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Abstract

This thesis contains several theoretical studies on optomechanical systems,
i.e. physical devices where mechanical degrees of freedom are coupled with
optical cavity modes. This optomechanical interaction, mediated by radiation
pressure, can be exploited for cooling and controlling mechanical resonators
in a quantum regime.

The goal of this thesis is to propose several new ideas for preparing meso-
scopic mechanical systems (of the order of 10'® atoms) into highly non-classical
states. In particular we have shown new methods for preparing optomechani-
cal pure states, squeezed states and entangled states. At the same time, proce-
dures for experimentally detecting these quantum effects have been proposed.
In particular, a quantitative measure of non classicality has been defined in
terms of the negativity of phase space quasi-distributions. An operational al-
gorithm for experimentally estimating the non-classicality of quantum states
has been proposed and successfully applied in a quantum optics experiment.

The research has been performed with relatively advanced mathematical
tools related to differential equations with periodic coefficients, classical and
quantum Bochner’s theorems and semidefinite programming. Nevertheless the
physics of the problems and the experimental feasibility of the results have

been the main priorities.
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Introduction

What is quantum optomechanics?

The aim of this thesis is to theoretically investigate the possibility of induc-
ing and observing quantum effects in mesoscopic mechanical systems. Most
of the investigation is focused on the prototypical experimental scenario of a
mechanical resonator coupled to quantum light modes. The study of this kind
of setting became in the last decades a very flourishing research field called
quantum optomechanics [6l, [7]. Probably the main question that strongly mo-
tivates the scientific effort in this field is the following: at which mass and
length scales do mechanical systems behave according to quantum mechanics
rather than to classical mechanics? This question can be interpreted in two
different ways which are both interesting and stimulating. One point of view
is to better understand some fundamental aspects of quantum mechanics, in
particular the controversial origin of decoherence or more generally the tran-
sition from the quantum to the classical world. On the other hand, one can
look at the same question more pragmatically as a technical challenge to push
the limits of quantum controllability over larger and larger systems. This sec-
ond point of view can be well expressed by quoting A. Zeilinger: “The border
between classical and quantum phenomena is just a question of money” [§].
In any case, whatever it is the philosophical approach, the previous question
is worth being tackled and the aim of thesis is to give a contribution to this
challenge by providing new methods for preparing and rigorously detecting

macroscopic quantum states of mechanical degrees of freedom.

One of the more interesting and promising ways in which a mechanical
system can interact with an optical or microwave field is via the phenomenon
of radiation pressure. The simple reflection of a light beam on a mechanical
system can transfer a very weak momentum to it. This was assumed for
the first time by Kepler in order to justify the characteristic bending of the

tails of comets and later theoretically established within the framework of
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Maxwell equations [I1]. From a classical point of view, the radiation pressure
interaction is nowadays well known and also conveniently applied: see for
example the recently launched spacecraft IKAROS making use of the solar
pressure as main propulsion [10].

Probably the first intersection of the concept of radiation pressure with
quantum mechanics can be traced back to a Gedankenezperiment proposed by
Einstein in 1909 [12] where, for the first time, the concept of single quanta
of light exchanging momentum with a moving membrane was prophetically
introduced. Much later, in 1970, Braginsky studied the quantum fundamental
limits that radiation pressure induces when sensing mechanical motion with
light [13]. However, only in the last twenty years, thanks to the theoretical
background of quantum optics and to the experimental progress in micro and
nano-technologies, the research field of optomechanics strongly emerged and
acquired the large scientific attention that it has in our days [0, [7]. After several
pioneering theoretical ideas related to mechanical Kerr effects [14], [15], photon
number measurements [16], laser cooling [17] and mechanical superpositions
[18], many experiments where done involving micro and nano-mechanical res-
onators controlled closer and closer to their quantum regime [19, 20} 211, 22, 23].
Only very recently one of the most exciting quest in the context of quantum
optomechanics has been reached by several experimental groups: the cool-
ing of a mesoscopic mechanical resonator down to its quantum ground state
[24, 25 26]. The present experimental ability to achieve high level of mechan-
ical purity and control is opening the road to many other research directions
like non-classical state preparation [27], quantum transducers [30], optome-
chanical entanglement [28] 29] etc.. It is exactly this relatively short distance
between theoretical ideas and experiments, together with the wide range of
possible applications, what makes the field of quantum optomechanics partic-

ularly lively and attractive.

Structure of the thesis

This is a cumulative thesis and it is structured in the following way: two in-
troductory chapters, five attached publications [I], 2, 8] 4, [5] (in their original
layout) and a final discussion. The first two chapters have the role of intro-
ducing the reader to the main concepts and methods of this thesis. The first
chapter is an introduction to the theory of optomechanics, setting the stage
for a quantum mechanical description of these devices. The second chapter

contains a brief overview of mathematical methods used within the various
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publications: phase space methods, classical and quantum Bochner’s theo-
rems and differential equations with periodic coefficients. The publications
are attached in a chronological order with respect to their submission date. In
the conclusion all the publications are schematically summarized and followed
by a general discussion connecting the different results and giving the global

motivation of the thesis.
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Chapter 1

Quantum theory of

optomechanics

1.1 Fabry-Pérot cavity with a moving mirror

The canonical model of an optomechanical device is an optical cavity where
one mirror is fixed while the other one is free to move in a harmonic poten-
tial (see Fig. [1.1). One of the optical modes is driven with a laser and the
light inside the cavity will push the mirror due to radiation pressure. At the
same time, any movement of the mirror will change the length of the cavity
modulating the phase of the light. It is the combination of these two mech-
anisms that, if used in a convenient way, can generate a very rich variety of
optomechanical phenomena. Real experimental devices reproducing exactly
this structure have been realized [22], but many other configurations are also

possible: optomechanical micro-toroids [21), 23], optical cavities with vibrating

Detection

Cavity mode Wb

Driving field

Wa

Micromirror

Figure 1.1: Typical model of an optomechanical system. A cavity mode of
frequency w, is driven by a laser. The light mode interacts via radiation
pressure with the mechanical motion of the right mirror. The mirror oscillates

in a harmonic potential of frequency wy.



2 Chapter 1 - Quantum theory of optomechanics

Frequency [MHz]

Schiiesser, Arcizet, Riviére, Anetsberger, Kippenberg, Gréblacher, Hertzberg, Vanner, Cole, Gigan, Schwab, Aspelmeyer,
Nature Physics 5 (2009) Nature Physics 5 (2009)

Figure 1.2: Experimental examples of optomechanical systems. On the left a
micro-toroidal realization of an optomechanical system [21], 23]. On the right
a micro-mirror attached to a cantilever [22] as in the scheme of Fig.

membranes [32], spheres in optical tweezers [31], etc.. Even if experimentally
very different (see e.g. Fig.[1.2), all the mentioned devices can be theoretically
described by the same basic model of Fig.

1.1.1 Coherent dynamics

In a quantum mechanical picture of the setup, the laser driven optical mode
and the mechanical motion of the mirror are formally described by two har-
monic oscillators of frequencies w, and wy with respective creation and anni-
hilation operators a, a' and b, b obeying bosonic commutation rules [a, aT] =
[b,bT] = 1. Since we are dealing with harmonic modes, all the theoretical for-
malism will be essentially the one generally used in quantum optics. It can be
shown [33] that, if wy is much smaller than the free spectral range of the op-
tical cavity, the dynamics of the system is well approximated by the following

Hamiltonian:
H = hwaa'a 4 hwpb™d — hga'a(b + b7) + E(ae™ ™1t + afe™1t), (1.1)

where the first two terms represent the energy of the optical and mechanical
modes, the third term is the interaction potential and the last one describes
the coherent driving of a laser of frequency wj.

