq. (18). The canonical
partition function Z takes the form

N 1 o) o]
Z= <%> / d@Q(®)/ dp f dpy exp(—pH)
-1 —00 —00

(CI)

Zoan\" ! I
_ <T> /_ dORO)exp(—BIAANOY,  (C2)
with Zy = /2mm /B and
2(0) = % / h dwexp (ioN®)Jy(w)", (€3)

where J,,(w) = 1/(@"A) foA dx cos(nkx)expliw cos(kx)] is the
nth-order Bessel function [46]. In order to compute Eq. (C3),
we rewrite it as

N o0
2(0) = —f dwexp [Nh(w)], (&7
2 J
where we introduced the function
h(w) = iw® + In [Jo(w)]. (C5)

We can now compute the integral in Eq. (C4) using the method
of steepest descent. For this purpose, we derive the stationary
condition for Eq. (C5). This reads
_ i) _ 0
Jo(wo)
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which we can rewrite as

I (o)
Io(yo)

after defining wy = iyp and using that

0 =qn) = (C6)

Jilwo) __ - Li(yo)
To@n) = Uty 1he
L)

functiong : R — (—1,1) withy — 0 is bijective, such that
there is a unique solution satisfying the equation

Y=g '(®).

With the method of steepest descent, we get

(€7

N
22(0) ~ —

27\ NI (@o)] - P

N
= |/ 3, C@exp(N (Inllo(g ' (©)]—¢ ™' (©)O)),
(C8)
with
I(g ' O) + b ©)[
21y(q~(©))

Using Eq. (C8) in Eq. (C2), at leading order in N we can cast
the canonical partition function into the form

(ZOA)N 1 \/W
z=(Z= fd@ —C(0)exp[-BNF(O)],
A —1 2

where F(0) is the free energy per particle,

BIF(®) — Fol = BhAAO” + ¢~ (©)® — In[Io(g " (©))],
(€9

C(®) = |02

and —BNFy = NIn(ZyA/A). After performing a Taylor
expansion of Eq. (C9) for small values of the order parameter,
close to ® = 0, we obtain

BIF(®) — Fol ~ (1 — ii/n)© + ;0% (C10)

which shows that close to the instability the free energy can be
cast into the form of a Landau potential [47]. This shows that
the system undergoes, in the considered limit, a second-order
phase transition at the critical value ii = 71, with

K2+ A%
4A?2

i, = (C1D)
We use the method of steepest descent to minimize F(®) in
Eq. (C9) and find that the free energy is stationary if the order
parameter solves the equation

0) =q<2_£®>. (C12)

&

APPENDIX D: ANALYTICAL ESTIMATES

Several quantities of relevance can be analytically deter-
mined in the limit of small pumping strength, specifically
when 77 < 71.. In this limit we assume that the atoms move
ballistically and their spatial distribution is homogeneous. The
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steady state then reads

_1 B N/2 Pi2
ff(x’p)_ﬁ<%> exp (—,3 : 2m>’

1

which is a homogeneous distribution for the atoms, while the
momentum distribution is thermal with 8 defined in Eq. (20).
The mean value of the order parameter for this distribution
vanishes (®) = 0, while fluctuations scale as
2 2 1
(©%) = [dx | dpfi(x,p)®° = —. (D1)
2N

Here we used that the cross terms in ©%=
Zi,j cos(kx,—)cos(kxj)/(Nz) vanish for a homogeneous

distribution. ~For the standard deviation A® =
((©?) — (©)»)"* we thus find
1
AG = ,[—, (D2)
2N

which shows that the width A® for the distribution function
Py(©g) in Eq. (31) decreases with N~'/2 for very low
pumping strengths. We checked that for 77 < 7i. the Gaussian
assumption is a good approximation for low values of |®g|
and sufficiently large atom number. This result is reported in
Eq. (32).

In Sec. IV cavity field properties such as mean photon
number (4'4) and intensity-intensity correlations at zero-time
delay g®(0) are discussed. By adiabatically eliminating the
cavity field, i.e., using Eq. (9), and neglecting the dynamical
Stark shift, we can give the following estimate for the mean
photon number

il

(a'ay = N(®*) = 1/2 = %— (D3)

ne
under the assumption of a homogeneous spatial distribution.
As long as the spatial distribution remains homogeneous,
the mean photon number thus scales with the ratio 7i/ii.
independent on the atom number N. This result is discussed

PHYSICAL REVIEW A 92, 063808 (2015)

in Sec. IV A and gets evident in Fig. 13(b). Under the same
conditions, far below threshold, we get

4
/ dx / dpfs(x,p)[Zcos(kxf)/N}

1| I TEN 3(N —1)
= —|IN2 43NNV -1 = :
N4|: 27 +3N( )(27r)2 8N3

(D4)

(®")

with Ip) = fozn d5 cos’ (%) and Iy) = f02" d5 cos*(%). For the
intensity-intensity correlations at zero-time delay

g2(0) = (8% /(%7 (D5)
using Egs. (D1) and (D4), we thus find
3
lim g®(0) =3 - —— (D6)

n—0 2N '

This function tends towards the value of 3 for increasing atom
numbers, as can be seen in Fig. 15.

When assuming ballistic expansion, which is justified
whenever the forces on the atoms due to cavity backaction are
small, i.e., far below threshold, we can also derive an analytical
estimate for the correlation function C(t) = (O()O(t + 1))
at steady state,

Im(©("O( + 1))

= (©?) (ﬁ)l/zfdp exp (—ﬂpz> cos (kgr)
"\ 27m 2m m

= (%), exp (—%f2> = (©7%), exp [_(f/ffree)z]’ (D7)

with £/ = /(7B /w,), where B is the inverse temperature

defined in Eq. (20) and (©®2), = ﬁ according to Eq. (D1).
The result is reported in Eq. (35).
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cavity, they form crystalline structures which maximize the intracavity light field
and trap the atoms in the ordered array. Stable organization occurs when the
laser field amplitude exceeds a certain threshold. For planar single-mode cavities
there exist two equivalent possible atomic patterns, which determine the phase
of the intracavity light field. Under these premises, we show that the effect of
an additional laser pumping the cavity makes one pattern more favorable than
the other and that it can dynamically force the system into a predetermined
configuration. This is an instance of pattern formation and seeding in a nonlinear
quantum-optical system.
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When atoms scatter photons from a transverse laser into a high-finesse optical cavity, they form crystalline
structures which maximize the intracavity light field and trap the atoms in the ordered array. Stable organization
occurs when the laser field amplitude exceeds a certain threshold. For planar single-mode cavities there exist
two equivalent possible atomic patterns, which determine the phase of the intracavity light field. Under these
premises, we show that the effect of an additional laser pumping the cavity makes one pattern more favorable
than the other and that it can dynamically force the system into a predetermined configuration. This is an instance
of pattern formation and seeding in a nonlinear quantum-optical system.
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I. INTRODUCTION

Pattern formation is a remarkable phenomenon of nonlin-
ear dynamics, which characterizes the physical behavior of
complex systems [1]. Among several realizations encountered
in the quantum world, one interesting example, on which we
will focus in this work, is the formation of self-organized
Bragg gratings by particles scattering photons in a high-
finesse optical resonator [2,3]. This behavior is due to the
mechanical effects of atom—photon interactions and emerges
from coherent light scattering by an atomic gas into a single
mode of the electromagnetic field inside the cavity. The light
scattered by a spatially homogeneous particle distribution
cannot significantly excite the cavity mode due to destructive
interference of the electric fields stemming from different
atoms since they have random phases. Above a certain critical
intensity of the transverse pump laser, however, the atomic
density undergoes a transition to a periodic distribution for
which the intracavity light field is maximized. Vice versa, the
field gives rise to a mechanical potential, which confines the
atoms in the very same pattern. In a single-mode standing-wave
cavity there exist two equivalent such configurations, each
corresponding to an intracavity field of the same amplitude but
of opposite phase. This behavior was first predicted in Ref. [2]
and experimentally confirmed shortly afterwards [4]. Several
theoretical [5-9] and experimental studies [10-14] have
analyzed various aspects of the self-organization phenomenon,
including extensions to multimode resonators [15-19].

Studies of dynamics of pattern formation in other systems
have shown that these dynamics can be significantly modified
in the presence of further pumping fields [20], which can im-
pose an auxiliary phase favoring a certain pattern. In this work
we theoretically study the interplay between longitudinal and
transverse laser pump fields in determining spatial ordering
inside a single-mode standing-wave resonator. We consider a
setup as in Fig. 1 and show that, when the two lasers driving the
cavity and the atoms are resonant, the laser pumping the cavity
can act as a seed for the dynamics of pattern formation. We
identify the conditions on the longitudinal laser for which the
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phase of Bragg gratings can be predetermined, and for which
one can even dynamically force a Bragg grating of atoms to
jump into another pattern.

This paper is organized as follows. In Sec. II the theoretical
model is introduced, from which semiclassical stochastic
differential equations are derived. These equations are the basis
of the numerical simulations presented in Sec. III, where the
dynamics of self-organization are studied in the presence of a
laser pumping the cavity and as a function of its relative phase
and amplitude. Finally, in Sec. IV the conclusions are drawn.

II. THEORETICAL MODEL

We consider a cloud of N cold atoms of mass m whose
motion is confined along the axis of a linear standing-wave
cavity as sketched in Fig. 1. The atoms are directly illuminated
by a transverse laser beam whose frequency wy is far detuned
from any internal atomic transition, but close to a single cavity
resonance such that the particles can scatter photons from the
driving laser into this resonator mode. A second laser at the
same frequency wy, directly drives the resonator mode through
one of the cavity mirrors. In this limit the external and cavity
degrees of freedom undergo a coupled dynamics. We denote by
xj and p; the canonically conjugated position and momentum
of the jth atom, while a and a' are the bosonic annihilation and
creation operators of a cavity photon. The coherent dynamics
are then described by the Hamiltonian [5]

N 2
H = Z |:2p—n]1 +hUpa'ta sin2(kx_,-)i| —hAdata
Jj=1

N

+ Y hn(a +al)sintkx)) — ikGria — mpa), (1)

j=1

where k denotes the cavity wave number. The parameter Uy <
0 is the light shift per photon and 1 € R is the effective cavity
pump strength stemming from the light scattered from the
transverse laser into the mode by the atom cloud. In addition,
we also consider a longitudinal cavity pump of strength n, €
C, including the possibility of a different phase with respect
to the transverse laser. The Hamiltonian is reported in the
reference frame rotating at the transverse frequency w,, which

©2013 American Physical Society
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b

n

FIG. 1. (Color online) Sketch of the system. Atoms are confined
inside a cavity with decay rate « and illuminated by a transverse
laser beam of strength 1. When |n| exceeds a certain threshold value
the atoms self-organize in stable Bragg gratings which maximize
scattering into the cavity mode. Here, we study how these dynamics
are modified when the cavity mode is additionally driven by a
longitudinal laser of strength n,,.

is assumed to be resonant with the laser pumping the cavity. In
particular, A; := w, — @, is the detuning between the pump
lasers and the bare cavity resonance frequency.

Owing to the nonperfect mirrors photons leak out of the
resonator. These processes are taken into account in the master
equation for the joint atom—field density matrix p,

1
= *h[H,,O]-i-ﬁ,O, (2)
where the Liouvillean
Lo =kQRapa’ —aap — pa'a) 3)

describes cavity decay at rate k [21]. Dissipation effects due
to atomic spontaneous emission are here neglected under
the assumption that the atomic transition is driven far-off
resonance. Note that the effective model in Eq. (1) is generally
valid for any kind of linearly polarizable particles which can
be confined within an optical resonator [3].

When the thermal energy kg7 of the atoms is much
larger than the recoil energy Eg = fiwg :=h*k?*/2m, ie.,
ksT > Eg, the system dynamics can be described within a
semiclassical approximation and the master equation (2) can
be mapped onto the following set of coupled Ito stochastic
differential equations (SDEs) [5,21,22],

dx; = 2ar, (4a)
m

oU(x;,
dp; = —%m, (4b)
J

N
|:i (AC — Uy Z sin2(kxj)> — Ki|a dt + np dt

j=1

da

_mzsm(kx,)dw\[ AW, +idWy),  (4c)

j=1
with the single-particle potential
U(x,a) = hUp|er|? sin®(kx) + hn(a + o) sin(kx).  (5)

The term (dW; +idW,)/ /2 describes a complex Wiener
process [23] accounting for cavity input noise. In this work
we numerically investigate the dynamics and steady state of
this coupled system as a function of the cavity drive 7.

PHYSICAL REVIEW A 88, 033830 (2013)

III. PATTERN FORMATION AND SEEDING

The coupled system of atoms and cavity photons is known
to exhibit self-organized patterns in the absence of any
longitudinal laser (1, = 0) when the transverse laser intensity
exceeds a certain threshold value [2-5]. The intracavity field
is maximized when the atoms order in one of two equivalent
(nonhomogeneous) configurations. The phase of the former,
however, depends on the specific pattern realized, i.e., the
particles either gather at lattice sites where sin(kx) =1 or
where sin(kx) = —1 (denoted by “even” and “odd” sites,
respectively).

It has been argued that the occurrence of self-organization
is a symmetry-breaking process, where the symmetry between
the two configurations is spontaneously broken by initial par-
ticle fluctuations and cavity input noise [5]. Microscopically,
one pattern is chosen for each trajectory, to which one can as-
sociate an order parameter, here identified with the quantity [5]

1 N
=3 > sin(kx;). (6)
j=1

Below threshold, where the atoms are homogeneously
distributed, ® = 0, while in the perfectly self-organized phase
the order parameter adopts values ® = 41 (® = —1) foreven
(odd) patterns. At this point we have to distinguish between the
instantaneous temperature-dependent critical pump strength
Nerit [9], 1.e., the minimal laser power required for triggering
the self-organization process of a thermal gas of temperature
ksT, and the temperature-independent self-consistent
threshold 7., above which the phase transition sets in on a
long-time scale as a result of dissipation (cooling) [7].

The process of self-organization is exemplified in Fig. 2.
Figure 2(a) displays the initial average particle distribution
when the transverse laser is switched on. The distribution after
a sufficiently long time has elapsed such that the system has
reached its steady state is shown in Fig. 2(b); one observes
localization at the even and odd sites; for each trajectory only
one of the two configurations is reached. Finally, Fig. 2(c)
shows @ as a function of time.

In summary, organization of the atoms in spatially ordered
patterns corresponds to the light-induced formation of Bragg
gratings. The atoms elastically scatter photons into the cavity
and the intracavity field is maximized when all atoms scatter
in phase, which here corresponds to arrays with interparticle
distance equal to the cavity mode wavelength A = 2x/k.
The intracavity light field gives rise to a potential which has
minima at either the even or odd sites, which form from initial
fluctuations with equal probability. If the cavity is directly
pumped as well, the scenario drastically changes. In this case,
in fact, the cavity field is the coherent superposition of the
scattered and of the directly injected field as seen in Eq. (4c).
Clearly, the phase of the injected field plays a role by favoring
one pattern over the other, depending on which one maximizes
the depth of the intracavity potential. This allows one to “seed”
the emergence of a specific spatial pattern above threshold,
provided that the cavity drive |n,| is sufficiently strong.

The effect of a “seeding” field on the atomic spatial
distribution is shown in Fig. 3. We choose the dipole potential
associated with the cavity pump to be sufficiently shallow so

033830-2
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FIG. 2. (Color online) Simulation of self-organization of atoms
driven by a laser and coupled to a high-finesse cavity for n, =0,
i.e., without additional longitudinal pump. (a) Spatial distribution at
t = 0 and (b) after reaching the steady state at r = 10%wg ', The time
evolution of the order parameter ® is displayed in (c). The curves have
been obtained by numerically integrating the SDEs (4). Parameters:
N = 1000, /N7 = 500wy, NUy = —100wg, k = 100wg, and A, =
NU,/2 — k. Ensemble average over 50 x 10 trajectories, i.e., 50
initial conditions and 10 realizations of the white noise process. The
critical pump strength for the considered parameters and initial gas
temperature kg T = 2%k is VN Nerie = 200wg.

that the atoms remain spatially uniformly distributed when the
transverse laser is off; cf. Fig. 3(a). Starting from this situation,
a transverse laser (atom pump) is switched on at time ¢ = 0.

Np = 500wr, \/ﬁn =0

(a) 2075 . : : ;
<
— 05
<
E 0.25 + .
:‘_\/- 0 1 L L 1
Np = —500wr, VN1 = 500wr
b)) = 6 . ‘ ‘ . : :
<
=gt 1
S 2t 1
~ s . ) n L
= 0

Np = 500wr, \/Nn = 500wr

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
kx/m

(=R )
T
L

flkz/7) [a.u.]

FIG. 3. (Color online) Spatial distribution of the atoms after
reaching the steady state at t = 10*w;"' (a) when the transverse
laser is switched off (7 = 0) and the cavity is pumped by a laser of
intensity 7, = 500wg, corresponding to a potential depth V, ~ 2Eg.
Subplots (b) and (c) show the spatial distribution in the presence of
both longitudinal and transverse pump, with 1, = —500wg and n, =
500wg, respectively. Ensemble average over 20 x 10 trajectories. The
other parameters are the same as in Fig. 2.
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FIG. 4. (Color online) Order parameter ® (for all trajectories)
as a function of time for the parameters corresponding to the three
subplots of Fig. 3, respectively.

Figures 3(b) and 3(c) display the two configurations which are
obtained after a transient time when the relative phase between
the two lasers is set either equal to 0 or 7. We observe that
the symmetry between the two patterns is broken compared
to Fig. 2(b); cf. also the corresponding order parameter in
Fig. 4. The atoms are with a high probability either localized
in the even or in the odd sites, respectively, depending on
the phase difference between the two driving lasers. We see
though in Figs. 3(b) and 4(b) that the second pattern is only
strongly suppressed and not impossible; there roughly 10% of
the trajectories ended up in the “wrong” configuration. This
specific number is an artifact of the relatively small ensemble
considered, just like the fact that all trajectories ended up in
an odd pattern for positive n, in Figs. 3(c) and 4(c). These two
cases thus already suggest a large statistical error of the seeding
efficiency and the necessity of averaging over much larger
ensembles. As can be seen in Fig. 5 for a large ensemble the
probability that a certain configuration is dynamically realized

09 | P 1

0.8 | P 1
0.7 b 1

Probability

06 F " .

0.5 & . . , ; |
0 100 200 300 400 500

o /wR

FIG. 5. (Color online) Probability that the atoms organize in an
odd pattern as a function of the longitudinal pump strength n, > 0.
The second pattern occurs with a small, but finite probability which
decreases as 1, is increased. This figure was obtained by integrating
the SDEs (4) for a short time (t = la)gl) and computing the ratio of
the number of trajectories for which ® < 0 and the ensemble size.
Ensemble average over 5000 x 5 trajectories. The other parameters
are the same as in Fig. 2.
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approaches 100% for sufficiently large values of the cavity
drive |np|.

A. Stationary patterns

Pattern seeding by means of a longitudinal field can be
understood in terms of interference between the electric fields
scattered by the atoms and directly injected by the cavity pump.
This determines the intracavity field amplitude and therefore
the depth of the sin(kx) component of the potential (5), which
is proportional to the field’s real part. Neglecting noise, the
steady-state solution of Eq. (4c) for the intracavity field reads

—inN® +n,

Oss =  —iA , @)
with the effective detuning A := A, — NUyB < 0 and the
bunching parameter B := % > ] sin®(kx ;) [5]. This result is
valid for kvr < k, where vp := /2kgT/m is the thermal
velocity. Let us assume for simplicity that also 5, € R. Then,
for a given sign of ®—i.e., whether the atoms form an even or
odd pattern—the sign of 1, determines whether [Rea | becomes
larger and hence the potential deeper. For instance, for n, > 0
we expect that odd patterns (® < 0) will be energetically
favored and therefore occur with larger probability as visible
from Fig. 5.