By direct inspection of the third term we can recognize a potential of the
form —Fq, where ¢ = (b+ b')/+/2 is the position operator of the mirror and
F' a force pushing the mirror to the right with a modulus proportional to
the intensity Awgala of the light. This is the standard non-linear radiation
pressure interaction that is at the basis of every optomechanical device.

The coupling constant g depends non-trivially on the experimental appa-

ratus and it is usually determined via a direct measurement. However in the
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particular setup of Fig. this coupling can be indirectly estimated [33]:
g="" m%b where L is the length of the cavity and m is the effective mass of
the mechanical mode. In general the coupling constant is very small g << wy,
nevertheless strong effective couplings can be achieved via strong laser pump-

ing, i.e. B >> wy.

1.1.2 Dissipative dynamics

The previous Hamiltonian is a good description of the coherent dynamics how-
ever both the optical and the mechanical modes will be subject to decoherence
and these non unitary processes should also be included in the description of
the system. In the Schrédinger picture, dissipation and decoherence can be
taken into account with a master equation [34] describing the evolution of the

density operator:

1

po= —zlH

+5(nq +1)(2apa’ — alap — pata) + kna(2a'pa — aa’p — paa®)
+y(np + 1)(2bpb" — blbp — pbTb) + yny (2T pb — bbTp — pbb'), (1.2)

where the first line corresponds to the unitary Schrédinger equation while
the second and third lines are responsible for the dissipative processes of the

optical and mechanical modes respectively. The constants x and v are the

optical and mechanical decay rates, while n, = [exp( ]f:i}) —1]7! are the bath

mean occupation numbers at the respective frequencies and at temperature 7T'.

In the previous master equation the dissipative structure of the mechanical
mode is assumed to be the same of the optical mode. This is a justified
approximation if we are dealing with good mechanical quality factors wp >> ~.
A more realistic model for the mechanical decoherence is that of quantum
Brownian motion [34] where the symmetry between the mechanical position
operator ¢ = (b+b')y/2 and the momentum operator p = i(bf —b)+/2 is broken.
This symmetry breaking is motivated by the classical intuition that mechanical
friction and noise are invariant for spatial translations and are related only to
the velocity of the system. More rigorously, from a microscopic model of a
large bath of harmonic oscillators coupled to the mechanical mirror, a quantum
analogue of classical Langevin equations can be derived well reproducing the
mechanical dissipation and decoherence [34, 29]. This is a set of Heisenberg

equations of motion of the system operators that can be used in place of the
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previous master equation:

= WD, (13)
p = —wyqg—2yp+gata+g (1.4)
a = —(k+iwg)a+iv2gaq + Ee ™" 4 /2ka™, (1.5)

where £ and " are noise operators modeling the sources of mechanical and op-
tical fluctuations. These noise operators are assumed to be Gaussian, i.e. com-

pletely described by their first and second order correlation functions which

() = (a"(1) = 0, (L6)

EWEX) = (@4 105 —1) +isst -], ()
(@B () = (ng+1)5(t —t), (18)
(@"(®an(t)) = s(t—1), (L9)

and all the other second order correlations are zero.

In the limit of w,, — oo, these quantum Langevin equations become equiv-
alent to the master equation . Both the Schrédinger and Heisenberg pic-
ture approaches introduced in this section are used as starting points in most

of the publications included in this thesis.



Chapter 2

Mathematical tools

This chapter contains an introductory overview of the main mathematical

methods which have been used in the attached publications.

2.1 The Wigner function

The Wigner function [34] 35], 36], B7] is a mathematical description of a quan-
tum state that is particularly convenient in quantum optics, optomechanics
and more generally each time the system under investigation is described in
terms of continuous variable operators like position and momentum. The main
idea is to associate to a quantum state something similar to a phase space dis-
tribution. The Wigner function is the closest quantum analogue of a phase
space density in the sense that it is a phase-space function that contains all
the information that we can have about a quantum state. However, differently
form its classical counterpart, the Wigner function can have negative values
in some small phase space regions at the quantum scale of A. It is exactly the
negativity of this function that it is often used as a figure of merit of “quan-
tumness” of a state. The intuition is that, whenever the Wigner function is
positive, this could be interpreted as a classical probability distribution asso-
ciated to a system described in terms of classical canonical coordinates. The
negativity of the Wigner function can then be used as a reasonable criterion
to distinguish classical states from non-classical ones.

Formally, given N quantum systems, if we define a vector containing the
)T

position and momentum operators R = (q1,p1, 42, p2, .--qN,PN)* We can ex-

press the canonical commutation relations in matrix form

[Ry, Ry) = ok, (2.1)
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where o is the 2N x 2N symplectic matrix given by

N
a:@(_ol é) (2.2)

k=1
Given this vector R of canonical operators, one can introduce a family of

displacement or Weyl operators [36] [37]:
De=e®"7R ¢ e R, (2.3)

Through these operators one can apply to the density matrix p a quantum

analogue of the Fourier transform:

x(§) = Tr(pDe). (2.4)

The function x (&) is called quantum characteristic function and it shares many

properties with its classical counterpart, e.g.:
x(0)

1 2

— d

o | (@)

where the last integral is equal to 1 if and only if the state p is pure. The

1, (2.5)

IN

1, (2.6)

characteristic function maps each operator to a unique function in £? however,
if we want something which is analogous to a probability distribution in a phase
space, we need the inverse Fourier transform of it:

ZN/k@kﬁgﬂﬁ, (2.7)

Wir) = (27)

which is called the Wigner function.

2.1.1 Gaussian states and covariance matrices

A quantum state p is defined to be Gaussian if its characteristic function
(or equivalently its Wigner function) is a Gaussian. Given the displacement
vector d = Tr{pR}, and the symmetrically ordered covariance matrix Vj,; =
Tr{p[Ry — d, Ry — d;]+}, the most general Gaussian characteristic function

can be written as:
X(g) _ efi(ag)TVJ§+idTU£’ (28)

where the first moments d and the second moments V' completely characterize
the state. From the definition (2.7)), the associated Wigner function will also
be Gaussian and equal to [36], 37]:

W(r)=r Ny ze (- "V o(r—d), (2.9)
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where |V| is the determinant of the covariance matrix. Not every Gaussian
function can be a Wigner function of a physical state. The Heisenberg principle

implies the following constraint [36], 37] on the correlation matrix
V +i0 > 0. (2.10)

We have seen that through the Wigner function one can have a rigorous
and complete phase space representation of a quantum state p. In general,
however, it is difficult to compute how the Wigner function behaves when
general quantum operations are applied to p. This problem is much easier if
we consider only Gaussian operations, which are the transformations mapping
Gaussian states into Gaussian states. Since a Gaussian state is determined by
its first and second moments we can completely define a Gaussian operation
via its effect on the correlation matrix V' and on the displacement vector d.
Since strongly driven optomechanical systems evolve according to a Gaussian
dissipative dynamic, this formalism based only on first and second moments is
particularly convenient and it is indeed heavily used in many of the attached

publications.

2.2 Classical and quantum Bochner’s theorems

Classical [40] and quantum [38] [39] Bochner’s theorems are the two main math-
ematical tools used in the publication Directly estimating non-classicality [3].
They are related to characteristic functions and they answer to the following

two questions:

1. How can we test if a characteristic function corresponds to a positive

Wigner function?

2. How can we test if a characteristic function corresponds to a physical

quantum state (i.e. to a positive density matrix)?

Theorem 1 (Classical Bochner’s theorem [40]). A characteristic function x (&)
is the Fourier transform of a positive function (e.g. the Wigner function) if and
only if, for every m € N and for every set of real vectors T' = (£1,&2,...,&m),

the m x m matriz M) with entries

M) = x(& - &) (2.11)

is positive semidefinite, i.e. M(©) > 0.
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(b)

\e

Wap)
0.3 T 0.

0.z

0.1

Figure 2.1: Example of a Wigner function of a non-classical state (b). By
measuring position and momentum distributions only (a), classical and quan-
tum Bochner’s theorems allow to certify the negativity of the Wigner funciton.

This figure is taken from [3].

Theorem 2 (Quantum Bochner’s theorem [38,[39]). A characteristic function
X (&) is the the quantum Fourier transform of a positive operator (e.g. a density
matriz) if and only if, for every m € N and for every set of real vectors
T = (&1,8,...,&m), the m x m matriz MDD with entries

M) = x(& — &)e /2 (2.12)
is positive semidefinite, i.e. M) > 0.

As we have already anticipated, Wigner functions can take negative values.
As a consequence, every quantum state must have a characteristic function
satisfying the quantum Bochner’s theorem but not necessarily the positivity
condition given in the classical version of theorem. This means that a violation
of the semi-positivity of the matrix M(© given in Eq. provides a valid
and rigorous test for the negativity of the Wigner function. This test has
been used in the publication Directly measuring non-classicality [3] in order

to certify and to quantify the non-classicality of continuous variable quantum

states (see Fig. [2.1)).

2.3 Differential equations with periodic coefficients

In the publications Gently modulating optomechanical systems [2] and Opto
and electro-mechanical entanglement improved by modulation [5], a scheme
similar to the one introduced in the previous chapter (see Eq. (|1.1))) has been
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analyzed where the amplitude E of the driving laser is not constant but it has
some periodic time dependence E(t) = E(t + 7) with period 7 > 0. For this
reason several differential equations with periodic coefficients appears in the
equations of motion of the optomechanical system.

In this section we explicitly analyze, abstracting from the original physi-
cal situation, the mathematical properties of differential equations with time

periodic coefficients [41]. Consider a linear first-order system,
&(t) = B(t)x(t), (2.13)

where z(-) is a time dependent vector with n components and B(-) is some
complex square matrix with entries dependent on t > t3 with some ty; > 0.
Then the linear first-order system has a unique solution for x(ty) = x for all

times t > tg. The principal matrix solution is the solution of

P(t,to) = B(t)P(t,to), (2.14)

with P(t,t9) = 1. The solution to the inhomogeneous system & (t) = B(t)z(t)+
g(t), with initial condition z(tg) = zo is given by
t
x(t) = P(t, to)xo —i—/ dsP(t,s)g(s). (2.15)

to

Theorem 3 (Floquet’s theorem [41]). If B(.) is periodic, B(t) = B(t + 7)
for some T > 0 for all t > tg, then the principal matrix solution has the
form P(t,tg) = X(t,tg)et10)Y () where the matrices X(.,.) and Y (.) are
T-periodic in all their arguments and X (to,to) = 1.

The eigenvalues \; of the matrix Y are known as Floquet exponents. A

negative value of A = max; re();) implies asymptotic periodic solutions:

Theorem 4 (Asymptotic periodicity). For stable systems, if both B(.) and
g(.) are T-periodic then, for t —ty > 1 we have

|zt +7) —z@)] < men (¢ —to+ 1)
x (2llzoll + 7 max lg(w)]]),
vel
(2.16)
where n is the dimension of the vector space, I = [0, 7], m = max; ye; | X (¢, )|

and ¢ = maxycs ||W (u)| ||W~1(u)||, where W (u) is a similarity transformation

that brings Y (u) to a Jordan form. Here the norm |.|| is the one induced by
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the Euclidean vector norm. (For a proof of this theorem see the appendix of
the preprint version of [2]).

This final result on asymptotic periodicity of differential equations is used
in the following publications to theoretically predict the emergence of periodic

limit cycles in modulated optomechanical systems [2, [5].
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The search for experimental demonstrations of the quantum behavior of macroscopic
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suggest that the generation of quantum states of resonators with a mass at the
microgram scale is within reach. In this chapter we give an overview of two important
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one or more driven cavity modes by the radiation pressure interaction. We show
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1 Introduction

Mechanical resonators at the micro- and nano-meter scale are widely employed
for a large variety of applications, more commonly as sensors or actuators in
integrated electrical, optical, and opto-electronical systems [1,2,3,4]. Modifica-
tions of the resonator motion can be detected with high sensitivity by looking
at the radiation (or electric current) which interacted with the resonator. For
example, small masses can be detected by measuring the frequency shift in-
duced on the resonator, while tiny displacements (or weak forces inducing such
displacements) can be measured by detecting the corresponding phase shift of
the light interacting with it [2]. The resonators are always subject to thermal
noise, which is due to the coupling with internal and/or external degrees of
freedom and is one of the main factors limiting the sensitivity of these devices.
However, due to the progress in nanofabrication techniques, the mechanical
quality factor Q,, (which quantifies this undesired coupling to environmental
degrees of freedom) is steadily improving, suggesting that in the near future
these devices will reach the regime in which their sensitivity is limited by the
ultimate quantum limits set by the Heisenberg principle. The importance of
the limits imposed by quantum mechanics on the resonator motion was first
pointed out by Braginsky and coworkers [5] in the completely different con-
text of massive resonators employed in the detection of gravitational waves
[6]. However, in recent years the quest for the experimental demonstration
of genuine quantum states of macroscopic mechanical resonators has spread
well beyond the gravitational wave physics community and has attracted a




wide interest. In fact, the detection of an unambiguous signature of the quan-
tum behavior of a macroscopic oscillator, with a mass at least of the order of
a microgram, would shed further light onto the quantum-classical boundary
problem [7]. In fact, nothing in the principles of quantum mechanics prevents
macroscopic systems to be prepared in genuine quantum states. However, it
is not yet clear how far one can go in this direction [8], and a complete un-
derstanding of how classical behavior emerges from the quantum substrate re-
quires the design and the implementation of dedicated experiments. Examples
of this kind are single-particle interference of macro-molecules [9], the demon-
stration of entanglement between collective spins of atomic ensembles [10],
and of entanglement in Josephson-junction qubits [11]. For what concerns me-
chanical resonators, the experimental efforts are currently focusing on cooling
them down to their motional ground state [2]. This goal has not been achieved
yet, but promising results in this direction have been obtained in different
setups [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31], involving
different examples of mechanical resonators coupled either to radiative or to
electrical degrees of freedom. Ground state cooling of microgram-scale res-
onators seems to be within reach, as already suggested by various theoretical
proposals [32,33,34,35,36,37,38,39,40,41,42,43] which showed how a mechan-
ical oscillator can be coupled to another system so that the latter can act
as an effective zero-temperature reservoir. In the first part of this chapter
we shall review the problem of ground state cooling of a mechanical res-
onator, by focusing onto the case where the role of effective zero-temperature
“fridge” is played by an optical cavity mode, coupled to the resonator by ra-
diation pressure. In this case this interaction can be exploited for cooling in
two different ways: 1) back-action, or self-cooling [33,39,40,41,42,43] in which
the off-resonant operation of the cavity results in a retarded back action on
the mechanical system and hence in a “self”-modification of its dynamics
[14,17,18,20,21,23,24,25,26,27,29,30,31]; ii) cold-damping quantum feedback,
where the oscillator position is measured through a phase-sensitive detection
of the cavity output and the resulting photocurrent is used for a real-time
correction of the dynamics [12,16,19,22,28]. We shall compare the two ap-
proaches and see that while back-action cooling is optimized in the good cavity
limit where the resonator frequency is larger than the cavity bandwidth, cold
damping is preferable in the opposite regime of larger cavity bandwidths [41].
It should be noticed that the model Hamiltonian based on radiation pres-
sure coupling between an optical cavity mode and one movable cavity mirror
is quite general and immediately extendible to other situations, such as the
toroidal microcavities of Refs. [20,25], the capacitively coupled systems of
Refs. [23,27] and even atomic condensate systems [44].