We now analyze the steady-state order parameter ® as a
function of the atom pump amplitude n for a chosen value
of the phase and magnitude of the cavity pump 7. Figure 6
displays this quantity for 7, < 0 as obtained by numerically
integrating Eqs. (4) for long times. For completeness we
also report the analytical predictions of [7] valid at n, =0
in the weak-coupling regime (N |Up| < |Ac|). Indeed, whilst
we observe the expected bifurcation at the self-consistent
threshold without cavity drive, only one branch is selected

order parameter ©

0.2
04 Mp =0 ——

Np = —500wr —=—
06— 5000wk ——

-0.8 | kinetic theory -

_1 Il 1 1 1 ..‘4 1 1
0 25 50 75 100 125 150 175 200

VN wr

FIG. 6. (Color online) Order parameter ® evaluated in steady
state (at t = 20Nwg 1y for np =0 (red dots), n, = —500wr (blue
squares), and 1, = —5000wg (blue diamonds). For 1, < 0 the order
parameter is always positive when driving the cavity. The black-dotted
lines are the asymptotic steady-state predictions from kinetic theory in
the weak-coupling limit [7]. Inset: corresponding bunching parameter
BB. Ensemble average of 5 x 5 trajectories. The other parameters are
the same as in Fig. 2.
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when the latter is sufficiently strong. For larger ensembles,
however, the behavior suggested by Fig. 5 is expected to
become visible, i.e., a finite number of trajectories ending
up in the opposite pattern. In particular, finite probabilities
of finding odd patterns are expected at larger values of 7. At
the same time the sharp transition is smeared out to a smooth
crossover—the value of ® increases monotonously to unity.
This behavior becomes more enhanced as |7,| is increased by
one order of magnitude.

A special case is realized when the longitudinal pump is
sufficiently strong to give rise to a deep intracavity lattice
even in the absence of the transverse laser. This is found,
for instance, when 7, = —5000wg. In this regime, at n =0
the atoms are localized at the minima of the sin?(kx) part
of the cavity optical lattice (5) which is reflected by a high
value of the bunching parameter B, as visible in the inset of
Fig. 6. A small value of 5 then already gives rise to a finite
probability of finding the atoms in the even pattern. We have
checked that the observed steady-state value of ® is mainly due
to the mechanical potential associated with the longitudinal
laser. For 1, = —500wg, on the other hand, collective photon
scattering plays a crucial role in the formation of even
patterns.

B. Dynamical buildup of the organized phase

We now analyze the formation of a seeded pattern (e.g.,
the even one) considering two situations. First, when the
atoms’ initial spatial distribution is uniform, and second when
the initial distribution corresponds to the opposite pattern.
Figure 7 shows the onset of a seeded pattern for an initially
uniform distribution, i.e., how the order parameter in Fig. 6
is dynamically established. We observe that the time scale
over which the pattern forms decreases as the amplitude of
the seeding field is increased. This behavior is particularly
pronounced below threshold.

Let us now assume that 7, =0 and that the atoms
are pumped by a transverse laser with n > 0 above the

) VNn=0 VN = 90wk
0.5 b .
@ 0le e =
05 k- 1k ]
-1 I I I I I I
VN7 = 180wr

5 10 15 20
UJRt/N

wa//N

FIG. 7. (Color online) Order parameter ® for 5 x 5 trajectories
simulated using Egs. (4) as a function of time for n, = 0 (red), n, =
—500wr (blue), and n, = —5000wg (green). From top to bottom
(left to right) the value of 7 is JN n = (0,90,120,180)wg. The other
parameters are the same as in Fig. 2.
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(instantaneous) threshold. After some time the system reaches
a stationary configuration which can be, for instance, an
even pattern. An intense longitudinal pump field is then
switched on. If its amplitude 7, is chosen to be real, the
particles remain in the even pattern since, according to Eq. (7),
the number of intracavity photons—and hence the potential
depth—increases. Instead, when for instance the relative phase
of the longitudinal pump differs from the transverse laser field
by /2, then the scattered and the injected field can interfere.
This situation can lead to a pattern flip in the case that the phase
of the scattered field gives rise to destructive interference. We
expect that the scattered field vanishes and thus the atoms
reorganize in the pattern for which the two field contributions
add up coherently. We thus choose the relative phase 7 /2 and
[np| about 40 times larger than the maximum scattering rate
into the resonator by the atoms (v/Nn).

Figure 8 shows the order parameter, mean number of
intracavity photons, and the real and imaginary part of the
intracavity field amplitude as a function of time for a single
trajectory. When the strong longitudinal pump is switched on,
one observes that the system readjusts in an odd pattern which
augments the intracavity photon number. The order parameter,
however, remains smaller than unity, representing a situation in
which several defects, namely atoms trapped at even sites, are

©
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FIG. 8. (Color online) Example of dynamically flipping patterns
with a longitudinal pump. The system behavior is shown as a function
of time for a sequential change of the cavity drive by plotting
(a) the order parameter, (b) the intracavity photon number, and the
real (c) and imaginary (d) part of the field amplitude. First, n, = 0 and
VN n = 500wg. At t = 2000wy ! the longitudinal laser is switched
on with n, = 2i x 10*wyg in order to compensate for the scattered
field for a short time. Finally, at t = 2100wy the external laser is
reduced to 1, = 500wg. The other parameters are the same as in
Fig. 2.
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present. This can be understood through the SDE (4c) for the
field and its approximate steady-state value (7): the intracavity
field is overcompensated by the external driving such that its
real part becomes positive, i.e., the odd sites become deeper
than the even ones according to Eq. (5). Due to the external
pump the latter, however, remain sufficiently deep to confine
a considerable fraction of the particles on the considered
short time scale. Afterwards, the longitudinal laser intensity
is reduced to n, = 500wg, for which the intracavity optical
lattice is shallow, and the particles are now again trapped by
their own scattered light, i.e., after a transient time, in which
the atoms first form a uniform distribution, the order parameter
becomes again close to unity. Its sign, however, is the opposite
of the initial one prior to the pulse sequence. Alternatively, one
could also envisage a scheme where the longitudinal pump
power is continuously reduced after the flip. This behavior is
exemplary for understanding how the system reacts to external
perturbations.

IV. CONCLUSIONS AND OUTLOOK

In this work we presented a model and a numerical study
of the effect of a longitudinal pump on self-organization of
cold atoms in an optical resonator. We have focused on the
situation in which both the transverse laser, pumping the
atoms, and the longitudinal laser, driving the cavity mode,
are resonant. The system exhibits a stationary state which
can be an ordered pattern even below the self-organization
threshold, provided that the longitudinal pump is sufficiently
strong. The phase of the pump is crucial in determining the
pattern which self-organizes. The longitudinal field, hence,
acts as a seed, breaking the symmetry between the even and odd
patterns, which are otherwise equivalent. The relative phase
between longitudinal and transverse pump is thus a control
handle for determining the configuration in which the atoms
self-organize, to the point that it can be used to force the atoms
to flip patterns.

Our analysis has so far focused on resonant external fields,
which allow one to reduce the dynamics to a time-independent
problem by moving to the reference frame rotating at the laser
frequency. The situation is going to be dramatically modified
when the two lasers are detuned one from the other. In this
case the equations of motion are explicitly time dependent
and exhibit an intrinsic period determined by the frequency
mismatch between the two lasers. Chaotic behavior could here
emerge at sufficiently low levels of noise.

An extension to the multimode case, e.g., ring cavities—
where a continuous symmetry is broken—might also be
interesting.
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Abstract:

Photons mediate long-range optomechanical forces between atoms in high finesse
resonators, which can induce the formation of ordered spatial patterns. When a
transverse laser drives the atoms, the system undergoes a second order phase tran-
sition, that separates a uniform spatial density from a Bragg grating maximizing
scattering into the cavity and is controlled by the laser intensity. Starting from
a Fokker-Planck equation describing the semiclassical dynamics of the N-atom
distribution function, we systematically develop a mean-field model and analyse
its predictions for the equilibrium and out-of-equilibrium dynamics. The validity



60

Mean-field theory of atomic self-organization in optical cavities

of the mean-field model is tested by comparison with the numerical simulations
of the N-body Fokker-Planck equation and by means of a BBGKY hierarchy.
The mean-field theory predictions well reproduce several results of the N-body
Fokker-Planck equation for sufficiently short times, and are in good agreement
with existing theoretical approaches based on field-theoretical models. Mean-field,
on the other hand, predicts thermalization time scales which are at least one
order of magnitude shorter than the ones predicted by the N-body dynamics.
We attribute this discrepancy to the fact that the mean-field ansatz discards the
effects of the long-range incoherent forces due to cavity losses.
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Photons mediate long-range optomechanical forces between atoms in high finesse resonators, which
can induce the formation of ordered spatial patterns. When a transverse laser drives the atoms, the
system undergoes a second order phase transition, that separates a uniform spatial density from a
Bragg grating maximizing scattering into the cavity and is controlled by the laser intensity. Starting
from a Fokker-Planck equation describing the semiclassical dynamics of the N-atom distribution
function, we systematically develop a mean-field model and analyse its predictions for the equilibrium
and out-of-equilibrium dynamics. The validity of the mean-field model is tested by comparison
with the numerical simulations of the N-body Fokker-Planck equation and by means of a BBGKY
hierarchy. The mean-field theory predictions well reproduce several results of the N-body Fokker-
Planck equation for sufficiently short times, and are in good agreement with existing theoretical
approaches based on field-theoretical models. Mean-field, on the other hand, predicts thermalization
time scales which are at least one order of magnitude shorter than the ones predicted by the N-body
dynamics. We attribute this discrepancy to the fact that the mean-field ansatz discards the effects
of the long-range incoherent forces due to cavity losses.

PACS numbers: 37.30.+i, 42.65.5f, 05.65.+b, 05.70.Ln

I. INTRODUCTION

Fokker-Planck equation for the full atoms distribution

Optically-dense atomic ensembles offer a formidable
framework to study collective effects induced by atom-
photon interactions [1-3]. Correlations are established by
multiple photon scattering [4, 5], which can give rise to
phenomena such as synchronization [6, 7], optomechan-
ical bistability [8, 9], and spontaneous spatial ordering
[2, 3, 10-12]. Envisaged applications for these systems
range from sensors [13], to quantum-enhanced metrology
[14] and quantum simulators [12, 15].

Single-mode cavities, furthermore, mediate strong
long-range interactions between the atoms [16-18], sim-
ilarly to gravitational and Coulomb potential in two or
more dimensions [19]. In view of this analogy, it is rele-
vant to study the dynamics of these systems at and out-
of-equilibrium so to test in a laboratory conjectures and
predictions, such as ensemble inequivalence and the ex-
istence of quasi-stationary states [16]. The realization
in quantum optical setups, like the one sketched in Fig.
1(a), brings additional peculiar features. In fact, these
systems are intrinsically lossy, so that non-trivial dynam-
ics can be observed only in presence of a pump. On the
one hand, the conservative potential mediated by the cav-
ity photons shares several analogies with the one of the
Hamiltonian-Mean-Field model [17, 19-21], of which sev-
eral features are well reproduced by a mean-field descrip-
tion [19, 20]. On the other hand, cavity losses give rise to
damping and diffusion, which are characterized by a spa-
tial structure, thus establishing long-range correlations
between the atoms [17, 22]. These correlations, in turn,
cannot be captured by a mean-field description.

In this work we systematically develop a mean-field
model for cold atoms in a standing-wave resonator, in
the setup illustrated in Fig. 1(a), and test its valid-
ity by comparing its predictions with the ones of the

[22]. This work completes a series of papers, which anal-
yse the equilibrium and out-of-equilibrium dynamics of
spatial self-organization of atomic ensembles in a single-
mode resonator. Our analysis is based on a semiclassi-
cal treatment, and specifically on a Fokker-Planck equa-
tion (FPE) for the N-atom distribution, derived when
the atoms are classically polarizable particles and their
center-of-mass motion is confined to one dimension [22].
The cavity field, instead, is a full quantum variable. This
makes our treatment applicable also in the shot-noise
limit [22] and gives access to regimes that are comple-
mentary to those based on the model in Ref. [23], where
the field is a semiclassical variable.

Our formalism permits us to consistently eliminate the
cavity variables from the equations of motion of the
atoms and to investigate the properties of the cavity field
across the self-organization threshold, where the intra-
cavity field is characterized by large fluctuations. Start-
ing from this model in Ref. [21] we analysed the station-
ary state of the N-body FPE, and showed that (i) this is
a thermal state whose temperature is determined by the
linewidth of the resonator, and (ii) that the transition
to self-organization is a Landau-type second-order phase
transition, as illustrated in Fig. 1(b)-(c). In Ref. [21]
we also determined the corresponding phase diagram as
a function of the physical parameters and predicted the
corresponding features in the light emitted by the res-
onator. In Ref. [24] we investigated the dynamics fol-
lowing sudden quenches across the phase transition, and
found that the interplay between long-range conservative
and dissipative forces gives rise to prethermalization dy-
namics, where the long-range nature of dissipation plays
an essential role.

In this work we derive a mean-field treatment from our
N-atom FPE. We then benchmark the limits of valid-



62 Mean-field theory of atomic self-organization in optical cavities

(a)

(H 4t N R

(b) Q< Q. () Q>0
Omr =0 Omr <0 OumpF >0
p/Ap p/Ap - - p/Ap
—
z/k7! z/k! z/k7!

FIG. 1: (Color online) (a) Atoms in a standing-wave cavity
and driven by a transverse laser can spontaneously form or-
dered patterns when the amplitude of the laser coupling €2,
exceeds a threshold value 2., which depends on the rate of
photon losses, here due to cavity decay at rate k. In this
regime the system undergoes a second-order phase transition
which is characterised by the parameter ©, indicating spa-
tial ordering of the atoms in Bragg gratings and defined in
Eq. (4). Its expectation value in the mean-field description is
denoted as Owmr, see subplots (b) and (c), which display the
thermodynamic potential below and above threshold. The
lower panels are schematic pictures of the single-particle den-
sity distribution fi(z,p) in phase space with z in units of
the inverse wavenumber k' and p in units of the width Ap
of the momentum distribution. In (b) the atomic density is
uniform, in (c) it is localized at the even or odd sites of the
cavity standing wave, (cos(kz) = 1 or —1, respectively). In
this work we derive and discuss a mean-field theory for the
dynamics of fi(z,p).

ity of the mean-field ansatz by means of numerical sim-
ulations using the full N-body FPE and by means of
a BBGKY hierarchy. The results we obtain are com-
pared with existing literature on spatial self-organization
in single-mode cavities, both for the semiclassical treat-
ment [25-28], as well as for the case in which the atomic
quantum statistics is assumed to be relevant [15, 28-33].

This work is organized as follows. In Sec. II the
Fokker-Planck Equation at the basis of our analysis is
reported and the corresponding mean-field equation is
derived. In Sec. III the stationary properties of the
mean-field FPE distribution function are analytically de-
termined. The mean-field predictions are compared with
the ones of the N-body FPE and with further existing
theoretical works. In Sec. IV the Vlasov equation, which

describes the short time dynamics of the mean-field FPE,
is derived. Its predictions are then determined by means
of a stability analysis and the analytical results are com-
pared with the numerical simulations of the mean-field
FPE. Section V reports a critical analysis of the limits of
validity of the mean-field treatment. In Sec. VI the con-
clusions are drawn, while in the Appendix A calculations
are reported that complement the material presented in
Sec. III.

II. DERIVATION OF THE MEAN-FIELD
MODEL

In this section we derive the mean-field model starting
from the Fokker-Planck equation (FPE) describing the
dynamics of an atomic ensemble in the optical potential
of a high-finesse resonator of Ref. [22]. The atoms are
N, have mass m, their motion is assumed to be confined
along the x-axis, which also coincides with the axis of a
high-finesse cavity and within whose mirrors the atoms
are spatially trapped. In the following we denote their
canonically-conjugated positions and momenta by x; and
pj (j =1,...,N). The atomic dipole strongly couples to
one cavity mode and is transversally driven by a laser,
as sketched in Fig. 1(a). The parameter regime is such
that the atoms coherently scatter photons into the cavity
mode and their external motion is determined by the
light forces associated with these processes. The light
forces are periodic, and their period is determined by the
cavity mode standing wave, whose spatial mode function
is cos(kx), with k the cavity-mode wave number.

A. Basic assumptions

Before reporting the FPE which governs the dynam-
ics of the N-body distribution function, we summarize
the main approximations behind its derivation and the
corresponding physical parameters.

One basic assumption of our model is that the only rel-
evant scattering processes are coherent. This regime can
be reached when the cavity mode and laser frequencies
are tuned far off resonance from the atomic transition
[34, 35]. We denote by A, = wy, — wp the detuning be-
tween laser (wr,) and atomic frequency (wp), and assume
that this is the largest parameter of the problem. It is
thus larger than the coupling strengths for the interac-
tion between dipole and fields. It is also larger than the
detuning A, = wy, — w,. between laser and cavity mode
frequency, whose wave numbers are to good approxima-
tion denoted by the same parameter k. This allows us to
eliminate the internal degrees of freedom of the atoms by
a perturbative expansion in the lowest order of the small
parameter 1/|A,].

The cavity field is treated as a quantum mechani-
cal variable and the dynamics can be cast as an opto-
mechanical coupling between atomic motion and cavity
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field [10, 23]. The parameter regime we assume gives rise
to a time-scale separation, such that the cavity degrees
of freedom evolve on a faster time-scale than the motion.
This is warranted when the cavity line width x, which
determines the relaxation rate of the resonator state, is
much larger than the recoil frequency w, = hk?/(2m),
which scales the exchange of mechanical energy between
light and atoms. In this limit the cavity field is elimi-
nated from the equations of motion of the atomic exter-
nal degrees of freedom in a perturbative expansion to first
order in the small parameter 1/, implementing a pro-
cedure first applied in Ref. [36]. The hierarchy of time
scales is set by the inequalities |A,| > K > w,. This is
also consistent with a semiclassical treatment, since the
kinetic energy of the atoms at steady state scales with
hr thus warranting that the width Ap of the single-atom
momentum distribution is large in comparison to the lin-
ear momentum Ak carried by each photon [10, 17, 21].

B. Collective motion of N atoms in a cavity field

The approximations above discussed are at the ba-
sis of the theoretical procedure which connects the
master equation of atoms in a quantized cavity
field with the FPE for the Wigner function fy =
fn(z1, ..., xN;DP1,--.,pN;t), describing the positions
and momenta of the N atoms at time ¢. The derivation
is detailed in Ref. [22] and the resulting FPE reads

N

0 0 pi
Ay =Y g S, )

where the second summand on the right-hand side (RHS)
is due to mechanical effects of the cavity field on the
atoms and scales like S2. Here S = Qg/A, is the scat-
tering amplitude between laser and cavity mode, it is
proportional to the laser strength Q and to the cavity
vacuum Rabi frequency g, which scale the interaction
between dipole and laser and between dipole and cavity,
respectively. Operator L[fy] takes the form

Ofn OV (x1,...,2N)
27, — 2T Ay N 2
S*L[fn] ap; 9z; (2a)
7] . .
— 52 Eij 37),-F0 sin(kx;) sin(kz;)pjfn  (2b)

02 . .
+ 52 ; 0, Dy sin(kx;) sin(kz;) fn (2¢)

02 . .
+ 52 Eij B0 no sin(ka;) sin(kx;) f -
(2d)

Each line on the RHS of Eq. (2) has a physical mean-
ing. The first term describes the dynamics due to the

3
conservative potential
hAc o2 2
V(aﬁh...,J,’N):mSN@(1‘1,...,.731\7) 5 (3)
where
1
Owr,. . an) = > cos(ka;) (4)
j=1

so that the potential mediates long-range interactions
between the atoms. Parameter (|©|)y is the order pa-
rameter of self-organization, where (-)y denotes the ex-
pectation value taken over the normalized distribution
fn. Specifically, when the atoms form Bragg grating,
then (|©|)y — 1 and the potential depth is maximal.
When the atoms are instead uniformly distributed in
space, then (|©])y ~ 0 and the potential vanishes. We
note that the Bragg gratings minimize the potential when
A, < 0, otherwise the uniform distribution is energeti-
cally favoured. We will here denote {|©|)x by magneti-
zation, due to the mapping of the self-organization tran-
sition to a ferromagnetic model [21].

For later convenience, we define the parameter

2A,
Fy = (hk)5—= 5
b= () (5)
such that V = Fy(NS©)?/(2k).

The second term on the RHS, Eq. (2b), describes a
dissipative force and is scaled by the coefficient T'y:

8A.K

2 2)2 ° (6)
(k% + A2)

This term is due to non-adiabatic corrections in the dy-
namics of the cavity field.