From the theory side, the generation of other examples of quantum states of
a micro-mechanical resonator has been also considered. The most relevant ex-
amples are given by squeezed and resonator-field (or atoms) entangled states.
Squeezed states of nano-mechanical resonators [45] are potentially useful for




surpassing the standard quantum limit for position and force detection [5], and
could be generated in different ways, either by coupling to a qubit [46], or by
measurement and feedback schemes [36,47]. Entanglement is instead the char-
acteristic element of quantum theory, because it is responsible for correlations
between observables that cannot be understood on the basis of local realistic
theories [48]. For this reason, there has been an increasing interest in establish-
ing the conditions under which entanglement between macroscopic objects can
arise. Relevant experimental demonstration in this directions are given by the
entanglement between collective spins of atomic ensembles [10], and between
Josephson-junction qubits [11]. Then, starting from the proposal of Ref. [49] in
which two mirrors of a ring cavity are entangled by the radiation pressure of the
cavity mode, many proposals involved nano- and micro-mechanical resonators,
eventually entangled with other systems. One could entangle a nanomechanical
oscillator with a Cooper-pair box [50], while Ref. [51] studied how to entangle
an array of nanomechanical oscillators. Further proposals suggested to entan-
gle two charge qubits [52] or two Josephson junctions [53] via nanomechanical
resonators, or to entangle two nanomechanical resonators via trapped ions
[54], Cooper pair boxes [55], or de-SQUIDS [56]. More recently, schemes for
entangling a superconducting coplanar waveguide field with a nanomechanical
resonator, either via a Cooper pair box within the waveguide [57], or via direct
capacitive coupling [58], have been proposed. After Ref. [49], other optome-
chanical systems have been proposed for entangling optical and/or mechanical
modes by means of the radiation pressure interaction. Ref. [59] considered two
mirrors of two different cavities illuminated with entangled light beams, while
Refs. [60,61,62,63] considered different examples of double-cavity systems in
which entanglement either between different mechanical modes, or between
a cavity mode and a vibrational mode of a cavity mirror have been studied.
Refs. [64,65] considered the simplest scheme capable of generating stationary
optomechanical entanglement, i.e., a single Fabry-Perot cavity either with one
[64], or both [65], movable mirrors.

In the second part of the chapter we shall focus on the generation of stationary
entanglement by starting from the Fabry-Perot model of Ref. [64], which is re-
markable for its simplicity and robustness against temperature, and extend its
study in various directions. In fact, entangled optomechanical systems could
be profitably used for the realization of quantum communication networks,
in which the mechanical modes play the role of local nodes where quantum
information can be stored and retrieved, and optical modes carry this informa-
tion between the nodes. Refs. [66,67,68] proposed a scheme of this kind, based
on free-space light modes scattered by a single reflecting mirror, which could
allow the implementation of continuous variable (CV) quantum teleportation
[66], quantum telecloning [67], and entanglement swapping [68]. Therefore, any
quantum communication application involves traveling output modes rather
than intracavity ones, and it is important to study how the optomechanical
entanglement generated within the cavity is transferred to the output field.




Furthermore, by considering the output field, one can adopt a multiplexing
approach because, by means of spectral filters, one can always select many dif-
ferent traveling output modes originating from a single intracavity mode. One
can therefore manipulate a multipartite system, eventually possessing mul-
tipartite entanglement. We shall develop a general theory showing how the
entanglement between the mechanical resonator and optical output modes
can be properly defined and calculated [69]. We shall see that, together with
its output field, the single Fabry-Perot cavity system of Ref. [64] represents
the “cavity version” of the free-space scheme of Refs. [66,67]. In fact, as it
happens in this latter scheme, all the relevant dynamics induced by radia-
tion pressure interaction is carried by the two output modes corresponding
to the first Stokes and anti-Stokes sidebands of the driving laser. In particu-
lar, the optomechanical entanglement with the intracavity mode is optimally
transferred to the output Stokes sideband mode, which is however robustly en-
tangled also with the anti-Stokes output mode. We shall see that the present
Fabry-Perot cavity system is preferable with respect to the free space model
of Refs. [66,67], because entanglement is achievable in a much more accessi-
ble experimental parameter region. We shall then extend the analysis to the
case of a doubly-driven cavity mode. We shall see that a peculiar parameter
regime exists where the optomechanical system, owing to the combined ac-
tion of the two driven modes, is always stable and is characterized by robust
entanglement between the resonator and the cavity output fields.

In the last Section we shall investigate the possibility to couple and entangle in
a robust way optomechanical systems to atomic ensembles, in order to achieve
a strongly-coupled hybrid multipartite system [70,71]. We shall see that this
is indeed possible, especially when the atomic ensemble is resonant with the
Stokes sideband induced by the resonator motion. Such hybrid systems might
represent an important candidate for the realization of CV quantum interfaces
within CV quantum information networks.

2 Cavity optomechanics via radiation pressure

The simplest cavity optomechanical system consists of a Fabry-Perot cavity
with one heavy, fixed mirror through which a laser of frequency w; drives a
cavity mode, and another light end-mirror of mass m (typically in the micro
or nanogram range), free to oscillate at some mechanical frequency w,,. Our
treatment is however valid also for other cavity geometries in which one has an
optical mode coupled by radiation pressure to a mechanical degree of freedom.
A notable example is provided by silica toroidal optical microcavities which
are coupled to radial vibrational modes of the supporting structure [20,72].
Radiation pressure typically excites several mechanical degrees of freedom of
the system with different resonant frequencies. However, a single mechanical




mode can be considered when a bandpass filter in the detection scheme is used
[73] and coupling between the different vibrational modes can be neglected.
One has to consider more than one mechanical mode only when two close
mechanical resonances fall within the detection bandwidth (see Ref. [74] for
the effect of a nearby mechanical mode on cooling and entanglement). The
Hamiltonian of the system describes two harmonic oscillators coupled via the
radiation pressure interaction, and reads [75]

1 ) .
H = hweala + iﬁwm(p? +¢*) — hGoa'aq + ihE(aTe ™™ — ™). (1)

The first term describes the energy of the cavity mode, with lowering operator
a ([a,a’] = 1), frequency w, (and therefore detuned by Ay = w. — w; from the
laser), and decay rate k. The second term gives the energy of the mechanical
mode, described by dimensionless position and momentum operators ¢ and p
([g,p] = 7). The third term is the radiation-pressure coupling of rate Gy =
(we/ L)/ B/ muwy,, where m is the effective mass of the mechanical mode [73],
and L is an effective length that depends upon the cavity geometry: it coincides
with the cavity length in the Fabry-Perot case, and with the toroid radius
in the case of Refs. [20,72]. The last term describes the input driving by a
laser with frequency w;, where &£ is related to the input laser power P by
|€] = +/2Pk/hw;. One can adopt the single cavity mode description of Eq. (1)
as long as one drives only one cavity mode and the mechanical frequency w,,
is much smaller than the cavity free spectral range F.SR ~ ¢/2L. In this case,
in fact, scattering of photons from the driven mode into other cavity modes
is negligible [76].

2.1 Langevin equations formalism

The dynamics are also determined by the fluctuation-dissipation processes af-
fecting both the optical and the mechanical mode. They can be taken into
account in a fully consistent way [75] by considering the following set of non-
linear QLE (quantum Langevin equations), written in a frame rotating at
Wi

q=wmp, (2)
D=—Wng — YmpP + GOGTCL + ga (3)
a=—(k+iAo)a +iGoaq + € + V2ka™. (4)

The mechanical mode is affected by a viscous force with damping rate ~,,
and by a Brownian stochastic force with zero mean value £(t), possessing the




correlation function [75,77]
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where kg is the Boltzmann constant and T} is the temperature of the reservoir
of the micromechanical oscillator. The correlation function and the commuta-
tor of the Gaussian stochastic force (t) are not proportional to a Dirac delta
and therefore £(¢) is a non-Markovian stochastic process. This fact guaran-
tees that the QLE of Eqs. (2)-(4) preserve the correct commutation relations
between operators during the time evolution [75]. However, a Markovian de-
scription of the symmetrized correlations of £(t) is justified in two different
limits, which are both met in typical experimental situations: i) not too low
temperatures kpTy/fwy, > 1, which for typical values is satisfied even at cryo-
genic temperatures; ii) high mechanical quality factor Q = wy,/vm — o0 [78],
which is an important condition for the observation of quantum effects on the
mechanical resonator. In this case the correlation function of Eq. (5) can be
approximated as

(EOEW)) = m | (200 + 13t — t1) 41 21| (©)

Wm

where ng = (exp{hwn/ksTy} — 1) is the mean thermal excitation number
of the resonator and ¢’(t — ¢') denotes the derivative of the Dirac delta.

The cavity mode amplitude instead decays at the rate x and is affected by the
vacuum radiation input noise a™(t), whose correlation functions are given by
[79]

(™ (#)a™ () = [N (we) + 1] (t — ). v
(@™ (t)a™ (') = N(we)a(t —t'), )

where N(w,) = (exp{hw./kpTy} —1)"" is the equilibrium mean thermal pho-
ton number. At optical frequencies fw./kpTy > 1 and therefore N(w.) ~ 0,
so that only the correlation function of Eq. (7) is relevant.

Equations (2)-(4) are not easy to analyze owing to the nonlinearity. However,
one can proceed with a linearization of operators around the steady state. The
semiclassical steady state is characterized by an intracavity field amplitude o
(las| > 1), and a new equilibrium position for the oscillator, displaced by gs.
The parameters o, and ¢ are the solutions of the nonlinear algebraic equations
obtained by factorizing Egs. (2)-(4) and setting the time derivatives to zero:
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where the latter equation is in fact the nonlinear equation determining «,
since the effective cavity detuning A, including radiation pressure effects, is
given by [80]

Gilas|?
o
Rewriting each Heisenberg operator of Egs. (2)-(4) as the c-number steady
state value plus an additional fluctuation operator with zero mean value, one
gets the exact QLE for the fluctuations

A=Ay— (11)

0q = wmop, (12)
0P = —wWmdq — Ymdp + Gy <oz36aJr + ajéa) +da'da + €, (13)
Sa=—(r +iA)da +iGy (o, + da) g + V2ka™. (14)

Since we have assumed |as| > 1, one can safely neglect the nonlinear terms
datda and dadq in the equations above, and get the linearized QLE

0q = wmdp, (15)
0p=—wmdq — Ymop + GOX + &, (16)
6X = —k0X + AJY +V2kX™, (17)
§Y = —k0Y — A6X + Gq + V2kY™. (18)

Here we have chosen the phase reference of the cavity field so that « is real and
positive, we have defined the cavity field quadratures §X = (da+dat)/v/2 and
§Y = (da — da’)/iv/2 and the corresponding Hermitian input noise operators
X" = (a™ + a™')/y2 and Y = (a™ — a™1)/iv/2. The linearized QLE
show that the mechanical mode is coupled to the cavity mode quadrature
fluctuations by the effective optomechanical coupling

2, Pk
G = Goa, V2 = , 19
00 V2 L \/mwmwl (k2 4+ A?) (19)

which can be made very large by increasing the intracavity amplitude .
Notice that together with the condition w,, < ¢/L which is required for the
single cavity mode description, |as| > 1 is the only assumption required by
the linearized approach. This is in contrast with the perturbative approaches
described in [40], where a reduced master equation of the mechanical resonator
is derived under the weak-coupling assumption G < wy,.




2.2 Stability analysis

The stability analysis can be performed on the linearized set of equations
Eqgs. (2)-(4) by using the Routh-Hurwitz criterion [81]. Two conditions are
obtained

81 =2YmkK { [/@2 + (W — A)Q] {52 + (wm + A)Q] (20)
+ Ym [(’ym + 2K) (/{2 + A2> + 2/%),2”]} + AwnG? (ym + 26)° >0, (21)
so=wp (K + A%) = G°A > 0. (22)

The violation of the first condition, s; < 0, indicates instability in the domain
of blue-detuned laser (A < 0) and it corresponds to the emergence of a self-
sustained oscillation regime where the mirror effective damping rate vanishes.
In this regime, the laser field energy leaks into field harmonics at frequencies
wiErwy, (r =1,2...) and also feeds the mirror coherent oscillations. A complex
multistable regime can emerge as described in [82]. The violation of the second
condition s, < 0 indicates the emergence of the well-known effect of bistable
behavior observed in [83] and occurs only for positive detunings (A > 0). In
the following we restrict our analysis to positive detunings in the stable regime
where both s; and sy conditions are fulfilled. A parametric plot showing the
domain of stability in the red-detuning regime A > 0 is shown in Fig. 1 where
we have plotted the stability parameter

G*A

(2 B )

n=1-
Negative values of n indicate the emergence of instability. We have chosen
the following set of parameters which will be used extensively throughout the
chapter and which is denoted by po=(wm, Qm,m, L, A\e, To) = (27 x 10 MHz,
10°, 30 ng, 0.5 mm, 1064 nm, 0.6 K). These values are comparable to those
used in recent experiments [17,18,19,24,25,26,30,31].