Term in the line (2c) corresponds to diffusion due to
fluctuations of the cavity field associated with losses.
The diffusion matrix is the dyadic product of the vec-
tor (sin(kxy), ..., sin(kzy)) with itself and scales with the
coefficient

FOILUT

K

Therefore, beside the diffusion due to the diagonal ele-
ments, which is a single-particle effect, we also expect
that term (2c) establishes long-range correlations.

The last line (2d) contains cross-derivatives and scales
with the coefficient

Dy = (hk)?

k2 — A2
= 2hw, ———— | 8
o= Gy )
whose sign depends on whether the ratio |A. /x| is smaller
or larger than unity, while it vanishes for |A./k| = 1.

An analogous term has also been reported in the semi-
classical description of cold atoms in optical lattices [36],
where it has been then neglected under the assumption
of uniform spatial densities. Such assumption cannot
be applied in the self-organized regime, nevertheless we
will show that this term can be consistently discarded in
the thermodynamic limit we apply, which warrants Kac’s
scaling [19].



64 Mean-field theory of atomic self-organization in optical cavities

C. Mean-field ansatz

To derive a mean-field FPE we assume that the Wigner
function is factorized into single-particle distribution
functions according to the prescription

fn(@r, .o, aNspLy - DN

N
i=1
where f1(x;, pi;t) denotes the distribution for the particle
1 at time ¢t and is thus defined on the phase space of
this particle. We use then Eq. (9) in the FPE (1) and
integrate out all particles’ variables but one. In this way
we derive the mean-field FPE, which reads
22! 9 p

o oem! T

and has same structure as the FPE in Eq. (1). Operator
£ describes, as L, the mechanical effects of light. How-
ever, it is now a nonlinear operator of f; and takes the
form

+5%8[A], (10)

S[fﬂ = %F@ (COS(k‘x) + (N — 1)@1\/[F[f1]) Sil’l(kl’)f1
(11a)
— %I‘o (sin(kz)p + (N — 1)ZEnp[f1]) sin(kz) f1
(11b)
82
+ a—2pD0 sin?(kz) f1 (11c)
2
+ aﬁ@”‘) sin?(kx) f1 (11d)

where we have introduced the functionals

Omrlfi] = /dm/ dp cos(kx) f1 , (12)

Emr(fi] = X/o d«T/_ dpsin(kz)pfi . (13)

The mean-field order parameter Oy is the expectation
value {(cos(kx)), where (.) indicates the average taken
over the single-particle distribution function fi(x,p).
The terms on the RHS contained in lines (11a) and (11b)
have a different origin but a similar structure, which can
be recognized by analysing the form of the two summands
within the respective inner brackets. The first summand
in each line describes the interaction of the atom with it-
self, mediated by the cavity field. The second summand
in each line emerges from the interaction between the
atom and all other N — 1 atoms.

We further notice that the term in line (11a) can be
cast in terms of a conservative force originated from the
potential

Vifi](z) :@S2 (Cos2(kx) +2(N

+ %(N — 1)S%Eyr[f1] cos(kx) , (14)

— I)GMF [fl] COS(k‘$))

and contains a term, whose corresponding term in Eq.
(1) has dissipative nature (see line (2b)). Using this re-
sult, we can rewrite Eq. (11) in the compact form

o2 (1,2

LAl =

G, 9
— =Dy — — S kx
dx dp  Op Op 6xn0) sin” (k) fr,

which allows us to simply read out the physical meaning
of the other terms, they are in fact the diagonal com-
ponent of friction, diffusion, and cross-derivative term in
Eq. (1).

III. STATIONARY STATE OF THE
MEAN-FIELD EQUATION

The stationary properties of the mean-field distribu-
tion are analysed by means of the single-particle distri-
bution fs(z,p) that solves Eq. (10) with

atfst(mvp) =0. (15)

In the following we determine fy(x,p) and then analyse
its predictions for relevant physical quantities.

A. Derivation of the steady state solution

In order to solve Eq. (15) we consider the ansatz

fst(x7p) = fO cxp(a(;r) + b(p)) )

where a(z) and b(p) are functions which only depend
on position and momentum, respectively, and fy is the
normalization constant. Using this ansatz in Eq. (10)
we obtain differential equations for a(z) and b(p), whose
solutions read b(p) = —Bp?/(2m) and

a(x) = (Y/2 — 1) In(1 + Zsin?(kx)) (16)

— (N -1)YOur fst]\/i arctanh <\/T cos(kw)> :

with Y = Fy/(kno), Z = BnoS?, and

_ Fom - —4AC
b=-D, “wwm+ay: 17

Therefore,

2

fuo(@,p) = F(cos kz) exp <—5§’—m> . (18)

with F(coskx) = foexp(a(z)). Equation (18) describes
a thermal distribution provided that A, < 0: In this
limit parameter 8, Eq. (17), plays the role of an inverse
temperature at steady state. This temperature coincides
with the value found by solving the steady state of the
N-body FPE, Eq. (1), as shown in Refs. [17, 21].
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We note that the function F(coskz) depends on
Omr|fst], which leads to the fixed-point equation

A
Onmr = (cos(kz)) = ”%Tmi/o dx cos(kx)F(coskx) .
(19)

Its solution is in general not transparent, but it gets sim-
pler in an appropriately defined thermodynamic limit.
This consists in scaling the coupling strength g ~ 1/v N
as the number of atoms is increased, leading to the scal-
ing relation S oc 1/4/N [37, 38]. In this limit function
a(x), Eq. (16), can be cast into the form

a(x) = QQG)MF cos(kx) (20)
with
_ NS?
and
_ kP4 A2

This leads to a compact form of the stationary distribu-
tion in the mean-field limit:

2
fst(z,p) = foexp <—B <% + RAAOMF cos(koc))) ,
(23)
with

3 _
fot= \/ %IO (2ﬁ£®MF) ,

and I; is the modified Bessel function of j-th order [39].

We thus see that in the thermodynamic limit the effect
of the cross derivatives vanishes. For finite N, parameter
7)o is small but finite and in the stationary state it gives
rise to a correction to the effective potential term, as
visible in Eq. (16).

B. Stationary properties in the thermodynamic
limit

The mean-field distribution, Eq. (23), allows one to
analytically determine several properties of the steady
state. First, functional ©yp in the exponent has to be
determined self-consistently. Using Eq. (20) in Eq. (19)
gives the relation

n
OMF = ¢ <2T@MF) ) (24)
nC
where ¢ is the function of the form

g (z,ﬁc) _n(9) (25)

"))

¢

FIG. 2: (Color online) Onset: Plot of ¢(2n¢/7i.), Eq. (25), as
a function of ¢ and for different values of 7. The intersection
points with the curve y = ¢ (dashed line) give the solutions of
Eq. (24). Stable points are at the crossing where ¢ < 7i./(27)
and are the equilibrium values of the order parameter Owr.
Inset: The resulting stable solution © > 0 as a function of 7
(in units of 7i.).

and is plotted in Fig. 2 for values of 7 below, at, and
above 7i.. The solutions of Eq. (24) are the crossing
between the curve y = ¢ and y = ¢ (2n(/n.), see Eq.
(25). For i < n. this equation allows for one solution,
corresponding to Oyp = 0. For n > 7., the solutions
are three, of which two are stable and one is unstable.
The stable solutions give Oy = +0, with 0 < 6 < 1,
and correspond to the self-organized state. Close, but
above, the critical point the value © can be analytically
determined and reads

0 =2(n/A.—1). (26)

The value 7 = fi., with 7. defined in Eq. (22), deter-
mines hence a critical point, at which the transition to
self-organization occurs, and is controlled by the detun-
ing from the cavity field and the cavity loss rate, for the
thermodynamic limit we chose. The results we obtained
so far for the stationary mean-field distribution are in full
agreement with the ones found for the stationary distri-
bution of Eq. (1), see Ref. [21]. The stationary mean-
field distribution in Eq. (23) corresponds to the one that
is found from the stationary N-particle distribution after
integrating out the other NV — 1 position and momentum
variables, and then taking the thermodynamic limit. The
equation for the order parameter, Eq. (24), agrees with
the one obtained for the N-particle case and obtained by
means of a saddle-point approximation. This agreement
is found also for the critical value of Eq. (22) and for the
temperature of Eq. (17). Hence, the mean-field model
predicts the same phase diagram as the N-body FPE.

It is also instructive to consider the value of the bunch-
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ing parameter B as a function of nn. This is defined as
B = (cos?(kz)) , (27)

and gives a measure of localization of the particles at the
minima of the mechanical potential [21, 25]. Using Eq.
(20) we obtain

_ 12, n < A,
B_{l—nc/(Zn), n> (28)

in the stationary state. Therefore, below threshold the
atoms are uniformly distributed, while above threshold
they increasingly localize at the minima of the Bragg po-
tential. In particular, when the atoms are tightly-bound
at the minima, the above-threshold expression in Eq.
(28) delivers the amplitude of the fluctuations, namely,

2 (2?) =~ == 29
(%)~ 22, (29)
showing that these are inversely proportional to the laser
intensity.

C. Comparison with existing literature

The results obtained so far by means of the mean-field
model show a remarkable agreement with the predictions
of the stationary solution of the N-particle FPE, Eq. (1).
It is further worthwhile to compare the results here de-
rived with the results obtained in the literature by means
of different approaches.

We first discuss Ref. [25], where, amongst other stud-
ies, a mean-field approach is developed based on plausible
conjectures. Here, the mean-field potential is calculated
and the threshold of self-organization is determined by
(i) assuming that the stationary state is thermal, with
temperature given by the linewidth of the cavity, and (ii)
performing a stability analysis of the uniform density dis-
tribution. By means of this study a threshold value for
self-organization is identified, which agrees with the pre-
diction in Eq. (22), as it becomes evident after defining
the threshold amplitude S, such that

NS2
A2 + K2

=N .

In particular, the quantity n* in [25] is in our notations
ScA,/g calculated for the case A, = —k.

The stationary state of self-organization has been first
derived in the following works [26, 27] by means of a FPE
as a function of the atomic and field variables. This de-
scription assumes that the field fluctuations are small,
and thus cannot reliably reproduce the field correlation
functions below and at threshold. It predicts, neverthe-
less, that the atoms steady state is thermal and its tem-
perature coincides with the inverse of Eq. (17), apart
for corrections of the order w,./k, that are systematically

neglected in our approach because they are of higher or-
der. It further predicts the same behaviour of the order
parameter as in Eq. (26) above, but close, to threshold.

It is also interesting to compare our results with a
series of other theoretical studies, which focus on self-
organization of ultracold atomic ensembles in cavities but
discard retardation effects: In these works only the con-
servative part of the cavity potential is considered, while
the temperature at steady state is due to the coupling
to an external heat bath [15, 28-33]. Even though the
conditions seem quite different from our case, remarkable
agreement is found in the appropriate limits. References
[15, 29] analyse the self-organization transition of an ul-
tracold gas of bosonic atoms and derive the mapping to
the Dicke model. Here, the recoil energy plays an anal-
ogous role as the temperature, and the threshold which

is derived agrees with the threshold in Eq. (22) after
setting
1 K2+ A2
N 2 _ c
S 3 A, (30)

with 8 = 4/hw,. By means of this prescription, the
threshold also agrees with the one calculated in Ref. [28].
Furthermore, it also coincides with the one evaluated in
Ref. [33] when using the Boltzmann distribution for the
atoms statistics.

Another quantity which has been determined in these
works is the photon flux, which corresponds to the intra-
cavity photon number in our treatment. In Refs. [28-
31] the photon flux scales as 1/|n — 7| below threshold,
while at threshold it diverges as v/N. These predictions
are in perfect agreement with the results we find tak-
ing the stationary distribution of Eq. (1), see Appendix
A, Egs. (A4) and (A5). In particular, the intracavity
photon number at threshold, Eq. (A5), coincides with
the one calculated in Ref. [28] after substituting in their
equation w, = (w3 + x2)/wo for the temperature, with
wo = —A.. The result for the intensity-intensity correla-
tions at zero-time delay and below threshold, Eq. (A11),
further agrees with the result derived in Ref. [30, 31].

IV. MEAN-FIELD DYNAMICS

We now study the dynamics predicted by the mean-
field FPE. We focus on the Vlasov equation, which we
derive from Eq. (10) by taking the thermodynamic limit,
according to our prescription. The Vlasov equation for
our problem reads

with
Volf1l(z) =2hA 7 cos(kz)Omr [ f1]
- %ﬁﬁmcos(k:x)EMF[fl] , (32)
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and it corresponds to the potential in Eq. (14) after ne-
glecting the self-reaction term, which is of order 1/N.
Therefore, the validity of the predictions we will extract
are limited to sufficiently short time scales for which the
corrections can be discarded. We will quantify this state-
ment in the next section.

A. Preliminary considerations: energy conservation

We first analyse whether Eq. (31) warrants energy
conservation. We consider a class of functions for which
Emr[f1] = 0. This includes the stationary solution of Eq.
(23). For these solutions, the energy of one particle takes
the form

e(t) = <2p7;> + hA ROy - (33)

In order to determine é(t) we thus calculate Oyp and
(p?). This gives

) k_
OmF = ——Z2wF,
m
: N
(2]77) =2—n (kA Onmr — wrkfENMF) EMF
m m

and therefore we get for the derivative of the energy
. h =
€= —2%nme:§4F .

These derivatives hence vanish when Zyp = 0, and thus
for the class of distribution fulfilling this condition, en-
ergy, with the potential term given in Eq. (33), is con-
served. Fluctuations, on the other hand, can give rise to
finite values of Zyr. The purpose of the next section is
to analyse the stability and short-time dynamics of solu-
tions of the Vlasov equation, Eq. (31), after quenches of
the laser parameters.

B. Stability analysis of spatially homogeneous
distributions

We now analyse the short-time dynamics described
by Eq. (31), assuming that at ¢ = 0 the distribu-

tion is thermal and with uniform spatial density, thus
fl(x7p7 O) = fl(p7 0) and eMF‘t:()* = Oa with

mr\ "2 2
ne0 = (57) e (-mt) . @0

where [y is the inverse temperature. This distribution
is a stable solution of the Vlasov equation after setting
n = 0. At t = 0 the laser strength is quenched above
threshold so that parameter 7 takes a finite value larger
than 7i.. We then let evolve the distribution of Eq. (34)
by taking this value 7 in Eq. (31). Figure 3 shows the
results of the numerical integration of Eq. (31) for dif-
ferent value of n. We analyse these results, keeping in
mind that they are strictly valid for short times since the
Vlasov equation discards effects, such as diffusion, which
are crucial in determining the stationary state. In (a) the
order parameter evolves from 0 to a finite value, about
which it oscillates. This value is smaller than the one pre-
dicted by the stationary solution of the mean-field FPE.
It is reached after an initial dynamics characterized by
an exponential increase, whose slope is steeper the larger
is . Subplots (b) and (c) display the corresponding evo-
lution of the quantities 235, see Eq. (13). This quantity
emerges from the retardation effects of the dynamics, it is
thus a signature of memory effects, and mathematically
corresponds to the build up correlations between momen-
tum and position that cannot be factorized. The initial
distribution, Eq. (34), is chosen so that Zyp = 0, and
we observe that the dynamics give rise to a build up of
a finite value of =2/, with an exponential increase that
leads to a maximum where the curve for ©\r reaches the
plateau. Then, it oscillates like Oyp (one can well under-
stand the behaviour of these oscillations observing that
Emr is proportional to the time derivative of ©Oyp) and
is exponentially damped to zero. In the initial phase, the
exponential growth of 22 increases with 7, similarly in
the second phase of the dynamics, where Oy oscillates
about a finite mean value, the amplitude of the oscilla-
tions of =2, are also larger the larger is 7.

We now analyse the initial exponential increase, which is in the regime where the Vlasov equation is a reliable
approximation to the full dynamics, as we also verified in Ref. [24]. In order to do so, we use a standard procedure,
which is also detailed in Ref. [19, 40]. For short times ¢ after the quench, we write the distribution as

fl(zvpvt):fl(p70)+6fl(xapvt)7 (35)

where §f; describes small fluctuations which can be due to the finite size of the system, and thus scale with 1/v/N.
Using Eq. (35) into the Vlasov equation (31) and neglecting the terms of order 1/N we obtain the linearized Vlasov
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FIG. 3: (Color online) Time evolution of (a) the order parameter Our, Eq. (12), and (b)-(c) parameter Z3p, Eq. (13),
calculated by numerical integration of the Vlasov equation (31) for different values of i and for A. = —x. The initial
distribution is given in Eq. (34) with 8o = 2/(hx).

equation

051 | p OBfy OBV 0i(p.0)
ot m Ox ox dp

=0, (36)

where 8V = V[df1(x,p,t)] and we dropped the argument of function §f;. We seek for solutions of Eq. (36) by means
of the ansatz of Fourier waves with frequency w and wave number k:

(5f1 =g (p)ei(wtka) +g71(p)ei(wt+kx)’ (37)
§V = 2A cos(kx)e™?! (38)

where A o< 1/v/N is some constant and the amplitudes g;(p) and g_1(p) are sole functions of the momentum p. The
dispersion relation w = w(k) can be derived after using Eqs. (37) and (38) in the linearized Vlasov equation, Eq.
(36). By equating the coefficients of exp(ikz) and exp(—ikz) we get expressions for the functions g1 (p) and g_1(p).
With those expressions one finds the dispersion relation by using the definition 6V = V[ f1] and Egs. (32) and (38):

LI

m m

ik 1 [ —k —k

This relation holds for any initial distribution that describes a uniform spatial density. We now use the Gaussian
distribution in Eq. (34) and obtain

0=1+ <mc + i%hwﬁ) nBo <1 — aexp(—a?) <if - 2/06 du exp(u2)>) , (40)

where we defined @ = \/By/(2m)(mw/k). We then introduce b = i@ and
v =W,

and cast Eq. (40) into the form:

b
0=1+ (hAC + %hvﬁ) 7B (1 — bexp (b%) (ﬁ - /J, du exp(u2)>> , (41)

where b o< . It can be shown that parameter ~, which distribution, which is stable. If instead the solution of
solves Eq. (41), is a real number. Therefore, w is an ~ Eq. (40) gives v > 0, the initial distribution is unstable
imaginary number. In particular, if v < 0 both Egs. (37) against fluctuations. The value v = 0 separates the two
and (38) describe fluctuations which are exponentially  regimes. After setting v = 0 in Eq. (41) we thus get the
damped and therefore fi(z,p,t) will tend to the initial
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FIG. 4: (Color online) Slope ~ of the initial increase of Onr.
The dots are extracted by fitting the curve obtained from
the numerical simulations in Fig. 3, the dashed line is the
value predicted by Eq. (43), which well agrees with Eq. (41)
(solid line). For these parameters the threshold for the Vlasov
stability, Eq. (42), reads 1 = @i/7ic.

critical condition
1= _hAcﬁﬂ07 (42)

which connects A., 71, and the initial temperature 1/8p,
which is an external parameter. If 3y coincides with the
value in Eq. (17), then Eq. (42) corresponds to the
same relation as in Eq. (22), which defines the critical
value of n for self-organization. For the values of the
parameters, for which v > 0, the uniform distribution is
unstable and tends to form a grating at the wave vector k
of the resonator with exponential increase, giving rise to
a violent relaxation. Parameter v gives the rate at which
the amplitude of this density modulation grows.

Figure 4 compares the value of v extracted by fitting
the exponential increase of Oy in the first phase of the
dynamics of Fig. 3 and for different values of n, with the
one determined by Eq. (41), showing very good agree-
ment. In particular, we note that in the limit |A | > ||
Eq. (41) can be reduced to the form [41]

In (ﬁ) —In(1-px)

20— p0) * ndaoj@ag’ )

v =wo (1 —px)

with x = h|Ac|RBy = (A/7e)(Bo/B), wo =
and p = 27/227.

2w,/ (hBo)

V. VALIDITY OF THE MEAN-FIELD ANSATZ

The mean-field treatment is based on the assumption
that the distribution function for the N particle can be
approximated by the product of the single-particle dis-
tribution. This ansatz thus discards interparticle cor-
relations which emerge from the photon-mediated inter-
actions: the factorized ansatz is very different from the

form of the distributions one obtains from the full N-
particle FPE [17, 21]. Nevertheless, the assumption still
captures essential features of the short-time dynamics of
distributions, which have initially the form of Eq. (9).
We will follow the procedure illustrated in Ref. [19, 42]
and study the validity of the mean-field ansatz within a
BBGKY hierarchy, which we derive from the N-particle
FPE, Eq. (1). We will particularly focus on the dynamics
of two-particle correlations and determine the character-
istic time scale of their dynamics.