2.8 Covariance matriz and logarithmic negativity

The mechanical and intracavity optical mode form a bipartite continuous vari-
able (CV) system. We are interested in the properties of its steady state which,
due to the linearized treatment and to the Gaussian nature of the noise op-
erators, is a zero-mean Gaussian state, completely characterized by its sym-
metrized covariance matrix (CM). The latter is given by the 4 x 4 matrix with
elements
(11 (00) tm (00) + tm (00) w (0))
2 3

Vim = (24)
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Fig. 1. Stability condition in the red-detuning region. (a) Contour plot of the stabil-

ity parameter 7 of Eq. (23) as a function of input power P and normalized detuning

AJwp,. The parameter set po=(Wm, Qm, M, L, e, Ty) = (27 x 10 MHz, 10°, 30 ng,

0.5 mm, 1064 nm, 0.6 K has been used, together with F = 8 x 10* (corresponding

to K = 0.37wy,). The blue area corresponds to the unstable regime. (b) Stability
parameter 7 versus P and the normalized cavity decay rate k/wy, at A = wy,.

where u,,(00) is the asymptotic value of the m-th component of the vector of
quadrature fluctuations

u(t) = (9q(t), op(t), X (1), Y (1))" . (25)

Its time evolution is given by Eqs. (15)-(18), which can be rewritten in compact
form as

d
£u(t) = Au(t) +v(t), (26)

with A the drift matrix

0 wn 0 0
—wWy —Ym G 0
e ! , (27)
0 0 —k A
G 0 —-A-—x
and v(t) the vector of noises
w(t) = (0,&(t), V2uX"(t), V2RY ™ (1)) " (28)

The steady state CM can be determined by solving the Lyapunov equation

AV 4+ VAT = D, (29)
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where D is the 4 x 4 diffusion matrix which characterizes the noise correlations
and is defined by the relation (n; (t) ny, (') + np () 1 (t)) /2 = Dind(t — ).
Using Egs. (6)-(7), D can be written as

D = diag|0, vy (2no + 1), K, K] (30)

Eq. (29) is a linear equation for V and it can be straightforwardly solved, but
the general exact expression is very cumbersome and will not be reported here.

The CM allows to calculate also the entanglement of the steady state. We
adopt as entanglement measure the logarithmic negativity Fjs, which is de-
fined as [84]

Ey = max[0, —In2n7]. (31)

Here - = 2712 [2(V) — [S(V)? — 4detV]"?] *and £(V) = det V1 +det V; -
2det V., with V;,V, and V. being 2 x 2 block matrices of

ViV,
v=| " . (32)
VI,

A bimodal Gaussian state is entangled if and only if n~ < 1/2, which is
equivalent to Simon’s necessary and sufficient entanglement non-positive par-
tial transpose criterion for Gaussian states [85], which can be written as
4detV < (V) — 1/4. Logarithmic negativity is a convenient entanglement
measure because it is the only one which can always be explicitly computed
and it is also additive. The drawback of E) is that, differently from the en-
tanglement of formation and the distillable entanglement, it is not strongly
super-additive and therefore it cannot be used to provide lower-bound esti-
mates of the entanglement of a generic state by evaluating the entanglement
of Gaussian state with the same correlation matrix [86]. This fact however is
not important in our case because the steady state of the system is Gaussian
within the validity limit of our linearization procedure.

3 Ground state cooling

The steady state CM V determines also the mean energy of the mechanical
resonator, which is given by

hom

U=

[<5q2> + <5p2>] = hzm Vi1 + Vao| = (n + %) , (33)

where n = (exp{hw,,/ksT} —1)~" is the occupancy corresponding to a bath
temperature T'. Obviously, in the absence of coupling to the cavity field it is
n = ng, where ng corresponds to the actual temperature of the environment 7.
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Fig. 2. Setup for feedback cooling (cold damping). The cavity output field is homo-
dyne detected (thus acquiring information about the mirror position) and a force
proportional to its derivative is fed back to the mirror.

The optomechanical coupling with the cavity mode can be used to ’engineer’
an effective bath of much lower temperature T' < T}, so that the mechanical
resonator is cooled. Let us see when it is possible to reach the ideal condition
n < 1, which corresponds to ground state cooling.

3.1 Feedback cooling

A simple way for cooling an object is to continuously detect its momentum
and apply ‘corrective kicks’ that continuously reduce it eventually to zero
[32,35,36]. This is the idea of feedback cooling illustrated in Fig. 2 where
the mirror position is detected via phase-sensitive homodyne detection of the
cavity output field and a force proportional to the time derivative of the output
signal (thus to the velocity) is fed back to it. By Fourier transforming Eq. (18)
one obtains

G(k —iw)

W) = oy A

0q(w) + noise terms, (34)

which shows that the intracavity phase-quadrature is sensitive to the mirror
motion and moreover its optimal sensitivity is reached at resonance, when
A = 0. In this latter condition 0.X (w) is not sensitive to the mirror motion,
suggesting that the strongest feedback effect is obtained by detecting the out-
put phase-quadrature Y°“ and feeding it back to the resonator.
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3.1.1 Phase quadrature feedback

As a consequence we set A = 0 and add a feedback force in Eq. (16) so that
0p = —windq — Ymop + GOX + & — '/_too dsg(t — s)0Y**!(s), (35)

where Y®(s) is the estimated intracavity phase-quadrature, which, using

input-output relations [79] and focusing onto the ideal scenario of perfect
detection, is given by

- Yout(t) Ym(t)
= \/% — m

The filter function g(¢) is a causal kernel and g(w) is its Fourier transform.
We choose a simple standard derivative high-pass filter

d

9(t) = geay [6Owpe™]  g(w)

SYSt(t) = 5Y (1) (36)

—WWGed

N 1—iw/wfb7 (37)
so that wj?bl plays the role of the time delay of the feedback loop, and g.q > 0
is the feedback gain. The ideal derivative limit is obtained when wy, — oo,
implying g(w) = —iwg.q and therefore g(t) = geqd’(t). In this limit the feedback
force is equal (apart from an additional noise term) to —g.40Y which, due to
Eq. (34), is an additional viscous force —(g.qG/k)d¢ only in the bad cavity
limit & > Wi, Y-

One can solve the Langevin equations supplemented with the feedback term
in the Fourier domain. In fact, the two steady state oscillator variances (3q?)
and (dp?) can be expressed by the following frequency integrals

(0?) = [ 62%55"(@, (o) = | ) (38)

—o00 %wfn a
where Sgd(w) is the position noise spectrum. Its explicit expression is given by
Sel(w) = x5 (W) P[Sim(w) + Spp(w) + Spu(w)], (39)

where the thermal, radiation pressure and feedback-induced contributions are
respectively given by

. ’Y’NLw m}
Sip(w) = o coth (27€BT0) , (40)
Gk
STP( )7 K2 + w27 (41)
2
glw
Sfb(w) = | (4"2' (42)
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and nglcf(w) is the susceptibility of the mechanical oscillator modified by the
feedback
2 g(w)Gwm !

cd _ 2 .

Xeff(w) = Wm Wy, w WYm + K — iw . (43)
This effective susceptibility contains the relevant physics of cold damping. In
fact it can be rewritten as the susceptibility of an harmonic oscillator with
effective (frequency-dependent) damping and oscillation frequency. The modi-
fication of resonance frequency (optical spring effect [21,36]) is typically small
for the chosen parameter regime (w,, ~ 1 MHz) and the only relevant effect
of feedback is the modification of the mechanical damping which, in the case
of the choice of Eq. (37), is given by

GedGwmw pp(Kw sy — w?)
(7 + )y + )

e

(w> = Ym + (44)

This expression shows that the damping of the oscillator may be significantly
increased due to the combined action of feedback and of radiation pressure
coupling to the field. In the ideal limit of instantaneous feedback and of a bad
cavity, K, wWgy > W, Ym, effective damping is frequency-independent and given
by 7&ffed ~ 4+ geaGwm /K = Ym(1 + ga), where we have defined the scaled,

dimensionless feedback gain ga = g.aGwm/EYm [36].

The presence of cold-damping feedback also modifies the stability conditions.
The Routh-Hurwitz criteria are equivalent to the conditions that all the poles
of the effective susceptibility of Eq. (43) are in the lower complex half-plane.
For the choice of Eq. (37) there is only one non-trivial stability condition,
which reads

Sed = [fym/-@wfb + GeaGwmw py + w2 (K + (Ufb>] (K + ym) (K + wpp) (Ym + wps)
FYmw?, — gchwmwﬂ,] — ﬁwfnwfb(ff + Y + wﬂ,)2 > 0. (45)

This condition shows that the system may become unstable for large gain
and finite feedback delay-time and cavity bandwidth because in this limit the
feedback force can be out-of-phase with the oscillator motion and become an
accelerating rather than a viscous force [41].

The performance of cold-damping feedback for reaching ground state cooling
is analyzed in detail in Ref. [41], which shows that the optimal parameter
regime is K > wyp ~ Wy, > Ym, Which correspond to a bad-cavity limit and a
finite-bandwidth feedback, i.e., with a feedback delay-time comparable to the
resonator frequency. One gets in this case
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<5q2>2{1+92+?] [g§+<no+ + ><1+°ﬂ>] (46)
2, 4¢ wfb
<5p> {H_gQJF_] [i_z 1+ 92%%1;)
1 < w72n 92Vm
+<no+§+1><1+@+wﬂ)>}, (47)

where we have defined the scaled dimensionless input power ¢ = 2G?/k7,.
These two expressions show that with cold-damping feedback, (§¢*) # (0p?),
i.e., energy equipartition does not hold anymore. The best cooling regime is
achieved for wp, ~ 3wy, and g2 ~ & (ie. g ~ 2G/wy), ie. for large but
finite feedback gain [35,36,41]. This is consistent with the fact that stability
imposes an upper bound to the feedback gain when x and wy, are finite.
The optimal cooling regime for cold damping is illustrated in Fig. 3a, where
n is plotted versus the feedback gain g.; and the input power P, at fixed
Kk = bwy, (bad-cavity condition) and wys, = 3.5w,,. Fig. 3b instead explicitly
shows the violation of the equipartition condition even in this regime close to
ground state (the feedback gain is fixed at the value g.; = 1.2): the resonator
is in a position-squeezed thermal state corresponding to a very low effective
temperature.

3.1.2  Generalized quadrature feedback

The above analysis shows that cold-damping feedback better cools the me-
chanical resonator when the feedback is not instantaneous and therefore the
feedback force is not a simple viscous force. This suggests that one can further
optimize feedback cooling by considering a generalized estimated quadrature
which is a combination of phase and amplitude field quadratures. In fact one
may expect that in the optimal regime, the information provided by the am-
plitude quadrature X°“(¢) is also useful.

Therefore, in order to optimize cooling via feedback, we apply a feedback force
involving a generalized estimated quadrature

You(t) cos @ + X°U(t) sin 6
V2K 7

which is a linear combination of Y°“(¢) and X°"*(¢) and where 6 is a detection
phase which has to be optimized. The adoption of the new estimated quadra-
ture leads to three effects: i) a modification of the expression for x4, (w) of
Eq. (43) where g(w) is replaced by g(w) cos#; ii) a consequent reduction of the
feedback-induced shot noise term Sy, (w); iii) a reduction of radiation pressure
noise. In fact, the radiation pressure and feedback-induced noise contributions
become

SV (t) =

(48)
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Fig. 3. Feedback cooling. (a) Contour plot of n as a function of P and g.4. The
parameters are po, k = 5wy, and wypp = 3.5wp,. (b) Ilustration of the violation of
energy equipartition around the optimal cooling regime. Parameters as before with
ged = 1.2. (c) n versus the phase of the generalized quadrature 6 for two sets of g.q
and P: the (upper) blue curve corresponds to g.g = 0.8 and P = 20 mW, while the
(lower) red curve corresponds to g.g = 1.2 and P = 50 mW. (d) Comparison of n
versus the input power P between the case of standard cold damping feedback § = 0
(upper red curve) and at a generalized detected quadrature with phase § = 0.137
(lower blue curve). Parameters as before, with g.q = 1.2.
G*k g(w)sind ?

1] o B .
Srp(w)_52+w2 1 2G//f/ (I€+’LW) 9 (49)

2
| cos 6. (50)

() = 12

An improvement over the standard cold-damping feedback scheme can be
obtained when the shot noise reduction effect predominates over the reduction
of the effective damping due to feedback. This can be seen in Fig. (3c) where
for two different choices for g.q and P, the occupancy n is plotted versus 6. For
one of these optimal phases, 0,,; = 0.137, we plot in Fig. (3d) n as a function of
P and compare it with the results of the standard phase quadrature feedback
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to conclude that improvement via detection of a rotated output quadrature is
indeed possible.

3.2 Back-action cooling

In analogy with well-known methods of atom and ion cooling [87,88], one
can also think of cooling the mechanical resonator by exploiting its coherent
coupling to a fast decaying system which provides an additional dissipation
channel and thus cooling. In the present situation, radiation pressure couples
the resonator with the cavity mode and the fast decaying channel is provided
by the cavity photon loss rate x. An equivalent description of the process can
be given in terms of dynamical backaction [5,33]: the cavity reacts with a delay
to the mirror motion and induces correlations between the radiation pressure
force and the Brownian motion that lead to cooling or amplification, depending
on the laser detuning. A quantitative description is provided by considering
scattering of laser photons into the motional sidebands induced by the mirror
motion (see Fig. 4) [39,40,41]. Stokes (red) and anti-Stokes (blue) sidebands
are generated in the cavity at frequencies w; £w,,. Laser photons are scattered
by the moving oscillator into the two sidebands with rates
2
Al = G — (51)
2 [/{QJr(A:I:wm) ]

simultaneously with the absorption (Stokes, A, ) or emission (anti-Stokes, A_)
of vibrational phonons. The inequality A_ > A, leads to a decrease in the
oscillator phonon occupation number and thus to cooling. Eq. (51) shows that
this occurs when A > 0 and that an effective optical cooling rate,

2G? Aw,,k

Fr=A4 —A, = (K2 + (wm — A2 [K2 + (W + A

(52)

can be defined, providing a measure of the coupling rate of the resonator
with the effective zero-temperature environment represented by the decaying
cavity mode. Since the mechanical damping rate v, is the coupling rate with
the thermal reservoir of the resonator, one can already estimate that, when
I' > 9, the mechanical oscillator is cooled at the new temperature T ~

(’Ym/r) TO-

One can perform a more precise and rigorous derivation of the cooling rate
and steady state occupancy by using Eq. (33). The position and momentum
variances can be in fact obtained by solving Eq. (29) or, equivalently, by
solving the linearized QLE in the Fourier domain and integrating the resulting
noise spectra. The result of these calculations, in the limit of large mechanical
quality factor Q,,, reads

17




f\
|
)
--- r
F,
T
Wy
mwc
wy

Fig. 4. Setup for cavity backaction cooling. Optical sidebands are scattered unevenly
by the moving mirror. When the anti-Stokes sideband is resonant with the cavity
(A = wy,), an effective flow of energy from the mirror out of the cavity leads to an
effective cooling.