For convenience, we introduce the vectors x =
(z1,....,zy)” and p = (p1,...,pn)T, and define
In(x;p;t) = fn(z1, o TN; DL, - DG T).

A. BBGKY hierarchy of the photon-mediated
Fokker-Planck equation

For the derivation of the BBGKY hierarchy we assume
that the energy of the system is finite. This corresponds
to assume that the limit holds:

lim fy(x;p;t) =0, (44)

|p|—o0

where |p| = 4/ ZZ]\LI p?, and that expectation values of all

moments exist. Furthermore fy is periodic with wave-
length A in every x;, which implies

In(x+ Az;p;t) = fn(x;pst), (45)

for every z € Z%. Distribution function fy is invariant
under particle exchange, which we can express by means
of the permutation matrix P, such that:

In(Px; Pp;t) = fn(x;pst), (46)

where each row and column of P contain only one entry
different from zero and equal to 1.

In order to derive the BBGKY hierarchy of the FPE in
Eq. (1) we first define the I-particle distribution function:

A oo A %)
dx dzx
fz=/ s dpl+1---/ J/ dpn fn s
0 )‘ —0o0 0 )\ —00
(47)

where f; inherits the three properties in Eqs. (44), (45)
and (46) from fy. Index [ takes the value [ =1,... N,
such that for [ = 1 the distribution f; is the single-particle
phase-space function, and for [ = N it describes the N
particle state. The evolution of f; is found from Eq. (1)
after integrating out the other N — [ particle variables,
and can be cast in the form

l

0
U S (ePh+aPlnl) . 8)

=1
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FIG. 5: Illustration of the order of magnitude of the correc-
tions of the Vlasov and of the Lenard-Balescu equations, and
of which type of correlations they include.

where the first operator on the RHS solely depends on
the variables of the [ particles and reads

g __ 0P
£h= Ox; mfl (49)
PR
_q2 9 I )4 T sin(ka)py) si 4
S op; ; (Fo cos(ka;) + Lo sin(kx;)p;) sin(ka;) fi

0 < 0 0
27 - = . . . .
+S ; E (DO ; + 1o l) sin(kz;) sin(kz;) fi .

i=1

The second operator, instead, depends nonlinearly on the
(14 1)-particle distribution function. This term vanishes
when [ = N, while for | < N it describes the dynamics
of correlations, which are established by the interparticle
potential. It reads

6"l fin] = —8%(N ~ ) 5 —sin(kz;)
J
x (FoOu[fi+1] + ToZi[fi+1]) » (50)

where

Mz
O1[f141] :/ /I\H
0

_ Mag [ .
Zlfi41] :/ 3 / dpig1 sin(kzi1)pir fien
0 —o00
(52)

dpi41 cos(kzii1) firr  (51)

— 00

10

while @0 [fl] = GMF‘ and Eo[fl] = EMF Note that when
the factorization ansatz of Eq. (9) holds, then ©4[fs] =
Onmrf1 and Z[fo] = Empfi. A closed set of equations
for f; can be thus strictly obtained for [ = N, giving Eq.
(1), or for S = 0, hence in absence of the cavity field.

B. The Lenard-Balescu equation

For | = 2 we can generally decompose the distribution
function into two terms:

fa(w1, 2, p1,p2) = fi(21,p1) f1(w2, p2) + 92($17$27P1(7p2))
53
where the first term on the RHS is the mean-field term
and the second term describes all corrections beyond
mean field. When at ¢ = 0 the distribution function
is factorized in a form like Eq. (9), the dynamics beyond
mean field will tend to build correlations which are de-
scribed by g2. We obtain the mean-field FPE, Eq. (10)

by performing the approximation Qfl)[fQ] — Qfo) [f1]f1-
In the following we analyse the regime in which this ap-
proximation is justified by studying the equation describ-
ing the evolution of the function g under some approx-
imation, which permits us to truncate the BBGKY hi-
erarchy till second order. This equation is known in the
literature as Lenard-Balescu equation [19], and it will
allow us to identify a time-scale where the mean-field
treatment provides reliable predictions.

In order to derive the Lenard-Balescu equation we first consider the distribution function for [ = 3. Using the same

type of decomposition as in Eq. (53), this can be written as

f3(ﬂ€1,x2,m3,p1,p2,p3) = fl(mlypl)ﬁ($27P2)f1(3€37p3)

3

+ > ekl fr(ipi)ga (), pjs ok pr)

i,5,k=1
+ 93($1»$27$3»p1»p2:p3)7

where €;5;;, is the Levi-Civita tensor and gz describes all three-body correlations which cannot be written as a function
of fi and/or f,. We assume now that gs is of higher order (from the treatment below we will see that g3 oc 1/N?)
and drop g3 in the equation describing the dynamics of fo, Eq. (48). By means of this assumption we obtain two
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coupled equations for f; and f3, which can be then cast into the Lenard-Balescu equations for f; and go using Eq.
(53) and which read

% =LY f1 + GO[A]f1 + GV ]go] (54a)
992 0 po 9 p
o 671%9 " Oz, m® (54b)
—5? Z Z —FO sin(kz;) (cos(kz;) — Owmr[f1]) fifi
Jj=1i#j
52 Z Z —1"0 sin(kz;) (sin(kz;)p; — Emrlfi]) f1f1
J=1i#j P
i A
+S ZZ—sm kxz;) < 05 ‘+7]()a.‘>81n(k$7;)f1f1
Jj=1 Z#J bi i
— NS?F, Z Z sm (kx;) (©1g2]i f1(z5,p;) + Omr[filg2)
Jj=1i#j
- NSQFOZZ ~—sin(kzy) (E1lga]i f1(25, ;) + Ewmrlfi]g2)
J=1i#j

where we specified the arguments when necessary, and introduced the notation ©4[g2]; and Z1[gz]; to indicate that
these are functions of (z;, p;).

The validity of the mean-field FPE, Eq. (10), relies on whether one can discard term G™[gs] in the RHS of Eq.
(54a). Let us recall the thermodynamic limit for which $2 ~ 1/N. If we now assume that go is of order 1/N with
respect to fi, then the term G(1)[gy] is of order 1/N with respect to G [f1]f1. A detailed analysis of Eq. (54b) shows
that, if go ~ 1/N at ¢ = 0, this scaling is preserved by the dynamics. In fact, (i) the first line on the RHS of Eq. (54b)
gives a scaling with 1/N because it is proportional to g2, while all other quantities are independent of N, (ii) the second,
third, and fourth lines are all proportional to S? ~ 1/N, (iii) the last two lines scale with NS2g, ~ 1/N. Therefore,
for sufficiently short times the contribution of go to the dynamics in the mean-field equation can be neglected.

We note that in Eq. (54a) the term £ f; has also components which scale with 1/N. If one consistently neglects
all terms scaling with 1/N, then Eq. (54a) reduces to the Vlasov equation, Eq. (31), and therefore also neglects the
diffusion processes leading to equilibrium. Figure 5 illustrates the order of magnitude of the corrections to the Vlasov

and Lenard-Balescu equations, as well as the type of correlations that these describe.

C. Mean-Field versus full N-atom dynamics

In order to complete our analysis of the limits of valid-
ity of the mean-field ansatz, we now compare its predic-
tions with the ones obtained by numerical simulations of
the N-particle FPE of Eq. (1). The latter are performed
by means of stochastic differential equations (see Refs.
[21, 22] for details). We focus now on the evolution of
the expectation value of ©2, which explicitly depends on
two-particle correlations and scales the strength of the
conservative many-body potential. We recall the defi-
nition (.)n in order to indicate the mean value of a N-
particle observable taken over the N-particle distribution
I
Figure 6 compares the N-particle description where the
evolution of fy is governed by FPE (1) (solid line)
and the mean-field description, where fy(x;p;t) =
fi(z1,p15t)...fi(zn, pn; t) and the evolution of f; is gov-
erned by the mean-field FPE (10) (dashed-dotted line).

The curves are plotted as a function of time and for dif-
ferent particle numbers, N = 20, 50, 200, where the pa-
rameter S? has been rescaled according to our thermo-
dynamic limit so to warrant a threshold 7. which is inde-
pendent on N. The parameters have been fixed so that
initially the distribution is spatially uniform, while the
momentum distribution is a Gaussian whose width coin-
cides with the asymptotic temperature of the dynamics,
Eq. (17). The strength of the field is such that 7 = 27,
therefore the asymptotic spatial distribution is a Bragg
grating with |@yr| ~ 0.83. The dynamics we observe is
the one which leads to the formation of the Bragg grat-
ings starting from a uniform spatial distribution, and ex-
hibit three stages, which have been extensively discussed
in Ref. [24]: a violent relaxation, a prethermalized phase,
and a slow approach to equilibrium. The solid lines are
simulations of the full FPE, the dashed-dotted lines the
corresponding mean-field prediction, which indeed qual-
itatively reproduces the three-stage dynamics.

The violent relaxation is a stage of the dynamics where
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FIG. 6: (Color online) Time evolution of the squared order pa-
rameter evaluated by numerically simulating (dashed-dotted
lines) the mean-field FPE, Eq. (10) and (solid lines) the N-
particle FPE of Eq. (1). The curves correspond to different
particle numbers N = 20 (brown, upper two curves), N = 50
(green, middle two curves) and N = 200 (blue, lower two
curves) and are calculated taking A, = —x and 7 = 2.
The number T of trajectories taken for the N-body FPE is
T = 1000 for N = 20, 7 = 500 for N = 50, 7 = 100
for N = 200 (see Ref. [21, 22] for details on the simula-
tions). The horizontal dotted line indicates the asymptotic
value of the squared order parameter. The inset shows the
curves of the onset with the time axis rescaled by N. Note
that the initial distribution of the full N-body FPE is the
one which statistically corresponds to a spatially uniform dis-
tribution with the same temperature as the asymptotic one.
Therefore, the value of (8?)y at t = 0 does not vanish due
to finite size effects. In order to compare these dynamics
with the mean-field FPE, we have taken into account these
finite-size effects in the initial mean-field distribution given
by fo(z,p) = (14w cos(kx)) f1(p,0) where f1 is given in Eq.
(34) and 0n is a spatial modulation depending on N.

there is a good agreement between mean-field and N-
body FPE. This is the short-time regime where the
Vlasov equation, Eq. (31), is valid, and the behaviour of
the N-body FPE is reproduced by the one observed nu-
merically integrating the Vlasov equation, see Fig. 3(a).
This has been also verified in Ref. [24]. The prether-
malized regime is also predicted by the Vlasov equation,
see Fig. 3(a). The mean-field FPE, however, provides a
more accurate description and qualitatively reproduces
the N-body FPE. Nevertheless, a clear difference be-
tween mean-field and N-body dynamics is found at the
onset of the prethermalized stage: In fact, the oscilla-
tions are damped at a faster rate in the N-body FPE.
Apart from this difference, there is a qualitative agree-
ment between mean-field and N-body FPE also for this
stage.

While both mean-field and N-body FPE agree in the
asymptotic value, we observe a striking difference be-
tween the two results in the relaxation to equilibrium

12

after prethermalization. This is the stage where the role
of dissipation and diffusion becomes relevant, as shown
in Ref. [24] by comparing this behaviour with the one,
where the dynamics is only due to the Hamiltonian term.
In particular, the relaxation time scale predicted by the
full simulation is about one-order of magnitude longer
than the corresponding mean-field prediction. This be-
comes even more evident by plotting the curves rescaling
the time axis with N, as visible in the inset. The curves
of the mean-field FPE collapse to one curve, whereby
the ones of the N-body FPE collapse to a significantly
different curve.

Let us now summarize these results. First, the short
time behaviour of the fluctuations of the order param-
eter are well described by the mean-field equation, and
in particular by the Vlasov equation. This is well un-
derstood in terms of the typical contributions to the dy-
namics: For short times the dominant contributions are
indeed the terms of Eq. (31) and interparticle correla-
tions are small, as we argued in the previous section.
Discrepancies are due to finite size effects. The prether-
malized regime, moreover, exhibits a good agreement be-
tween mean-field and full dynamics. This regime is domi-
nated by the Hamiltonian dynamics, and the results show
that Hamiltonian dynamics with long-range interactions
is well reproduced by the mean-field description. Big de-
viations instead appear for long times, where the mean
field ansatz is expected to fail and at the time scales
dominated by relaxation to the stationary state.

VI. CONCLUSIONS

In this work we have systematically developed a mean-
field description of the self-organization dynamics of
atoms in a high-finesse cavity. The predictions of the
mean-field model have been explored at equilibrium and
out-of-equilibrium, its limits of validity have been tested
by comparing them with the ones of the N-body FPE.
We have found that the mean-field equation provides
an excellent description of the dynamics when this is
prevailingly Hamiltonian. It further describes the equi-
librium properties of single-particle observables, includ-
ing the asymptotic temperature and the order parame-
ter. It fails, however, to reproduce the long-time out-of-
equilibrium dynamics.

Despite these differences, this analysis shows that from
the mean-field model one can analytically extract sev-
eral predictions on the system dynamics. It is indeed
remarkable that several predictions reproduce in the cor-
responding limits the ones obtained by means of other
theoretical treatments, some of which start from a fully
quantum mechanical treatment for the atoms. This on
the one hand leads us to conjecture that quantum fluc-
tuations play a marginal role in determining the steady
state properties of the cavity field. It further urges one to
develop a full quantum kinetic theory, analogous to the
full N-body semiclassical theory, which shall overcome
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all limitations of simplifying theoretical assumptions per-
formed so far. Only such a model, in fact, can give full
access to the dynamical interplay between matter waves
and cavity photons.
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Appendix A: Cavity field correlation function at
steady state

Experimentally accessible quantities are the correla-
tion functions of the field at the cavity output, which al-
lows one to monitor the atoms state and is proportional
to the intracavity field. In our formalism, the intracavity
field is closely connected to the atomic state by the rela-
tion Eeay o VNTO, therefore the correlation functions of
the cavity field are proportional to the correlation func-
tions of the magnetization © [21, 22]. In the following we
determine the autocorrelation function of the magnetiza-
tion, which can be detected by means of the first-order
correlation function of the field, and the fourth-moment
of the magnetization (©%)y. As we showed in Ref. [21],
in fact, (%) y delivers the value of the intensity-intensity
correlation of the field at zero-time delay and at zero or-
der in the retardation effects.

1. Field intensity across the transition

We first determine the intracavity photon number 7y
at steady state for n below, at, and above threshold. For
this purpose we use the relation [21, 22]

Neay = N{O?) N, (A1)
which, by introducing o = 7/, can be cast in the form
(see also the Appendix A 3)

1
Neay = FNc + ﬁig(a) )

2 da (A2)

where

G(a)=In </OO dyexp [-N (ay® — 1n(10(2ay)))]) )

— 00
(A3)
We then analyse the prediction of this expression close to
threshold, for n ~ n. and thus a ~ 1. For this purpose
we expand the exponent of G(a) about the value y = 0
and consider the behaviour of nc,, for &« — 17, hence
for 7 < n. but sufficiently close to the transition point,

13

so that the truncation of the expansion is valid. In this
limit we find
=2
nz/2
ncav ~ — C/ — )
Ne — N

(A4)

where the details of the derivation are reported in the

Appendix A 3. The value at the transition point is re-

ported at leading order in N and reads (see Appendix
A3):

3
Neay ~ QWﬁc% ) (A5)
r[3]

where I'[z] denotes the Gamma function [39)].

The value of the intracavity photon number above

threshold is found after observing that the exponent of

function G(«) has two minima that are given by the

non vanishing solutions of the fixed-point equation (24),

which we denote by Oy = +0, with © given in Eq.
(26). Therefore it holds

Neav = N1O? =~ 2N (A — 71,.)

sufficiently close to the critical point. In particular,
the mean number of photons increases linearly with
n. We analyse now some properties of the first order
correlation function of the intracavity field, ¢()(r) =
limy oo Re(Ecay (t+7) Ecay(t)) v This function has been
extensively studied in Ref. [21] by numerically solving
the N-particle FPE. Here, we will use the mean-field
ansatz in order to better understand the two sidebands
of its Fourier transform, at which it exhibits maxima
above threshold. For this purpose we first notice that
the correlation function is proportional to the autocorre-
lation function C'(7) of the magnetization by the relation
g (1) = NaC(r), and

C(r) = tli)r&(@(t)@(t +7)nN- (A6)
We want to derive C(7) in mean-field and hence the mean
value has now to be taken over the factorized distribution
as in Eq. (9) with the stationary mean-field distribution
given in Eq. (23). We calculate C(7) by solving the
equations of the mathematical pendulum

P
P
m

p = 2hkAnO sin(kz) (AT)

with initial conditions z(0) = z¢ and p(0) = pg. The
value © is here the positive stable solution of Eq. (24).
In the limit of small oscillations, these equations describe
harmonic motion at the frequency

wo =V —4w, AciiO . (A8)

The mean frequency, however, is the result of the possible
trajectories of the mathematical pendulum weighted by
the probability density function fg(xg,po). For xg # 0
and pg # 0 the oscillation period results to be larger than
27 /wo and this prediction fits quite well the maximum
found numerically by integrating the coupled equations
of N particles, as shown in Fig. 7.
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FIG. T:
autocorrelation function S(w) as a function of 7 and of the
frequency (in units of x) evaluated from the numerical data

(Color online) Contour plot of the spectrum of the

of O(x1,...,zn), Eq. (4), by integrating the N-particle FPE,
Eq. (1), for 100 trajectories of N = 50 atoms, A, = —k, and
evolution time ty; = 10?57, see Ref. [21]. The lines are an-
alytical estimates of the spectrum maximum for i > 7fi.. The
dashed line corresponds to the frequency of the correspond-
ing harmonic oscillator in Eq. (A8). The solid line is at the
frequency extracted by solving Egs. (A7) for a mathematical
pendulum and in good agreement with the peaks position of
the numerically evaluated spectra.

2. Intensity-intensity correlations at zero-time
delay

The intensity-intensity correlation function at zero
time delay, ¢(?(0), provides a direct measurement of the
fourth moment of the magnetization when retardation
effects are sufficiently small [21]:

9@(0) = (6 /()% .

Above threshold (0™)y = O™ + O(1/N), with © the
solution of Eq. (24). Therefore, for 7 > n, we obtain

(A9)

9(2)(0)ﬁ>ﬁc =1, (A10)
which corresponds to coherent light and is valid at lead-
ing order, with an error that scales with 1/N. In mean-
field for the factorized distribution, Eq. (9), we get

1 N—-1_

14
and
N(N —1)(N —2)(N —3) -
(0t =N =D -2 =),

6N(N —1)(N —2) ~, 3BN(N-1) ,

+ N O°B + i B
AN(N—-1)~, 4 N
T@(cos () + ﬁ(cos‘l(x))‘

Notice that above threshold for O # 0 we can again write
<@4>N = 0%+ O(1/N). Hence we get the same value for

9@ (0) = 1 (above threshold) in the thermodynamic limit
N — oo. Below threshold, in Appendix A 3 we show that
the expression takes the value

9(2) (O)»ﬁ<ﬁc =3 5 (Al 1)
which corresponds to super-Poissonian light. Corrections

scale with 1/N. The same holds for the calculation with
the factorized ansatz. Below threshold we get

1
<®2>N = NB

and
3 1

and therefore the same value of g (0) = 3 (below thresh-
old) as for the N-particle description. Finally, at thresh-

old we obtain
2
) , (A12)

with corrections scaling with 1/+/N, thus giving a slower
convergence than the one found for the values above and
below threshold. We want to mention here that the
mean-field description cannot reproduce the value in Eq.
(A12). Figure 8 displays the mean-field predictions for
the ¢®(0) at the thermodynamic limit and as a function
of n. These curves are compared with the mean-field cal-
culation at finite N and with the corresponding one of
the N-particle FPE. Even though the mean-field curve at
finite N is tendentially closer to the thermodynamic limit
than the N-particle FPE prediction, they both converge
to the values of Eqgs. (A10), (A12) (A11), depending on
whether n <, =, > 7., for N — oo.

1
9 (0)n=n, ~ i (11: %%
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FIG. 8: (Color online) Intensity-intensity correlation function
at zero time delay ¢ (0), Eq. (A9), as a function of 7 for (a)
N =50 atoms and (b) N = 200 atoms. The solid blue (light
gray) lines are the curves evaluated using in Eq. (A9) the
mean-field steady state (23). The dashed lines are calculated
for the corresponding full N-particle distribution given in [17].
The horizontal black solid lines are the values at the thermo-
dynamic limit given at . < 7ic by Eq. (A1l) and at 2 > 7. by
Eq. (A10). The point at i = fi. is at the value of Eq. (A12).
The discrepancy between the mean-field curve and the full
N-particle predictions decreases as N — oo, where they both
converge to the value given by the thermodynamic limit.

3. Useful relations

In order to demonstrate Eq. (A2) we first consider the relation
[eS] 1 N 2
™
/700 dyexp | —aN (y N ;cos(kl‘i)) =\VaN’

and cast it into the form

oo N
/ dye_O‘Ny2 exp <2aNy]{] Z cos(kxi)> =4/ LN exp (aNO(x)?) .
o
i=1

— 00
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16

From these relations, it follows

In (%N /dxexp (aN@(x)2)> = %m (ga> +1In (/:: dyexp [-N (ay® — 1n(10(2ay)))}> )

We use it for evaluating expression (Al) and obtain

0 1 ) 1 % ffooo dy exp [—N (ay2 — ln(IO(Qay)))]
ey =g (g [ dxesp (aN0() ) = (Qa T T dyesn [N (ag? —in(ly(2ap) ) )

that leads to Eq. (A2) by using definition (A3).
In order to determine the intracavity photon number close to threshold, we expand the exponent of Eq. (A3) about
y = 0 till fourth order:

4
«
ay? —In(ly(2ay)) = a(l = a)y® + —ry* + O(y").

For n < 7., the coefficient of the quadratic term is positive and we thus discard the fourth order term. Expression
(A2) takes the form

20 ffooo dyexp [—Na(l — a)y?]
e 201\ @
- <% T3 —a)> T 21-a)

nne _ n2/2

i ( 1 &[5 dyep [-Na(l - a)y’] )
Neav =N

Using the explicit value of «, then

(A14)

fleav = 2 — M) Ne—7'

which thus gives Eq. (A4).

At the transition point 7 = 7. the integral in Eq. (A2) diverges in the limit N — oco. We determine its value
for finite N, and keep the leading order. Moreover, since the coefficient of the quadratic term in the expansion in y
vanishes, we include the fourth order and evaluate the integral at o = 1, obtaining:

(1 [Sdy (Ny? = Ny')exp [-Fy']\  2VNT[2]
Necay = Ne -+ 00 N, 4 "N‘ncilv
2 S0 dyexp [yt (4]

1
which is the expression in Eq. (A5).
To calculate ¢(®(0) below and at threshold we notice that

2 /04 2 /02\? 0 1 2 9 2
N2 (o), N2 () = o (}\—N/dxexp (aNO(x) )) - v e,
holds. Below threshold for a < 1 we calculated in leading order that
0 1 1

da21—a) 201 —a)?’

which then delivers expression
1 1
Y+
2(1—a)? 4(1—)?
9(2)(0)7‘L<7‘Lc — #1() =3,
4(1-a)?

and thus Eq. (A11). In order to calculate the value at threshold we use

r [i]) , (A15)

r[3]

N2(©%)y — N?(©2)3 ~N — 4N (

which is valid in leading order and which gives Eq. (A12).
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Abstract:

We theoretically characterize the semiclassical dynamics of an ensemble of atoms
after a sudden quench across a driven-dissipative second-order phase transition.
The atoms are driven by a laser and interact via conservative and dissipative
long-range forces mediated by the photons of a single-mode cavity. These forces
can cool the motion and, above a threshold value of the laser intensity, induce
spatial ordering. We show that the relaxation dynamics following the quench
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exhibits a long prethermalizing behaviour which is first dominated by coherent
long-range forces, and then by their interplay with dissipation. Remarkably,
dissipation-assisted prethermalization is orders of magnitude longer than prether-
malization due to the coherent dynamics. We show that it is associated with the
creation of momentum-position correlations, which remain nonzero for even longer
times than mean-field predicts. This implies that cavity cooling of an atomic
ensemble into the selforganized phase can require longer time scales than the
typical experimental duration. In general, these results demonstrate that noise and
dissipation can substantially slow down the onset of thermalization in long-range
interacting many-body systems.



81

Stefan Schiitz, Simon B. Jéger, and Giovanna Morigi
Theoretische Physik, Universitat des Saarlandes, D-66123 Saarbriicken, Germany
(Dated: July 3, 2016)

We theoretically characterize the semiclassical dynamics of an ensemble of atoms after a sudden
quench across a driven-dissipative second-order phase transition. The atoms are driven by a laser
and interact via conservative and dissipative long-range forces mediated by the photons of a single-
mode cavity. These forces can cool the motion and, above a threshold value of the laser intensity,
induce spatial ordering. We show that the relaxation dynamics following the quench exhibits a
long prethermalizing behaviour which is first dominated by coherent long-range forces, and then
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of magnitude longer than prethermalization due to the coherent dynamics. We show that it is
associated with the creation of momentum-position correlations, which remain nonzero for even
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Dissipation-assisted prethermalization in long-range interacting atomic ensembles

The quest for a systematic understanding of non-
equilibrium phenomena is an open problem in theoretical
physics for its importance in the description of dynamics
from the microscopic up to astrophysical scales [1-3]. As-
pects of these dynamics are studied in the relaxation of
systems undergoing temporal changes (quenches) of the
control field across a critical point [4-6]. Quenches across
a non-equilibrium phase transition provide further in-
sight into the interplay between noise and external drives
on criticality and thermalization [7, 8]. In this context
photonic systems play a prominent role, thanks to their
versatility [9-15].

Polarizable particles in a high-finesse cavity, like in
the setup illustrated in Fig. 1(a), offer a unique sys-
tem to study relaxation in long-range interacting sys-
tems. Here, multiple photon scattering mediates particle-
particle interactions whose range scales with the system
size in a single-mode cavity [15-18]. In this limit, atomic
ensembles in cavities are expected to share several fea-
tures with other long-range interacting systems such as
gravitational clusters and non-neutral plasmas in two or
more dimensions [3, 16, 19]. The equilibrium thermody-
namics of these systems can exhibit ensemble inequiva-
lence [3, 20], while quasi-stationary states (QSS) typically
characterise the out-of-equilibrium dynamics [3, 21-23].
QSS are metastable states in which the system is ex-
pected to remain trapped in the thermodynamic limit,
they are Vlasov-stable solutions and thus depend on the
initial state. So far, however, evidence of QSS has been
elusive. It has been conjectured that noise and dissipa-
tion can set a time scale that limits the QSS lifetime
[24-27], and possibly gives rise to dynamical phase tran-
sitions [25]. In Ref. [28] it was shown that, in presence
of dissipation due to viscous damping or local inelastic
collisions, the relaxation dynamics of long-range interact-
ing systems can be cast in terms of so-called scaling QSS,

which are solutions of the kinetic mean-field equation and
asymptotically tend to a unique QSS [28]. Accordingly,
one would expect to observe QSS in cavity systems [19].
In Ref. [16], however, we found no evidence of the typ-
ical superlinear dependence on N of the QSS time scale
[3], which we attributed to the effect of noise and dissi-
pative processes. Nonetheless, the dissipative dynamics
is here due to retardation effects in the coupling between
the atoms and a global variable, the cavity field, and
can also establish long-range correlations [29, 30] whose
influence on the relaxation dynamics is still unexplored.

(a) (b)
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FIG. 1. (Color online) (a) Atoms interact with the standing-
wave mode of a cavity and are transversally driven by a laser.
The laser amplitude (2) and/or frequency (A.) are suddenly
quenched across the threshold, above which the atoms orga-
nize in regular spatial patterns at steady state. The coher-
ent scattering amplitude per atom, S, is tuned by the laser,
S o Q, the resonator dissipates photons at rate k. (b) Phase
diagram of the second-order self-organization transition as a
function of 72 (proportional to S?) and A./x (that determines
the asymptotic temperature). The black line separates the
homogeneous phase (with order parameter © = 0) from the
self-organized one (with © — =£1). The red dashed lines
A and B illustrate the initial and final values of the sudden
quenches we analyse.
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In this work we characterise the interplay between dis-
sipative and conservative long-range forces in the semi-
classical dynamics of N polarizable particles (atoms)
confined within a high-finesse single-mode cavity and
transversally driven by a laser [16, 31-33] (see Fig. 1(a)).
The particles motion is along the cavity axis (z-axis),
and the dynamics results from their opto-mechanical cou-
pling with the cavity mode at wave number k£ and spa-
tial mode function cos(kxz). We focus on the regime
where the laser frequency wy, is smaller than the cav-
ity frequency w,, such that A, = wyp — w. < 0. Here,
the dynamics is characterised by a thermal stationary
state, which can exhibit a second-order driven-dissipative
phase transition (spatial selforganization) as a function
of the laser intensity and of A, [31]. This transition
is due to the interplay between the dispersive and the
dissipative forces: The dispersive forces tend to order
the atoms in gratings for which the order parameter
0= Zjvzl cos(kxz;)/N — %1, with x; the particles po-
sitions, and the intracavity photon number is maximum.
The dissipative forces, instead, are due to retardation ef-
fects in the dynamics of atoms and field: For A, < 0
they cool the atoms into a thermal state whose effec-
tive temperature Teg is determined by A. and by the
cavity loss rate k: kpTes = R(AZ + £2)/(—4A.), with
kp Boltzmann constant [30-32, 34-37]. T.g determines
the threshold S. of the coherent laser scattering ampli-
tude S per atom at which spatial self-organization occurs,
such that VNS, = 2kpTes/h [31, 34, 38] and separates
the regime where the spatial distribution is uniform and
© ~ 0 from the symmetry broken phase in which the
atoms form Bragg gratings, as shown in Fig. 1(b).

We analyse the semiclassical dynamics of the atoms
after a quench across the transition using a Fokker-
Planck equation (FPE) for the phase space distribution
flx1,...,zN;D1, ..., pN; L) at time ¢ and as a function of
the atoms positions x; and the momenta p;. The FPE is
valid when the cavity linewidth x exceeds the recoil fre-
quency w, = hk?/(2m) and the width of the momentum
distribution Ap is larger than the photon linear momen-
tum Ak [30]. It reads [31, 39]

f ={H, [} +nLsf + Olo), (1)

where Hamiltonian H = Z;.V:lpf/@m) + hAMANO? de-
termines the coherent dynamics and is a realization of the
anisotropic Hamiltonian Mean Field model (HMF) [16,
21, 40]. The dimensionless parameter i = NS?/(k2+A2)
scales the depth of the conservative potential. It also
scales the dissipator Lg, describing the effective long-
ranged friction and diffusion [30, 31]:

o Nop N —— m,
ﬁf—gﬁzj:sm( 2;)0p, sin(kx;) (ijrﬁ p]) f,
(2)

with T' = 2w, AkB and B8 = (kpTex)~t. For A, < 0 the
incoherent dynamics drives the system into the station-
ary state fs(8,n) = foexp(—BH), where fy warrants
normalization. This state is well defined in the thermo-
dynamic limit we choose, according to which as IV is in-
creased, the quantity NS? (and thus 7) is kept constant.
This choice warrants that the Hamiltonian satisfies Kac’s
scaling [3].

The relaxation dynamics following a sudden quench
at ¢ = 0 is numerically evaluated by means of stochas-
tic differential equations (SDE). Averages are taken over
several trajectories, sampling the dynamics of N atoms
according to the given initial distribution [30, 41]. Be-
fore the quench is performed (¢ < 0), we assume that the
system has reached the equilibrium solution fs(8,7;) of
the FPE at a given value of n = n; and A.. At t =0 the
value of n is quenched from n; < n., deep in the disor-
dered phase, to 7y > 7., well inside the ordered phase.
This corresponds to the horizontal path A of Fig. 1(b),
keeping A., and hence the asymptotic temperature, con-
stant. We evolve the initial state setting n = ny in Eq.
(1). In what follows we focus on quenches from the dis-
ordered to the ordered phase along path A, nevertheless
the essential features of the dynamics we will report on
characterize also the quenches in the opposite direction
as well as along paths of type B, which connects points
with different asymptotic temperatures (see Supplemen-
tal Material, SM, [42]).

The time evolution of the modulus of the order pa-
rameter (|0|) is displayed in Fig. 2(a) for different val-
ues of nny: (|©|) tends towards an asymptotic value, that
is closer to unity the larger is ;. Before reaching the
steady state the dynamics go through different stages,
which we classify as: (i) a fast relaxation towards an
intermediate value of the magnetization with time scale
t < 10%257L; this time scale decreases with fig. (i) A
transient regime where (|0|) seems to grow logarithmi-
cally with time. (ili) Finally, the dissipation becomes
dominant and brings the system to the asymptotic value,
which is exponentially approached over time scales of the
order of 106571, These time scales are illustrated in Fig.
2(a) and here reported for N = 50 particles but generally
depend on N, as we discuss later on.

We first observe that, being A. negative, the growth
of (|8]), Fig. 2(a), corresponds to a monotonic decrease
of the potential energy, V = hA,ANO2. In the fast re-
laxation stage (i), this decrease is well-fitted by an expo-
nential, and is associated with a corresponding decrease
of the relative fluctuations (see inset), indicating that the
cavity field exponentially grows and creates a mechani-
cal potential, which increasingly localizes the atoms at
its minima. The exponential potential depth growth is
due to this nonlinearity: the more the atoms become
localized in the Bragg grating the larger is the scatter-
ing amplitude, and thus the potential depth. The in-
creasing localization correspondingly augments the ki-
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FIG. 2. (Color online) Numerical simulation of the dynam-
ics following a sudden quench along path A using the SDE
[31]. At ¢t = 0 the atoms are in the stationary state of Eq.
(1) for n; = 0.01A. with A, = —x and 7 is quenched to
the value iy > 7. (see legenda in (a)). (a) The modulus of
the order parameter (|©]) and (b) the single-particle kinetic
energy (p?/(2m)) (in units of hiw,) as a function of time (in
units of k') for N = 50. The corresponding insets display
the time evolution of the relative localization 6©/(|©|), where
60 = /(©2) — (|©])2, and of the Kurtosis K. The initial val-
ues (|O|)i=0 ~ 1/v/7N ~ 0.08 in (a) are due to finite N' [31].
Here, £ ~ 390w, and N|Up| = 0.05«. The three relaxation
stages are indicated by the labels (i), (ii), (iii).

netic energy, as visible in Fig. 2(b). In this regime,
thus, the total energy is conserved, the dynamics is co-
herent and consists in a transfer of energy from spa-
tial into momentum fluctuations. Correspondingly, the
single-particle momentum distribution becomes increas-
ingly non-thermal, as visible by inspecting the time-
evolution of the Kurtosis, X = (p?)/(p?)?, shown in
the inset of Fig. 2(b): K exponentially deviates from
the value of the initial Gaussian (”thermal”) state, for
which Kgauss = 3. We have verified that this dynam-
ics is well described by a Vlasov equation for the single-
particle distribution f(z,p;t), which we derive assum-
ing f(x1,...,2Nn;p1,...,PN; ) = Hj-vzl fi(zj,pj;t), inte-
grating out the NV — 1 variables from Eq. (1) for the ini-

tial uniform distribution and taking the thermodynamic
limit (see SM [42] and [43]). Figure 3(a) compares the
result of the FPE with the predictions of the Vlasov equa-
tion (red curve), showing an excellent agreement in the
fast relaxation regime. Numerical and analytical results
show that the time scale of this dynamics depends on N
only through the parameter 71 (and is thus constant when
Kac’s scaling applies), see also SM [42].

After this fast relaxation, the growth in the order pa-
rameter and in the kinetic energy seems logarithmic in
time. This transient regime (ii) is of Hamiltonian origin:
It exhibits damped oscillations, which can be understood
as oscillations of the atoms at the minima. Energy is pe-
riodically transferred from the kinetic to the potential
energy. Since the potential energy depends on a global
variable, energy is exchanged between the particles by
means of elastic collisions, hence damping the oscilla-
tions. Correspondingly, the Kurtosis starts to increase
towards the Gaussian value, showing that the sample
starts to equilibrate. In order to verify this hypothesis, in
Fig. 3(a) we compare the predictions of the full simula-
tion (black curves) for order parameter and Kurtosis with
the ones obtained after setting I' = 0 in Eq. (1) (blue
curves): in the transient regime the curves nearly overlap
for t < 107!, Noise and dissipation, however, lead to a
discrepancy between the predictions of the Hamiltonian
and of the full FPE. This discrepancy becomes increas-
ingly evident at longer time scales: When the dynamics is
solely Hamiltonian, in fact, the Kurtosis increases mono-
tonically towards the Gaussian value. Due to the analogy
with the Hamiltonian dynamics, some of the features of
the transient regime are reminiscent of the HMF, where
for a similar quench a violent relaxation is observed, then
followed by prethermalization in a QSS [21, 40]. In our
case, for I' # 0, as in Ref. [16], we do not find evidence
of a superlinear scaling with N of the QSS lifetime. The
QSS lifetime, in fact, is limited by the dissipative effects,
which have the same physical origin as the long-range
conservative forces and whose characteristic time scale is
linear in N (see SM, [42], and Ref. [43]). Note that at
the end of this stage the atoms are localised, but their
temperature is hotter than T,g.

In stage (iii), when the effect of dissipation becomes
relevant, the atoms are cooled and further localised at
the minima. The Kurtosis, however, further decreases till
reaching a minimum, before increasing again towards the
Gaussian value. We first compare this behaviour with the
predictions of a mean-field (MF) model, which we extract
from Eq. (1) by means of the factorization ansatz, see
SM [42]. The grey lines in Fig. 3(a) and its inset show the
MF predictions as a function of time and indicate that,
even though MF reproduces qualitatively the dynamical
features, it fails to give the correct time scale by at least
one order of magnitude. Further insight is provided by
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the observable for QSS [28], which we here define as:

oy lsinGkrph) 5

(Isin(kz)[)(|pl)
When ¢11 # 0, the distribution is not factorizable into
a kinetic and a potential term. Figure 3(b) displays the
time evolution of ¢1; for the Hamiltonian, mean-field,
and full dynamics. In stages (i) and (ii) the three models
predict approximately the same behaviour. Instead, in
stage (iii), ¢11 evolves differently: For both MF and full
FPE it exhibits a minimum, however reached at differ-
ent times, which possesses features typical of a scaling
QSS, namely, a sequence of QSS with identical correla-
tions [28]. Its nature could be understood in terms of the
onset of collective oscillations which are (almost) decou-
pled from noise and dissipation. Analogous behaviours
have been reported for the case of atomic arrays in a cav-
ity [29, 44]. Since the trajectories of ¢1; are different for
the three types of simulations, the corresponding QSS
are expected to not be the same. In particular, the dis-
crepancy between full FPE and MF in stage (iii) remains
of the same order when scaling up the system, while in-
stead Hamiltonian prethermalization tends towards the
corresponding mean-field prediction. Figure 4 displays
the relaxation time scales for the MF and the full FPE:
the two curves suggest a linear increase with N for both
cases, nevertheless they run parallel thus showing that
the discrepancy is a scalable effect. We deduce that this
discrepancy is due to the momentum-position correla-
tions due to noise, which are otherwise discarded in the
MF treatment.

This prethermalization is not related to the critical
slowing down observed in Ref. [45], but is due to the
creation of correlations between momentum and posi-
tion, and is reminiscent of kinetic-stop dynamics [46].
It implies that cavity-cooling of a large sample of atoms
into the self-organized phase, corresponding to a sudden
quench along path B, can be very slow and thus ineffi-
cient (see also Ref. [34]). Our analysis sets the stage for
the development of a kinetic equation that is valid in the
full quantum regime [47-51].
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1
Supplemental Material for
Dissipation-assisted prethermalization in long-range interacting atomic ensembles
Mean-Field equation and Vlasov limit
The mean-field equation is derived from Eq. (1) in the main text by assuming f(x1, ..., XN; P1,-.., PN3 1) = I—[?’:, filxj, pjs 1),
and integrating out the N — 1 variables. It reads
of1 =(Hwmelfil, fit + nLpmrfi (S1

where the mean-field Hamiltonian Hyg[ f1] is given by

P 2hAg

hk
HMF[fl]zﬁ"' N P

(% cos(kx) + (N — 1){cos(kx")) s, — M(N - IXp’ sin(kx/)>fl)cos(kx),

A )
with (A, p')) g = f dx’ f dp’ AX', p') fi(¥', p’) and A a phase space function. Furthermore the mean-field dissipator Lgmr
0 —00

is defined as

I . m
Lomefi = v sin®(kx)d,, (P + Eap) fi.

The dissipator Lswmr is responsible for the relaxation of the system to the thermal stationary state with temperature S~ =
kpTeqx = h(A% + k2)/(=4A.) [S1-S3]. Since the dissipator decreases with N1 (for increasing N), the mean-field predicts a
relaxation timescale that extends linearly with N. Although the relaxation for the full FPE, Eq. (1) in the main text, is orders of
magnitudes slower (see Fig. 4 in the paper), the corresponding growth of the timescale with N is almost indistinguishable from
a linear one.

In order to make some statements for the short time dynamics we derive the Vlasov equation. This equation is derived from Eq.
(S1) after performing the limit N — oo with NS? =const. and reads

oufi+ Lo fi - 0.VIAIG =0, (52)
where the Vlasov potential V[fi] is
VIfi] = 2hA 2 ((cos(kx’))_fl - Z—’BAK([)’ sin(kx’))fl)cos(kx).

The stability analysis of Eq. (S2) shows that a spatially homogeneous distribution is unstable against small fluctuations ¢ f when
iy > fi.. The fluctuations exhibit exponential growth at rate y, which monotonously increases with 7y and is a solution of the
equation

[1 = 2ky/(AZ + D F(p)ig/a. = 1, (S3)

with F(y) = 1 — yrbexp(b?)erfc(b), b*> = hy’B/(4w,) and erfc is the complementary error function. The solution (red line in
Fig. 3(a) in the main text for a fixed value of 7iy) well fits the numerical result in the fast relaxation regime. Thus, this initial
behaviour is analogous to the violent relaxation observed in the HMF and has mainly Hamiltonian origin.

Quenches along path B

Figure S1 displays a sudden quench in the detuning A, while keeping Q, hence the laser amplitude, constant. This quench
corresponds to path B of Fig. 1(b) in the paper and alters both 7 and 8 in Eq. (1), namely both the asymptotic order and
temperature. We consider quenches from the disordered (with A, = —4k) to the ordered phase (with A, = —«), and vice versa,
assuming that the initial state is the asymptotic state of the parameter choice before the quench. Also in this case the three
regimes can be identified. Remarkably, for the quench from the ordered to the disordered phase, the system remains for long
times trapped in an ordered pattern. The pattern stays stable due to the long-range forces. This transient is further accompanied
by a momentum distribution that is narrower than the initial and the asymptotic value, as visible in the inset of subplot (b). On
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FIG. S1: Numerical simulation of the dynamics for N = 50 atoms following a sudden quench along path B, where A, is varied but the laser
intensity is kept fixed. The black line corresponds to the results for the evolution when the value of the detuning is suddenly quenched from
A, = —4k with 7i; =~ 0.44 7, to A, = —« with 7iy = 27.. The grey line displays the case where initial and final points are swapped. (a) and (b):
Time evolution of (|®|) and Ap (inset) as a function of time (in units of x™!). Subplot (c) displays the behaviour of the kurtosis K.

the other hand, the momentum distribution is markedly non-Gaussian, as visible in (c). This behaviour shows that, even if the
final value of the parameter 7 is well below threshold and the asymptotic number of intracavity photons (a'a) ~ Ni(®?) is small,
yet there is a metastable regime in which the number of intracavity photons is significantly larger, due to the metastable atomic
patterns which support superradiant scattering of photons into the resonator until they decay.

[S1] S. Schiitz and G. Morigi, Phys. Rev. Lett. 113, 203002 (2014).
[S2] S. Schiitz, S. B. Jdger, and G. Morigi, Phys. Rev. A 92, 063808 (2015).
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Abstract:

We investigate laser cooling of an ensemble of atoms in an optical cavity. We
demonstrate that when atomic dipoles are synchronized in the regime of steady-
state superradiance, the motion of the atoms may be subject to a giant frictional
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force leading to potentially very low temperatures. The ultimate temperature
limits are determined by a modified atomic linewidth, which can be orders of
magnitude smaller than the cavity linewidth. The cooling rate is enhanced by the
superradiant emission into the cavity mode allowing reasonable cooling rates even
for dipolar transitions with ultranarrow linewidth.
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atomic dipoles are synchronized in the regime of steady-state superradiance, the motion of the atoms may
be subject to a giant frictional force leading to potentially very low temperatures. The ultimate temperature
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cavity linewidth. The cooling rate is enhanced by the superradiant emission into the cavity mode allowing
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The discovery of laser cooling [1] has enabled new
areas of quantum gas physics and quantum state engineer-
ing [2]. Laser cooling is an essential technology in
many fields, including precision measurements, quantum
optics, and quantum information processing [3-5].
Doppler laser cooling [6,7] relies on repeated cycles of
electronic excitation by lasers followed by spontaneous
relaxation, reaching temperature limits determined by
the atomic linewidth. Only specific atomic species can
be Doppler cooled because they should possess an
internal level structure that allows for closed cycling
transitions.

Cavity-assisted laser cooling [8,9] utilizes the decay of an
optical resonator instead of atomic spontaneous emission for
energy dissipation. It is based on the preferential coherent
scattering of laser photons into an optical cavity [10,11].
Temperatures that can be achieved in this way are limited by
the cavity linewidth. Since the particle properties enter only
through the coherent scattering amplitude, cavity-assisted
cooling promises to be applicable to any polarizable object
[12-20], including molecules [17,18] and even mesoscopic
systems such as nanoparticles [19,20].

The many-atom effects of cavity-assisted cooling were
theoretically discussed by Ritsch and collaborators [21]
and experimentally reported [22,23]. The cavity-mediated
atom-atom coupling typically leads to a cooling rate that is
faster for an atomic ensemble than for a single atom. Self-
organization may occur and is observed as patterns in the
atomic distribution that maximize the cooperative scatter-
ing. Recently, it has been shown that the long-range nature
of the cavity-mediated interaction between atoms gives
rise to interesting prethermalization behavior [24]. In spite
of the intrinsic many-body nature, the underlying cooling
mechanism shares much with the single-atom case, and
indeed the final temperature observed in these systems is
limited by the cavity linewidth.

0031-9007/16/116(15)/153002(5)

153002-1

In this Letter, we demonstrate that the mechanical action
of the atom-cavity coupling takes on a dramatically new
character for atoms in the regime of steady-state super-
radiance [25-30]. Specifically, the frictional force on a
single atom is significantly enhanced, and the final temper-
ature is much lower than the temperature that can be
achieved in cavity-assisted cooling [10,11]. Furthermore,
as the atom number increases, the cooling may become
faster due to the increasing rate of superradiant collective
emission. We show that ability to achieve much lower
temperatures than for single-atom cavity-assisted cooling
derives from the emergence of atom-atom dipole correla-
tions in the many-body atomic ensemble.

Steady-state superradiant lasers were proposed in Ref. [25]
as possible systems for generating milliHertz linewidth light,
and demonstrated in a recent experiment using a two-photon
Raman transition [27]. In steady-state superradiance, the
cavity decay is much faster than all other processes and plays
the role of a dissipative collective coupling for the atoms that
leads to the synchronization of atomic dipoles [29,30]. The
emergence of a macroscopic collective dipole induces an
extremely narrow linewidth for the generated light [25,30].
The optimal parameters are in the weak-coupling regime of
cavity QED [31], which is opposite to the strong-coupling
situation usually considered in cavity-assisted cooling [8,9].
Superradiant lasers require weak-dipole atoms (e.g., using
intercombination lines or other forbidden transitions) con-
fined in a high-finesse optical cavity.

We consider an ensemble of N pointlike two-level
atoms with transition frequency @, and natural linewidth
7, interacting with a single-mode cavity with resonance
frequency w,. and linewidth «, as shown in Fig. 1. The
atoms are restricted to move freely along the direction
of the cavity axis (x axis) and are tightly confined in the
other two directions. The atom-cavity coupling is given
by gcos(kx), where g is the vacuum Rabi frequency at the

© 2016 American Physical Society
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FIG. 1. Atoms with ultranarrow transition |g) <> |e) are con-
fined to the axis of a standing-wave mode of an optical cavity.
Different implementations of pumping may be considered [25,27].
In the simplest scenario shown, a transition is driven from the
ground state |g) to an auxiliary state |a) that rapidly decays to the
excited state |e). In this way |a) can be adiabatically eliminated
and a two-state pseudospin description in the {|g), |¢)} subspace
used, with repumping corresponding to an effective rate w from | g)
to |e). If the repumping laser is directed normal to the cavity axis,
the absorption does not modify the momentum. Momentum recoil

is induced by the on-axis component of the wave vector k’ of the
dipole radiation pattern for the |a) <> |e) transition.

field maximum, and cos(kx) describes the one-dimensional
cavity mode function [32]. The atoms are incoherently
repumped at rate w, providing the photon source.

The Hamiltonian in the rotating frame of the atomic
transition frequency is given by

N 32 g
_ PN J A A At A
H = nAa a+/5:1ﬁ+h§ l(af 7+ 67 a)cos(ki;),

(1)
where A = w. —w,. We have introduced the bosonic
annihilation and creation operators, @ and at, for cavity
photons. The jth atom is represented by Pauli pseudospin
operators, 65 and 67 = (6,-*)"', and position and momentum
X; and p;, respectively.

In the presence of dissipation, the evolution of the system
is described by the Born-Markov quantum master equation
for the density matrix p for the cavity and atoms,

jtﬁ ih[ pl+«L[a p—i—wZ/ duN (u) L[} e 3i]p,

2)

where  L[O]p = 20p O = O'Op—pO' D)2 is the
Linbladian superoperator describing the incoherent proc-
esses. The term proportional to x describes the cavity decay.
The repumping is the term proportional to w and is modeled
by spontaneous absorption with recoil [33]. The recoil is
parametrized by the normalized emission pattern N () and
wave vector k’. We neglect free-space spontaneous emission,
since the natural linewidth y is assumed to be extremely small
for atoms with an ultraweak-dipole transition.

In the regime of interest, the cavity linewidth is much
larger than other system frequencies, and the cavity field
can be adiabatically eliminated, resulting in phase locking
of the cavity field to the collective atomic dipole [26,29,30].
In order to correctly encapsulate the cavity cooling mecha-
nism, the adiabatic elimination of the cavity field must
be expanded beyond leading order. This includes retarda-
tion effects between the cavity field and atomic variables.
As shown in the Supplemental Material [34], in the large x
limit [35],

. —i4J" 4977 2i T
a(t) w— 2 p A2 ZNCRy 4 O,
k/2+IiA  (x/2+iA)
(3)
where J~ = Y187 cos(k;) is the collective dipole

operator, I'c = g?x/4(x?/4 + A?) is the spontaneous emis-
sion rate through the cavity, and E(t) is the quantum noise
originating from the vacuum field entering through the
cavity output.

The dipole force on the jth atom is given by the gradient
of the potential energy, which takes the form

d | A NfAta | AtAl
F;= hi= -V,H = Ehkgsm(kxj)( ta+a'sy). (4)
We maximize the single-atom dissipative force by working
at the detuning A =«k/2 [34], and in that case by
substituting Eq. (3) into Eq. (4), we find

d 1
b~ —= hkT'¢sin(k&

him— A +0)8TT 4 (1=i)T"67)

L PV UINUU IS
_EnFCsm(kxj)[z]:( F67 +6/67) 5 sin(ki). il

+N; (5)

Here the anticommutator is [A, B], = A B+BA. We have
defined n = 4w, /x, which characterizes the likelihood that
a photon emission into the cavity mode will be in the same
direction as the motion, in terms of the recoil frequency
w, = hk?/2m. The three terms on the right-hand side of
Eq. (5) can be interpreted as the conservative force, the
friction, and the noise-induced momentum fluctuations,
respectively.

For temperatures above the recoil temperature, the
motion is well described by a semiclassical treatment.
A systematic semiclassical approximation, to make the
mapping (X;) = x; and (p;) = p;, where x; and p; are
classical variables, is based on the symmetric ordering of
operator expectation values. In order to accurately incor-
porate the effects of quantum noise, we match the equations
of motion for the second-order moments of momenta
between the quantum and semiclassical theories so that
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we obtain the correct momentum diffusion [34]. This 400 @
procedure yields Ito stochastic equations, 200k
ks (kx;)(Im[(6TJ)] = Re[(67T7)]) £
g, Pi ™ KL e sin(kx; m[(67J7)] = Re[(&;J7)] £ 2% 362610 0 10 20 30
ul " 100} ()
—nlcsin(kx;) Z (6767 sin(kx;)p; + &7,
= % 500 1000 1500 2000
(6) Time(Tc™")
where &7 is the classical noise and (£7(1)& (1)) = 400f; ' ®)
D/'§(t — ¢') with diffusion matrix a0
i B2 o : Ata £
= h’k°T' ¢ sin(kx;) sin(kx;)Re[(6] 67 )] £ 200
U % 10 -5 0 5 10
+ WK 676/ )8 (™) " 100 o(K)
involving the geometrical average u? = [1, u?N(u)du and ok B e
Kronecker delta 5;;. The momentum evolution is paired

with the usual equation for Xj,

d  pj
at T m ®)
We first consider the case in which the effect of recoil
associated with the repumping is neglected; i.e., we set
k' = 0. This determines the ultimate temperature limit imp-
osed by the vacuum noise due to the cavity output. For the
one-atom case, we can then find the friction («) and diffusion
(D) coefficient from Eq. (6) and Eq. (7). The steady-state
temperature 7' for the single atom (labeled by 1) is

kB <p1> i — @’ (9)

m 2ma 4
since
D = n?k’T¢sin’ (kx ) (67 67),
a = nlesin® (kx, ) (6] 67). (10)

Note that this is precisely the same temperature limit
previously found in the cavity-assisted cooling case where
the system is operating in the strong coupling cavity-QED
region. Here the rate of the decay into the cavity mode is
proportional to ['(67 67), which is applicable to the weak
coupling regime of cavity QED [31]. In Fig. 2(a), we show a
numerical simulation of the cooling trajectory of a single
atom as a function of time. As expected, the final temperature
kgT asymptotes to #ix/4 and the cooling rate is well
approximated by Ry = nl'c(6767).

The cooling in the many-atom case exhibits a
distinctly different character. A feature of this model is
the pseudospin-to-motion coupling of the atoms. In order to
close the evolution equations of the atomic motion as
described by Eq. (6) and Eq. (8), it is necessary to solve the
pseudospin dynamics. For this purpose, we derive in the
Supplemental Material [34] the quantum master equation
for the pseudospins,

Time(Tc™)

©

0 200 400 600 800
Time(T¢™)

FIG. 2. Time evolution of the average momentum square (red
dots) evaluated from 4000 trajectories simulated by integrating
Egs. (6) and (8) for 1 (a), 20 (b), and 60 atoms (c). The blue solid
line is a fit to an exponential decay. The parameters are
A =x/2 =100, ¢ = 0.1, and w, = 0.25. The repumping rates
are chosen such that the average atomic population inversion in
all cases is the same [w = 0.15 (a), 0.28 (b), 1.3 (¢)]. Insets show
the momentum statistics. The blue solid line is a fit to a Gaussian
distribution.

d . 1.~ A A
o= %[Heffvp} +TcL7]p

+WZ/ duN (u
Jj=

etuk)c/]p7 (11)

where the effective Hamiltonian Hq = —ATJ"T/2
describes the coherent coupling between atoms, and the
collective decay [term proportional to I'c in Eq. (11)]
leads to dissipative coupling. It is the dissipative coupling
that gives rise to dipole synchronization and steady-state
superradiance [25-30]. The full pseudospin Hilbert space
dimension scales exponentially with the atom number.
To solve Eq. (11), we employ a cumulant approximation
that is applicable to many atoms [26,29,30]. All nonzero
observables are expanded in terms of (6767) and (6767 )

(j # D), describing the population inversion and spin-spin
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FIG. 3. (a) Cooling rate (in units of the single atom cooling rate

Ry) as a function of atom number. (b) Final momentum width
(Ap = \/sz) , blue squares) and spin-spin correlation (red dots)
as a function of atom number. The parameters are the same as
those in Fig. 2.

correlations, respectively. Their equations of motion are
derived in the Supplemental Material [34].

Simulations of the cooling dynamics for many atoms are
shown in Figs. 2(b) and 2(c). Remarkably, we find the
collective atomic effects lead to a more rapid cooling
rate, and, simultaneously, to a lower final temperature.
Figure 3 shows the cooling rate (a) and the final momentum
width (b) as a function of the atom number. We note that the
cooling rate exhibits two kinds of behavior, hinting towards
the existence of an N-dependent threshold; see Fig. 3(a).
For N < 20, the cooling rate is independent of N, while for
N Z 20, it increases monotonically. Correspondingly, in
this regime, the momentum width reaches a minimum
independent of N; see Fig. 3(b). When the final temperature
gets closer to the recoil temperature, the momentum
distribution is no longer Gaussian, rendering the notion
of temperature invalid. The semiclassical treatment predicts
a uniform distribution in the momentum interval [—#Ak, k]
corresponding to the recoil limit, as shown in the inset of
Fig. 2(c). We note that sub-Doppler temperatures for a
similar setup have been reported in Refs. [36-38], where
spontaneous decay was assumed to be the fastest incoher-
ent process. Differing from that regime, the recoil limit is
here reached thanks to the small spontaneous decay rate.
When the temperature approaches the recoil temperature,
however, the validity of the semiclassical treatment of
atomic motion is questionable and a full quantum model is
necessary in order to determine the asymptotic energy.
These results demonstrate that not only is the cooling more
efficient due to the rapid rate of superradiant light emission,
but also the final temperature is determined by the
relaxation rate I'c of the atomic dipole, and not by the
cavity linewidth.

The principal new feature is that spin-spin correlations
between atoms develop due to the cavity-mediated coupling.
In order to measure the extent of this effect, we introduce
(6767) g defined as averaged spin-spin correlations,

(6+57); = (<ﬁ-> - Z<7A;>cos2<kx,<))/w(zv 1),

J=1

(12)

Figure 3(b) shows (66~ ) g as a function of the atom number.
The equilibrium temperature decreases as the collective spin-
spin correlation emerges. This is reminiscent of the linewidth
of the superradiant laser, where the synchronization of spins
leads to a significant reduction of the linewidth to the order of
I'c [25,30]. The establishment of spin-spin correlations is a
competition between dephasing due to both cavity output
noise and repumping, and the dissipative coupling between
atoms which tends to synchronize the dipoles [30]. Since the
coupling strength scales with N, a sufficient atom number is
required to establish strong spin-spin correlations [30].
Further characterizing the ultimate temperature limits,
Fig. 4(a) shows the final momentum width as a function of
I'c. We see that as I'¢ is decreased, the final temperature
reduces in proportion to I' - until it hits the recoil limit. This
effect is consistent with a significantly increased friction
coefficient providing a reduction of the order of the final
temperature from the one to many atom case from x to I'¢.
So far our discussion has neglected the recoil associated
with repumping. We have done that because its effect on the
final temperature will depend crucially on specifics of its
implementation, including factors such as the polarizations
and directions of repump lasers, the atomic system, and the
transitions used. However, in the specific repumping model
shown in Fig. 1, the magnitude of k' controls the recoil
effect of the repumping on the momentum diffusion.
Figure 4(b) shows the final momentum width as a function
of repumping for k' = 0 and k" = k. Again, in the region of
small and large repumping, where spin-spin correlations
are very small, the final temperature is high. When the
recoil due to repumping is included, the final temperature

becomes higher and is eventually determined by wu?.

However, for weak repumping, with w not significantly
larger then I'- it is still possible to achieve temperatures not
much higher than that predicted when pump recoil was
neglected. This is especially promising for the implemen-
tation of supercooling in realistic experimental systems.
Note that k = k’ is more or less a worst case scenario, since
by using a dipole allowed transition for the relaxation from
the auxiliary state to the excited state, one could, in

8 T 30 v |
(a) 25 (b)
<6 < 20t
RS RS o
74 N
i ) S 10}a .
5 ot 8 o oo
ok ® ok
0 2 4 6 8 0.0 02 04 06 08 10 12
To(cwr) W(NTc)

FIG. 4. (a) Final momentum width as a function of I'c for

40 atoms. The parameters are A = k/2 = 200, w = NI'/4, and
o, = 0.25. (b) Final momentum width as a function of repumping
strength for 40 atoms without (k' =0, blue squares) and
with recoil associated with repumping (k' = k, red dots). The
parameters are A = k/2 = 200, I'c = 0.5, and w, = 0.25.
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principle, use a much reduced frequency with correspond-
ingly small recoil.

In conclusion, we have proposed supercooling of the
atomic motion along the axis of an optical cavity. The
superradiant emission was observed to lead to an enhanced
cooling rate and extremely low final temperature. The
ultimate temperatures were constrained by the relaxation of
the atomic dipole, and may be orders of magnitude lower
than for single atom cooling where temperatures are limited
by the cavity linewidth. From a broader viewpoint, we have
demonstrated an example of many-body laser cooling in
which all motional degrees of freedom of a collective
system are simultaneously cooled, and in which macro-
scopic spin-spin correlations are essential and must develop
for the cooling mechanism to work.
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Supplemental Material for
Supercooling of Atoms in an Optical Resonator

I. ADIABATIC ELIMINATION OF THE CAVITY MODE

The regime of steady-state superradiance is defined by a timescale separation between the single cavity mode and the atomic
degrees of freedom. The typical relaxation time of the cavity mode is of the order of T¢ ~ |« + iA|™!, while the one of the atoms

is given by T4 ~ (max{ Nng,w, k\/(pz)/m})_l, where 7 is the mean photon number in the cavity. In order to eliminate the
cavity field quasiadiabatically we need the relaxation time of the cavity to be much shorter than the timescale on which the atoms
are evolving, namely 74 > T¢. To this end, we start with the quantum Langevin equation for the cavity field according to the
quantum master equation [Eq. (2) in the paper],

dA_ K, . . .84 2
S0= 54 iAa 121 + V@), (Sh

where &(¢) is the quantum white noise and (Z(1)&(#')) = 6(t — ¢'). The formal solution to Eq. (S1) is

At
a(t) = e WM gy — f dse™ I (1 — 5y + F (1), (S2)
0
where (1) = & fOAt dse~®2+Nsg(r — g) is the noise term and Ar = ¢ — fp. Under the approximation of coarse grain-
ing (T4 > At > T¢), the first term on the right-hand side (RHS) of Eq. (S2) vanishes, and it can be shown that
EOFT(L)) ~ e I 112-i60-1) K St—1). S3
(FOFH)) ~ e ErrEwelldd) (S3)
It would be convenient to choose 7 (1) = —lﬂf(l‘) with
2
g k/4
== S4
€T R4+ A 54
Furthermore, the integral in Eq. (S2) can be expanded in powers of 1/(x/2 + iA). As a result we obtain
L R TC1- i B
alt) ~ —2 42+ F (1) + Ol(k/2 +iN) ). (S5)

K/2+iA (k)2 + i)

As can be seen from Eq. (S5), the retardation effects between the cavity field and atomic variables are included.

II. EXTERNAL MOTION OF ATOMS

In this section we derive the force for the external degrees of freedom, including friction and noise. We will end up with
a classical description of the particles’ external degrees of freedom and derive a Langevin equation for the momenta of the
particles.

The force on the j-th atom F ; is given by

d

Fj= 5 Pj = Tlesin(ks)2 (afa +ale7) + NP (S6)

where AP'"™P represents the random force due to recoil of the incoherent pumping process.
Substituting Eq. (S5) into the above equation , we have

N

d r R r

Tobj ~ hksin(kt)) 5~ (<i6 T + iJ*67) - ksin(ks;) = ) cos(k) (&;&; +0767 - 1o
=1

S7)

N
. C n A N At A— At A
— sin(k;) o ; = [sin(k%)), pu], (0']- 6, +0,0

[\)
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2
where [ i, BL = AB + BA is the anticommutator and the coefficients are
2 2 2 2 2
g°A/2 K LK A=A K J4=A 4w, A
A="5 5 Bi=3 2 TS 5 Pr=i ’ =2 ; 2" (S8)
A+ A A+ A AR A+ A A A+ A

Here N = N v Np "™ js the sum of the noise processes originating from the cavity output Ncav and repumping N‘,’ump.

In the first hne of equatlon (S7) we neglect 51 because in the steady state superradiance regime it holds that Iﬁll(a 707 ~
;(o-/ o)< (0'/ &7 ). This has also been checked numerically. Therefore we get
d d
_ + N R S9
ai?i = P+ Ni 59
where we define the force without noise as
d r Ta ©
R RN Lo U S A R A
Ep? ~ hk sm(kxj)7 (—lO’;J + lJ+O'j) — hk s1n(kx_;)7 Z cos(kx;) (0’}0’1 + O'Zr(Tj)
=1
N (S10)
T
- sin(kfcj)TC > g [sin(k)), pil, (6567 + 6767 +ads o) +B36767) -
=1
We work at the detuning A = «/2 so that 1 is maximized and /3, vanishes. As a result we obtain
d Iﬂc S
LB~k sm(kx,) (ot il ey~ o7 T~ T ey) = sintkiy) - )3 [sintki. pil, (707 +6765) . (S

=1

The first term on the RHS of Eq. (S11) represents forces originating from the adiabatic component of the cavity field, while
the second term represents the frictional force arising from retardation effects. The noise term N ; in equation (S9) gives rise to
momentum diffusion due to quantum noises associated with incoherent processes. So we derive the equations of motion for the
second moments of momenta,

d dp dp’)
7 (mm} <ﬁ(}%> + <d—t’ ﬁ?> + Tch?k*(sin(k£)) sin(k£)675 67 ) + wo ﬂhzk’zuz(é"a“f) (S12)

where ¢ ; is the Kronecker delta, and 12 is the second moment of the dipole radiation pattern, i.e.,
— 1 2
u? = f duN@u)u® = 5 (S13)
-1

where we have taken the dipole pattern N(u) = %lul V1 —u?.

We treat the external atomic motion classically under the assumption that the momentum width of the particles +/(p?) is larger
than the single photon recoil 7ik. So we make the mapping (p;) — p; and (X;) — x;. As a result this leads to

d d
D= +&, (S14)

with
d; = hik sin(kx)Tc (Im[(67J )] = Rel(67J7)1) - 51n(kxj)l"ch]Re[(6'+6'l M sin(kx)p, (S15)

=1

where &” is the classical noise acting on the momentum of j-th atom and (fj.’ (NEPV(?)) = D's(t — 1'). The diffusion matrix D7
can be computed by making quantum-classical correspondence for the second moments. According to Eq. (S14),

0
d _ odp? pj it
E(le’l) = <Pj—dt + dt +D (S16)

We use symmetric ordering of quantum operators for the quantum-classical correspondence, i.e., 5 <[ﬁ i %] > < pj ddI;1>
Matching Eq. (S12) and Eq. (S16), we get

= T ch?k? sin(kx;) sin(kx)Re[(67 677)] + wo ik 2u(6567) . (S17)
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3
Therefore, we could simulate the external motion of atoms with Eq. (S14) and the equation of motion for x;
d Pj
—Xxj=—. S18
T m (518)

The classical noises .ff with diffusion matrix D// make sure that we have the right second order moments for momenta.

III. INTERNAL DYNAMICS OF ATOMS

For the complete simulation of the atomic variables we also need to derive an equation for the internal degrees of freedom.
In this section we will derive the equations of motions for the spins in which we drop third-order cumulants. For the internal
dynamics of atoms in a superradiant laser, it is sufficient to keep the first order term in Eq. (S5),

alt) ~ —i%f‘ - %j- +F@). (S19)

Here, retardation effects are not included because they give rise to corrections that are of higher order and their contribution is
negligible. This was also checked numerically. The adiabatic elimination of the cavity field leads to an effective quantum master
equation for the atomic spins only

N 1
d 1. A o
<= (A pl+ T Ll lp+w Y f duN ) L16e¥ 5. (520)
arl” " in o !
where the Hamiltonian H.¢ = —h%f *J~ describes the coherent coupling between each pair of atoms, and the collective decay

[term [ £[J~]in Eq. (S20)] leads to dissipative coupling. We want to emphasize that this atomic master equation is not sufficient
for the external degrees of freedom, which are treated in section II separately, and for which retardation eftfects are not negligible.

The spin degrees of freedom of atoms scale exponentially with the number of atoms. To solve Eq. (S20), we thus use a
semiclassical approximation that is applicable to large atom numbers in the steady-state superradiance [S1, S2]. Cumulants for
the expectation values of spin operators are expanded to second order. Because of the U(1) symmetry, (6‘?} = 0. Therefore, all

nonzero observables are expanded in terms of (é’}é’j) and (6’}6’,’) (j # I). Their equations of motion can then be found from
the effective master equation,

d . ._ e 1 . s 1 . e
E(O’;Oﬂ) w(l — <O';~r0'j ) — E(FC +ilA) cos(k)g){]*o'j) - E(FC - 1I“A)cos(kxj)(0'}r] )

d 1 . o F A A 1 . oAz ad P
{707 = =w(T67) + 5 (Tc +iln) cos(k (T 67 675) + 5 (T = L) cos(kin}a07 /)

(S21)
~ = (w+ (Tc + iTa) cos’(k (6675 ) + (T — iTa) cos> (k&6 67)) (6567

1 A 1 .
+ E(FC +ila) cos(kfcj)(2<6';6'j’-) -ty + E(FC — iTa) cos(k))(2(6) 07) — 1)(6‘}]’),

describing the population inversion and spin-spin correlation respectively. In deriving Eq. (S21), we have dropped the third-order
cumulants. In the simulations we integrate (S14), (S18) and (S21) simultaneously.

[S1] D. Meiser and M. J. Holland, Phys. Rev. A 81, 033847 (2010); ibid. 81, 063827 (2010).
[S2] Minghui Xu, D. A. Tieri, E. C. Fine, J. K. Thompson, and M. J. Holland, Phys. Rev. Lett. 113, 154101 (2014).



Conclusions & outlook

Summary of results

This thesis investigates long-range interactions, acting on atomic ex-
ternal and/or internal degrees of freedom. Those interactions are induced
by a common coupling to a lossy cavity mode. The major part of this
thesis considers atoms that are exposed to a transverse coherent laser
drive (Chapters 1-6), while the latter is replaced by an incoherent drive in
Chapter 7. These setups represent driven-dissipative long-range interacting
systems, realized in cavity quantum electrodynamics.

For the case of laser-driven atoms in an optical cavity, this work con-
tains the explicit derivation of a self-consistent theory that treats the cavity
field fully quantum-mechanically [74]. Such an approach is crucial below
the self-organization threshold, when the atoms form a homogeneous spatial
distribution and the scattered photons destructively interfere, such that the
cavity field is close to the vacuum® [67].

The treatment in this thesis relies on a semiclassical limit for the atomic
motion, in which a time-scale separation between the dynamics of atomic
motion and cavity field can be identified |74, 96]. This is consistent when
the rate of photon losses s is much larger than the recoil frequency w,
of the atoms, k > w,. This approach delivers a Fokker-Planck equation
for the atomic motion only, the intracavity (quantum) field being elim-
inated quasiadiabatically and in a consistent manner. Inspection of the
steady state of this Fokker-Planck equation? shows that the final atomic
momentum distribution is a Gaussian whose width can be identified with

!Therefore, it complements several theoretical studies that assume a large intracavity
photon number (semiclassical limit for the cavity field) [43, 45, 66], which is arguable in
this regime.

*The steady state is determined analytically only in the limit NU < & [64, 77, 88],
with N the number of atoms and U the dynamical Stark shift.
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a temperature, in accordance to former treatments [43]. It is worth to
point out that, in the present approach, temperature is not an external
parameter [66], but the result of photon scattering processes associated to
the driven-dissipative dynamics in the long-time limit. The steady state,
interestingly, obeys the form of a canonical distribution, characterized by
a long-range interacting Hamiltonian and a temperature [64, 77]. This
implies that the driven-dissipative dynamics, in the long-time limit, drives
the system to thermal equilibrium, allowing for the appliance of standard
concepts of statistical mechanics. By defining a convenient order parameter
© [66] and an explicit mapping of the free energy to a Landau model
[76], the transition to spatially ordered patterns has been identified as a
second-order phase transition [77].

The dynamics at steady state has been studied by numerical simula-
tions? [36, 82, 83]. On the one hand, those studies have focused on the
stability of the Bragg gratings [77]. The statistics of its residence time
(trapping times [75]) has been analysed, including the characterization of
the time scale (jumping times) required for the dynamical switching [45]
between Bragg gratings. While this switching between spatial patterns for
laser-driven atoms is induced by thermal fluctuations, we have shown that
a deterministic (desired) switching can be tailored by a proper phase choice
of an additional cavity laser drive [87]. On the other hand, for the case of
laser-driven atoms, the properties of the light field, which give information
on the spatial density [67, 97], have been analysed in detail. This analysis
includes the intracavity photon number, the photon statistics and spectrum
of the cavity output [64, 77, 88]. For the considered setup, remarkable
similarities can be identified in observations with atoms in the ultracold
regime [67, 72, 98, 99|.

This thesis further provides new insight in the onset of self-organization,
observed after a quench (sudden change in the laser intensity, for instance)
from the homogeneous into the ordered phase in the driven-dissipative
system |64, 78|. The long-range character of the intrinsically present
dissipative forces [89] is crucial for the features that we observe in the
long-term dynamics. First, after a fast relaxation, that can be well de-
scribed by a Vlasov instability [35, 88, 100, 101], the system evolves into a
prethermalized stage, being characterized by a non-Gaussian (non-thermal)
momentum distribution. This initial dynamics can be well approximated by
a mean-field dynamics, derived from a mean-field treatment |78, 88]. Even
though this mean-field description well captures both the initial dynamics
and the steady state (for large atomic ensembles), it fails in predicting the
long-term behavior in the relaxation dynamics towards steady state. It
has been verified that the peculiar long-range character of the dissipative

3In this thesis, numerical simulations have mainly been performed with MATLAB.
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dynamics can push the system even further away from equilibrium, ulti-
mately leading to larger relaxation time scales than those of the mean-field
approach [78, 88|. Furthermore, we have shown that, in a properly defined
thermodynamic limit [64], these features persist and even longer relax-
ation times are expected when increasing the size of the atomic ensemble [78].

On the basis of these findings we identify several questions, which we
discuss in the following.

Open questions & Outlook

Besides the assumption of thermal atoms in a bad cavity, summarized
by the condition xk > w,, the steady state of self-organization has been
derived in the regime far from optical bistability, [NU| < k. While effects
of those virtual scattering processes scaling with U have been discarded
in the derivation of the analytical steady state, they have been taken into
account in a consistent manner in the numerical simulations, at the same
footing as retardation effects [77]. Taking into account further corrections
in this optomechanical coupling (in the adiabatic cavity limit) results
in cavity-mediated forces which can not be derived from a conservative
potential [18]. The resulting nonlinear dynamics might result in a steady
state that does not fulfill detailed balance, thus being out-of-equilibrium.
Optical bistability [24] is expected to be observable for large field intensities
and can result in oscillatory behavior. Similar observations have been made
in theoretical studies for a laser-driven BEC in the regime |NU| ~ « [73].

Indeed, a series of experiments for an ensemble of laser-driven atoms
has been realized in the ultracold regime, loading a Bose-Einstein conden-
sate into a resonator [37, 47, 67, 70, 72, 102]. Here, the transition to a
grating can be mapped to a Dicke model and with it to a second-order
phase transition [37, 38, 47|. In comparison to the model of thermal atoms
in this thesis, remarkable qualitative (and to some extent quantitative)
agreement is found, for instance, for the intracavity photon number, the
photon statistics or the spectrum at the cavity output [67, 72]. At least,
this implies the question in how far matter-wave coherence is crucial for the
observed phenomena [103]. The analogies are indeed surprising, since the
semiclassical model is outside the regime of validity in the ultracold realm
[74]. Nevertheless, in the experiments performed in Refs. [37, 47, 67, 72]
at the ETH in Ziirich, the condition x > w;, for which the semiclassical
model predicts thermal equilibrium in the long-time limit, is met. In
this treatment and for such a large atomic ensemble (N ~ 10°), however,
relaxation times towards steady state in the order of several seconds are
expected [78]. Such experimental time scales are hardly accessible due
to other loss processes which have not been accounted for in this model.
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This arises the question in how far the steady state, predicted by the
semiclassical model and due to the dissipative dynamics, can be reached
in those experiments. Furthermore, phase diagrams are often recorded by
(slow) ramps in the intensity (or detuning) [37, 104]. In the semiclassical
regime, as has been shown, (sudden) changes in the control parameter
usually result in the creation of metastable states that, only in the long-time
limit, evolve towards steady state [78]. Evidence of such metastable states
might play a role in recently measured hysteresis behaviors [104]. We remind
that the dynamics is governed by the interplay of long-range dispersive and
dissipative forces, the latter scaling the rate for reaching the ultimate steady
state. The semiclassical model reveals that both dispersive and dissipative
forces scale with the laser intensity, while the dissipative ones can be
suppressed by large laser detunings (|A.| > k [104]), resulting in even more
prolonged relaxation times. In this regime, it would be interesting to verify
whether prethermalization due to conservative (dispersive) forces might be
dominant.



Bibliography

1]

2]

3]

[4]

[5]

6]

7]

18]

9]

[10]

[11]

E. A. Cornell and C. E. Wieman, Nobel Lecture: Bose-FEinstein conden-
sation in a dilute gas, the first 70 years and some recent experiments,
Rev. Mod. Phys. 74, 875 (2002).

W. Ketterle, Nobel lecture: When atoms behave as waves: Bose-Finstein
condensation and the atom laser, Rev. Mod. Phys. 74, 1131 (2002).

D. J. Wineland and W. M. Itano, Laser cooling of atoms, Phys. Rev. A
20, 1521 (1979).

S. Stenholm, The semiclassical theory of laser cooling, Rev. Mod. Phys.
58, 699 (1986).

P. D. Lett, W. D. Phillips, S. L. Rolston, C. E. Tanner, R. N. Watts, and
C. I. Westbrook, Optical molasses, J. Opt. Soc. Am. B 6, 2084 (1989).

C. N. Cohen-Tannoudji, Nobel Lecture: Manipulating atoms with pho-
tons, Rev. Mod. Phys. 70, 707 (1998).

W. D. Phillips, Nobel Lecture: Laser cooling and trapping of neutral
atoms, Rev. Mod. Phys. 70, 721 (1998).

S. Chu, Nobel Lecture: The manipulation of neutral particles, Rev. Mod.
Phys. 70, 685 (1998).

R. Grimm, M. Weidemiiller, and Y. B. Ovchinnikov, Optical Dipole
Traps for Neutral Atoms, Adv. At. Mol. Opt. Phys. 42, 95 (2000).

H. J. Metcalf and P. van der Straten, Laser cooling and trapping of
atoms, J. Opt. Soc. Am. B 20, 887 (2003).

I. Bloch, J. Dalibard, and W. Zwerger, Many-body physics with ultracold
gases, Rev. Mod. Phys. 80, 885 (2008).



104

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

[25]

P. Horak, G. Hechenblaikner, K. M. Gheri, H. Stecher, and H. Ritsch,
Cavity-Induced Atom Cooling in the Strong Coupling Regime, Phys. Rev.
Lett. 79, 4974 (1997).

P. W. H. Pinkse, T. Fischer, P. Maunz, and G. Rempe, Trapping an
atom with single photons, Nature 404, 365 (2000).

P. Domokos and H. Ritsch, Mechanical effects of light in optical res-
onators, J. Opt. Soc. Am. B 20, 1098 (2003).

J. McKeever, J. R. Buck, A. D. Boozer, A. Kuzmich, H.-C. Négerl,
D. M. Stamper-Kurn, and H. J. Kimble, State-Insensitive Cooling and

Trapping of Single Atoms in an Optical Cavity, Phys. Rev. Lett. 90,
133602 (2003).

P. Maunz, T. Puppe, 1. Schuster, N. Syassen, P. W. H. Pinkse, and G.
Rempe, Cavity cooling of a single atom, Nature 428, 50 (2004).

K. Murr, Large Velocity Capture Range and Low Temperatures with
Cavities, Phys. Rev. Lett. 96, 253001 (2006).

H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, Cold atoms in
cavity-generated dynamical optical potentials, Rev. Mod. Phys. 85, 553
(2013).

M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Cavity optome-
chanics, Rev. Mod. Phys. 86, 1391 (2014).

J. Larson, S. Fernandez-Vidal, G. Morigi, and M. Lewenstein, Quantum
stability of Mott-insulator states of ultracold atoms in optical resonators,
New J. Phys. 10, 045002 (2008).

A. T. Black, J. K. Thompson, and V. Vuletié¢, Collective light forces on
atoms in resonators, J. Phys. B 38, S605 (2005).

B. Nagorny, Th. Elsésser, and A. Hemmerich, Collective Atomic Motion
i an Optical Lattice Formed Inside a High Finesse Cavity, Phys. Rev.
Lett. 91, 153003 (2003).

S. Gupta, K. L. Moore, K. W. Murch, and D. M. Stamper-Kurn, Cav-
ity Nonlinear Optics at Low Photon Numbers from Collective Atomic
Motion, Phys. Rev. Lett. 99, 213601 (2007).

S. Ritter, F. Brennecke, K. Baumann, T. Donner, C. Guerlin, and T.
Esslinger, Dynamical coupling between a Bose-FEinstein condensate and
a cavity optical lattice, Appl. Phys. B 95, 213 (2009).

M. Xu, D. A. Tieri, E. C. Fine, J. K. Thompson, and M. J. Holland,
Synchronization of Two Ensembles of Atoms, Phys. Rev. Lett. 113,
154101 (2014).



BIBLIOGRAPHY

105

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

E. Tesio, G. R. M. Robb, G.-L. Oppo, P. M. Gomes, T. Ackemann,
G. Labeyrie, R. Kaiser, and W. J. Firth, Self-organization in cold
atomic gases: a synchronization perspective, Phil. Trans. R. Soc. A 372,
20140002 (2014).

C. von Cube, S. Slama, D. Kruse, C. Zimmermann, Ph. W. Courteille,
G. R. M. Robb, N. Piovella, and R. Bonifacio, Self-Synchronization and

Dissipation-Induced Threshold in Collective Atomic Recoil Lasing, Phys.
Rev. Lett. 93, 083601 (2004).

R. Bonifacio and L. De Salvo, Collective atomic recoil laser (CARL) op-
tical gain without inversion by collective atomic recoil and self-bunching
of two-level atoms, Nucl. Instrum. Methods Phys. Res., Sect. A 341,
360 (1994).

G. Labeyrie, E. Tesio, P. M. Gomes, G.-L. Oppo, W. J. Firth, G. R.
M. Robb, A. S. Arnold, R. Kaiser, and T. Ackemann, Optomechanical
self-structuring in a cold atomic gas, Nature Photonics 8, 321 (2014).

G. R. M. Robb, E. Tesio, G.-L.. Oppo, W. J. Firth, T. Ackemann, and
R. Bonifacio, Quantum Threshold for Optomechanical Self-Structuring
in a Bose-Einstein Condensate, Phys. Rev. Lett. 114, 173903 (2015).

P. Miinstermann, T. Fischer, P. Maunz, P. W. H. Pinkse, and G.
Rempe, Observation of Cavity-Mediated Long-Range Light Forces be-
tween Strongly Coupled Atoms, Phys. Rev. Lett. 84, 4068 (2000).

F. Dimer, B. Estienne, A. S. Parkins, and H. J. Carmichael, Proposed
realization of the Dicke-model quantum phase transition in an optical
cavity QED system, Phys. Rev. A 75, 013804 (2007).

R. Bachelard, T. Manos, P. de Buyl, F. Staniscia, F. S. Cataliotti, G.
De Ninno, D. Fanelli, and N. Piovella, Ezperimental perspectives for
systems based on long-range interactions, J. Stat. Mech. (2010) P06009.

M. P. Baden, K. J. Arnold, A. L. Grimsmo, S. Parkins, and M. D.
Barrett, Realization of the Dicke Model Using Cavity-Assisted Raman
Transitions, Phys. Rev. Lett. 113, 020408 (2014).

A. Campa, T. Dauxois, and S. Ruffo, Statistical mechanics and dynam-
ics of solvable models with long-range interactions, Phys. Rep. 480, 57
(2009).

J. A. Acebron, L. L. Bonilla, C. J. Pérez Vicente, F. Ritort, and R.
Spigler, The Kuramoto model: A simple paradigm for synchronization
phenomena, Rev. Mod. Phys. 77, 137 (2005).



106

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

[50]

K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Dicke
quantum phase transition with a superfluid gas in an optical cavity,
Nature 464, 1301 (2010).

D. Nagy, G. Kénya, G. Szirmai, and P. Domokos, Dicke-Model Phase
Transition in the Quantum Motion of a Bose-Finstein Condensate in
an Optical Cavity, Phys. Rev. Lett. 104, 130401 (2010).

D. Nagy, G. Szirmai, and P. Domokos, Critical exponent of a quantum-
noise-driven phase transition: The open-system Dicke model, Phys. Rev.
A 84, 043637 (2011).

P. Horak and H. Ritsch, Scaling properties of cavity-enhanced atom cool-
ing, Phys. Rev. A 64, 033422 (2001).

H. W. Chan, A. T. Black, and V. Vuleti¢, Observation of Collective-
Emission-Induced Cooling of Atoms in an Optical Cavity, Phys. Rev.
Lett. 90, 063003 (2003).

A. Vukics and P. Domokos, Simultaneous cooling and trapping of atoms
by a single cavity-field mode, Phys. Rev. A 72, 031401(R) (2005).

W. Niedenzu, T. Griefser, and H. Ritsch, Kinetic theory of cavity cooling
and self-organisation of a cold gas, Europhys. Lett. 96, 43001 (2011).

O. S. Mishina, Cavity cooling of an atomic array, New J. Phys. 16,
033021 (2014).

P. Domokos and H. Ritsch, Collective Cooling and Self-Organization of
Atoms in a Cavity, Phys. Rev. Lett. 89, 253003 (2002).

D. Meiser and M. J. Holland, Steady-state superradiance with alkaline-
earth-metal atoms, Phys. Rev. A 81, 033847 (2010).

K. Baumann, R. Mottl, F. Brennecke, and T. Esslinger, Exploring Sym-
metry Breaking at the Dicke Quantum Phase Transition, Phys. Rev.
Lett. 107, 140402 (2011).

K. J. Arnold, M. P. Baden, and M. D. Barrett, Self-Organization Thresh-
old Scaling for Thermal Atoms Coupled to a Cavity, Phys. Rev. Lett.
109, 153002 (2012).

M. Buchhold, P. Strack, S. Sachdev, and S. Diehl, Dicke-model quantum
spin and photon glass in optical cavities: Nonequilibrium theory and
experimental signatures, Phys. Rev. A 87, 063622 (2013).

Emanuele G. Dalla Torre, S. Diehl, M. D. Lukin, S. Sachdev and P.
Strack, Keldysh approach for nonequilibrium phase transitions in quan-
tum optics: Beyond the Dicke model in optical cavities, Phys. Rev. A
87, 023831 (2013).



BIBLIOGRAPHY

107

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

L. M. Sieberer, M. Buchhold, and S. Diehl, Keldysh Field Theory for
Driven Open Quantum Systems, preprint arXiv:1512.00637 (2015).

M. C. Cross and P. C. Hohenberg, Pattern formation outside of equilib-
rium, Rev. Mod. Phys. 65, 851 (1993).

M. J. Bhaseen, J. Mayoh, B. D. Simons, and J. Keeling, Dynamics of
nonequilibrium Dicke models, Phys. Rev. A 85, 013817 (2012).

M. Antoni and S. Ruffo, Clustering and relazation in Hamiltonian long-
range dynamics, Phys. Rev. E 52, 2361 (1995).

K. Jain, F. Bouchet, and D. Mukamel, Relazation times of unstable
states in systems with long range interactions, J. Stat. Mech. (2007)
P11008.

M. Joyce and T. Worrakitpoonpon, Quasistationary states in the self-
gravitating sheet model, Phys. Rev. E 84, 011139 (2011).

Y. Levin, R. Pakter, F. B. Rizzato, T. N. Teles, and F. P. C. Benetti,
Noneguilibrium statistical mechanics of systems with long-range inter-
actions, Phys. Rep. 535, 1 (2014).

T. M. Rocha Filho, A. E. Santana, M. A. Amato, and A. Figueiredo,
Scaling of the dynamics of homogeneous states of one-dimensional long-
range interacting systems, Phys. Rev. E 90, 032133 (2014).

S. Gupta and D. Mukamel, Slow Relazation in Long-Range Interacting
Systems with Stochastic Dynamics, Phys. Rev. Lett. 105, 040602 (2010).

P.-H. Chavanis, F. Baldovin, and E. Orlandini, Noise-induced dynamical
phase transitions in long-range systems, Phys. Rev. E 83, 040101 (2011).

B. Olmos, 1. Lesanovsky, and J. P. Garrahan, Facilitated Spin Models
of Dissipative Quantum Glasses, Phys. Rev. Lett. 109, 020403 (2012).

P. H. Chavanis, The Brownian mean field model, Eur. Phys. J. B 87,
120 (2014).

C. Nardini, S. Gupta, S. Ruffo, T. Dauxois, and F. Bouchet, Kinetic
theory of nonequilibrium stochastic long-range systems: phase transition
and bistability, J. Stat. Mech. (2012) P12010.

S. Schiitz and G. Morigi, Prethermalization of Atoms Due to Photon-
Mediated Long-Range Interactions, Phys. Rev. Lett. 113, 203002 (2014).

R. Frisch, FEzperimenteller Nachweis des Einsteinschen Strahlungsriick-
stofles, Zeitschrift fiir Physik 86, 42 (1933).



108

[66]

[67]

[68]

[69]

[70]

[71]

72]

73]

[74]

|75]

[76]

[77]

78]

J. K. Asboth, P. Domokos, H. Ritsch, and A. Vukics, Self-organization
of atoms in a cavity field: Threshold, bistability, and scaling laws, Phys.
Rev. A 72, 053417 (2005).

F. Brennecke, R. Mottl, K. Baumann, R. Landig, T. Donner, and T.
Esslinger, Real-time observation of fluctuations at the driven-dissipative
Dicke phase transition, PNAS 110, 11763 (2013).

S. Fernandez-Vidal, G. De Chiara, J. Larson, and G. Morigi, Quantum
ground state of self-organized atomic crystals in optical resonators, Phys.
Rev. A 81, 043407 (2010).

A.T.Black, H. W. Chan, and V. Vuleti¢, Observation of Collective Fric-
tion Forces due to Spatial Self-Organization of Atoms: From Rayleigh
to Bragg Scattering, Phys. Rev. Lett. 91, 203001 (2003).

R. Mottl, F. Brennecke, K. Baumann, R. Landig, T. Donner, and T.
Esslinger, Roton-Type Mode Softening in a Quantum Gas with Cavity-
Mediated Long-Range Interactions, Science 336, 1570 (2012).

F. Piazza and P. Strack, Quantum kinetics of ultracold fermions coupled
to an optical resonator, Phys. Rev. A 90, 043823 (2014).

R. Landig, F. Brennecke, R. Mottl, T. Donner, and T. Esslinger, Mea-
suring the dynamic structure factor of a quantum gas undergoing a
structural phase transition, Nature Communications 6, 7046 (2015).

F. Piazza and H. Ritsch, Self-Ordered Limit Cycles, Chaos, and Phase
Slippage with a Superfluid inside an Optical Resonator, Phys. Rev. Lett.
115, 163601 (2015).

S. Schiitz, H. Habibian, and G. Morigi, Cooling of atomic ensembles in
optical cavities: Semiclassical limit, Phys. Rev. A 88, 033427 (2013).

P. Domokos, P. Horak, and H. Ritsch, Semiclassical theory of cavity-
assisted atom cooling, J. Phys. B 34, 187 (2001).

L. D. Landau and E. M. Lifshitz, Statistical Physics (Pergamon, Oxford,
U.K., 1958).

S. Schiitz, S. B. Jéiger, and G. Morigi, Thermodynamics and dynamics
of atomic self-organization in an optical cavity, Phys. Rev. A 92, 063808
(2015).

S. Schiitz, S. B. Jiger, and G. Morigi, Dissipation-assisted prether-
malization in long-range interacting atomic ensembles, submitted to
Phys. Rev. Lett.; see also arXiv:1512.05243 (preprint), Relazation after
quenches in systems with photon-mediated long-range interactions (This
manuscript has been substantially revised during the review process).



BIBLIOGRAPHY

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

M. Joyce, J. Morand, and P. Viot, Attractor nonequilibrium stationary
states in perturbed long-range interacting systems, Phys. Rev. E 93,
052129 (2016).

W. P. Schleich, Quantum Optics in Phase Space (Wiley-VCH, Berlin,
2001), First edition.

H. Risken, The Fokker-Planck Equation (Springer-Verlag, Berlin, 1989),
Second edition.

W. Riimelin, Numerical Treatment of Stochastic Differential Equations,
STAM (Soc. Ind. Appl. Math.) J. Numer. Anal. 19, 604 (1982).

P. E. Kloeden and E. Platen, Numerical solution of stochastic differen-
tial equations (Springer-Verlag, Berlin, 1992), First edition.

G. Hechenblaikner, M. Gangl, P. Horak, and H. Ritsch, Cooling an atom
in a weakly driven high-@Q cavity, Phys. Rev. A 58, 3030 (1998).

R. M. Sandner, W. Niedenzu, and H. Ritsch, Subrecoil cavity cooling
towards degeneracy: A numerical study, Europhys. Lett. 104, 43001
(2013).

V. Vuleti¢ and S. Chu, Laser Cooling of Atoms, Ions, or Molecules by
Coherent Scattering, Phys. Rev. Lett. 84, 3787 (2000).

W. Niedenzu, S. Schiitz, H. Habibian, G. Morigi, and H. Ritsch, Seeding
patterns for self-organization of photons and atoms, Phys. Rev. A 88,
033830 (2013).

S. B. Jéager, S. Schiitz, and G. Morigi, Mean-field theory of
atomic self-organization in optical cavities, accepted for publication in
Phys. Rev. A; see also arXiv:1603.05148 (preprint).

J. K. Asboth, P. Domokos, and H. Ritsch, Correlated motion of two
atoms trapped in a single-mode cavity field, Phys. Rev. A 70, 013414
(2004).

M. Joyce, J. Morand, F. Sicard, and P. Viot, Scaling Quasistationary
States in Long-Range Systems with Dissipation, Phys. Rev. Lett. 112,
070602 (2014).

M. Xu, S. B. Jager, S. Schiitz, J. Cooper, G. Morigi, and M. J. Holland,
Supercooling of Atoms in an Optical Resonator, Phys. Rev. Lett. 116,
153002 (2016).

D. Meiser and M. J. Holland, Intensity fluctuations in steady-state su-
perradiance, Phys. Rev. A 81, 063827 (2010).



110

[93] T. Salzburger and H. Ritsch, Atomic Self-Trapping Induced by Single-
Atom Lasing, Phys. Rev. Lett. 93, 063002 (2004).

[94] T. Salzburger, P. Domokos, and H. Ritsch, Theory of a single-atom laser
including light forces, Phys. Rev. A 72, 033805 (2005).

[95] T. Salzburger and H. Ritsch, Lasing and cooling in a finite-temperature
cavity, Phys. Rev. A 74, 033806 (2006).

[96] J. Dalibard and C. Cohen-Tannoudji, Atomic motion in laser light: con-

nection between semiclassical and quantum descriptions, J. Phys. B 18,
1661 (1985).

[97] H. Habibian, S. Zippilli, and G. Morigi, Quantum light by atomic arrays
in optical resonators, Phys. Rev. A 84, 033829 (2011).

[98] B. Oztop, M. Bordyuh, O. E. Miistecaphoglu, and H. E. Tiireci, Ez-
citations of optically driven atomic condensate in o cavily: theory of
photodetection measurements, New J. Phys. 14, 085011 (2012).

[99] M. Kulkarni, B. Oztop, and H. E. Tiireci, Cavity-Mediated Near-Critical
Dissipative Dynamics of a Driven Condensate, Phys. Rev. Lett. 111,
220408 (2013).

[100] J. Barré, F. Bouchet, T. Dauxois, S. Ruffo, and Y. Y. Yamaguchi, The
Vlasov equation and the Hamiltonian mean-field model, Physica A 365,
177 (2006).

[101] T. Griefker, H. Ritsch, M. Hemmerling, and G. R. M. Robb, A Viasov
approach to bunching and selfordering of particles in optical resonators,
Eur. Phys. J. D 58, 349 (2010).

[102] J. Klinder, H. Kefler, M. Wolke, L. Mathey, and A. Hemmerich, Dy-
namical phase transition in the open Dicke model, PNAS 112, 3290
(2015).

[103] S. Rist and G. Morigi, Homodyne detection of matter-wave fields, Phys.
Rev. A 85, 053635 (2012).

[104] R. Landig, L. Hruby, N. Dogra, M. Landini, R. Mottl, T. Donner, and
T. Esslinger, Quantum phases from competing short- and long-range
interactions in an optical lattice, Nature 532, 476 (2016).



Danksagung

Mein besonderer Dank gilt Prof. Dr. Giovanna Morigi, insbesondere fiir
die Moglichkeit eine Doktorarbeit {iber dieses Thema zu schreiben, ihr Ver-
trauen und ihre Hingabe, mich wissenschaftlich zu fordern und zu férdern.
Ein stdndiger Wegbegleiter, sowohl auf als auch neben dem Platz, war
fiir mich Christian, ich wiinsche dir weiterhin viel Erfolg! Ich danke vor
allem Hessam und Simon, nicht zuletzt fiir zahlreiche inspirierende wis-
senschaftliche Diskussionen. Zudem konnte ich mich sehr gliicklich schétzen,
dass ich eine lange Zeit ein Biiro mit Susanne teilen durfte. Sie war stets
hilfsbereit und aufmerksam, meine Kollegen diirften diese Ansicht mehr
als teilen. Unter diesen mdochte ich mich, in Besonderem fiir die jiin-
gere Zeit, bei Ralf, Luigi, Katharina und Florian bedanken. Auch meine
Anfangszeit wurde mir durch die herzliche Unterstiitzung von Jens und
Sergey leicht gemacht. Insgesamt hatte ich das Vergniigen eine sehr offene,
eingeschworene und sympathische Arbeitsgruppe anzutreffen, nicht zuletzt
durch unvergessene Maiausfliige. Einen grofsen Anteil an diesem Zustand
hatte ohne Zweifel Marc Bienert, Essenszeiten sollten eingehalten werden.
Ein dickes Dankeschon fiir die intensive Zeit sowohl an Cecilia, Endre, Oxana,
Mossy, Mauricio, Rick und Bruno als auch an Rebecca, Tim, Andreas,
Tristan, Timo und Sascha. Es ist klar, dass solche Gruppen nicht ohne
biirokratischen Beistand funktionieren kénnen, wie er von Monika Francois
und Ingeborg Michel in herzlicher Form gegeben wurde.

Fiir einen angeregten wissenschaftlichen Austausch wihrend der letzten
Jahre danke ich insbesondere Wolfgang, Francesco, Cesare, Reza, Matthias
Wolke, Malte Henkel und Giovanni Manfredi. Great thanks to Minghui and
Murray Holland for your kind hospitality!

Fiir die Begleitung und Unterstiitzung, besonders in schwierigeren Zeiten,
danke ich meinen Eltern Eva und Georg als auch meinen Briidern Michael
und Markus. Ich bin sehr froh, dass wir einander haben. Gute Freund-
schaften sind selten und unersetzlich, danke Marco und Sebastian. Ich habe
keine Ahnung, ob ich so viel Geduld und Verstédndnis mit mir in nicht sel-
ten stressigen Phasen hétte aufbringen kénnen, umso mehr danke ich Katja
dafiir, dass sie es getan hat und nicht zuletzt durch Unterstiitzung im Alltag
in jeglicher Hinsicht zum Abschluss und méglichen Gelingen dieser Arbeit
beigetragen hat.



	Introduction
	Cooling of atomic ensembles in optical cavities: Semiclassical limit
	Prethermalization of Atoms Due to Photon-Mediated Long-Range Interactions
	Thermodynamics and dynamics of atomic self-organization in an optical cavity
	Seeding patterns for self-organization of photons and atoms
	Mean-field theory of atomic self-organization in optical cavities
	Dissipation-assisted prethermalization in long-range interacting atomic ensembles
	Supercooling of Atoms in an Optical Resonator
	Conclusions & outlook
	Bibliography