1 AL+ A r
2\ +
<5p>77m+r{ g TmMo (1+2n)}’ (53)
1 AL+ A ymn r
2\ + m't0
(d¢*) = —T {a T (1 + —%b) } (54)

where 7 is given by Eq. (23),

2 2 2

o K4+ A% 4wz, 7 (55)
CERSETY
C2(A? =R —w

b= K2 4+ A2

(56)

In the perturbative limit wy,, > ngYm, G and Kk > v, G, Egs. (53)-(54) sim-
plify to (6¢*) ~ (0p*) ~ n + 1/2, with n ~ [y,no + Ay]/[ym + I'], which
reproduces the result of [39,40]. This indicates that ground state cooling is
reachable when ~,,n¢9 < I' and provided that the radiation pressure noise con-
tribution A, /T ~ k?/ (4w?) is also small. The optical damping rate I' can
be increased by cranking up the input cavity power and thus G. However,
when one considers the limitations imposed by the stability condition n > 0,
one finds that there is an upper bound for G and consequently I'. This is
shown in Figs. ba-5c, where one sees that for the chosen parameter regime
Po, optimal cooling is achieved for A ~ w,, (when the anti-Stokes sideband is
resonant with the cavity, as expected), and in a moderate good-cavity condi-
tion, k/wy, ~ 0.2. Fig. 5b shows that close to this optimal cooling condition,
equipartition is soon violated when the input power (and therefore the effective
coupling () is further increased: the position variance becomes much larger
than the momentum variance and it is divergent at the bistability threshold
(see Eq. (54)).
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Fig. 5. Back action cooling. (a) Contour plot of n versus A/wy, and P. The parame-
ters are pg and k = 0.37w,,. Optimal cooling is seen to emerge around A = wy,. (b)
For large P extra shot-noise is fed-back into the position variance and the mirror
thermalizes in a state where the equipartition theorem does not hold. (¢) Con-
tour plot of n vs. k/w, and P for A = wy,. Optimal cooling is achieved around
Kk~ 0.2 X wp,. (d) Fidelity between the mirror and intracavity states in the cooling
regime as a function of increasing intensity G /wy, with different values of k/w,, = 0.2
(red line), 0.5 (blue), 1 (green) and 2 (yellow).

3.8 Readout of the mechanical resonator state

Eq. (34) shows that the cavity output is sensitive to the resonator position.
Therefore, after an appropriate calibration, the cavity output noise power
spectrum provides a direct measurement of the position noise spectrum S, (w)
which, when integrated over w, yields the value of the position variance (see
Eq. (38)). In many experiments [16,17,18,19,20,21,22,23,24,26], this value is
employed to estimate the final effective temperature of the cooled resonator
by assuming energy equipartition (6p?) ~ (d¢*) so that n ~ (§¢*) — 1/2.
However, as we have seen above (see Eqgs. (46), (47), (53), (54)), equipartition
does not generally hold and one should rather estimate (9p?) from S,(w) using
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Eq. (38), or directly measure independently the resonator momentum. A dif-
ferent and more direct way of measuring the resonator temperature, borrowed
from trapped-ion experiments [88], has been demonstrated in [25]: if the two
motional sidebands are well resolved and detected via heterodyne measure-
ment, the height of the two sideband peaks is proportional to n and to n + 1,
so that one can directly measure the occupancy n from the comparison of the
two peaks.

However, one should devise a scheme capable of reconstructing the complete
quantum state of the resonator from the cavity output light, which is the only
accessible degree of freedom carrying out information about it. In fact, the full
reconstruction of the quantum state of the resonator is a necessary condition
for the unambiguous demonstration of the quantum behavior of the mechanical
resonator, as for example stationary entanglement, which will be discussed in
the following. A scheme of this kind has been proposed in [64], based on
the transfer of the resonator state onto the output field of an additional, fast-
decaying, “probe” cavity mode. In fact, the annihilation operator of this probe
cavity mode, a,, obeys an equation analogous to the linearization of Eq. (14),

da, = —(kp + i) da, + iGpapdq + V2kal (1), (57)

where k,, A, Gp, o, and a;"(t) are respectively the decay rate, the effective
detuning, the coupling, the intracavity field amplitude, and the input noise
of the probe cavity mode. The presence of the probe mode affects the system
dynamics, but if the driving of the probe mode is much weaker so that |a,| <
|as|, the back-action of the probe mode on the resonator can be neglected.
If one chooses parameters so that A, = w,, > k,, Gpla,|, one can rewrite
Eq. (57) in the frame rotating at A, = w, for the slow variables d6(t) =
do(t) exp{iw,t} and neglect fast oscillating terms, so to get

- - Gray ~in
8, = —Kp0a, + i :}ﬁpéb + /25,0, (1), (58)

where 6b = (idp + 8q)/+/2 is the mechanical annihilation operator. Finally, if
Ky > Gplay|/v/2, the probe mode adiabatically follows the resonator dynamics

and one has
~ G Qp 5 2 ~in
da, ~ 1 p\/%éb + Uzpap (t). (59)

Kp
The input-output relation a3* = \/2k,0a, — a* [79] implies

Gpay

e

~out
al’

8+ alr'(t), (60)

=1

showing that, in the chosen parameter regime, the output light of the probe
mode gives a direct measurement of the resonator dynamics. With an appro-
priate calibration and applying standard quantum tomographic techniques
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[89] to this output field, one can therefore reconstruct the quantum state of
the resonator.

An alternative way to detect the resonator state by means of state transfer
onto an optical mode, which does not require an additional probe mode, can
be devised by appropriately exploiting the strong coupling regime. In this
second example state transfer is realized in a transient regime soon after the
preparation of the desired resonator state. One sets the cavity onto resonance
A = 0 so that the system is always stable, and then strongly increases the
input power in order to make the coupling G very large, G > Kk, ng7y,. Under
these conditions, coherent evolution driven by radiation pressure dominates
and one has state swapping from the mechanical resonator onto the intracavity
mode in a time tgpp ~ 7/2G so that the cavity mode state reproduces the
resonator state with a fidelity very close to unity. The fidelity of the swap can
be computed and reads

Fe Wdet (Vi + Va) + (det Vy — 1/4) (det Vs — 1/4)

-1

— J(det Vy — 1/4) (det Vo — 1/4)| (61)

where V;,V, are the block matrices in Eq. (32). The resulting fidelity under
realistic conditions is plotted in Fig. (5d) as a function of G/w,, for k/w,, =
0.2, 0.5, 1 and 2. One can see that the fidelity is close to unity around the
optimal cooling regime and that in this regime both the mechanical resonator
and intracavity field thermalize in the same state. Under this condition one
can reconstruct the quantum state of the mechanical mode from the detection
of the cavity output.

4 Entanglement generation with a single driven cavity mode

As discussed in the introduction, a cavity coupled to a mechanical degree of
freedom is capable of producing entanglement between the mechanical and
the optical modes and also purely optical entanglement between the induced
motional sidebands. In the following we elucidate the physical origins of this
entanglement and analyze its magnitude and temperature robustness. More-
over, we analyze its use as a quantum-communication network resource in
which the mechanical modes play the role of local nodes that store quantum
information and optical modes carry this information among nodes. To this
purpose we apply a multiplexing approach that allows one, by means of spec-
tral filters, to select many traveling output modes originating from a single
intracavity field.
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4.1 Intracavity optomechanical entanglement

Entanglement can be easily evaluated and quantified using the logarithmic
negativity of Eq. (31), which requires the knowledge of the CM of the system of
interest. For the steady state of the intracavity field-resonator system, the CM
is determined in a straightforward way by the solution of Eq. (29). However,
before discussing the general result we try to give an intuitive idea of how
robust optomechanical entanglement can be generated, by using the sideband
picture. Using the mechanical annihilation operator b introduced in the above
section, the linearized QLE of Egs. (15)-(18) can be rewritten as

X m [ ~ o ) G L )

0b= _% (5b _ 5b1‘62zwmt) + \/,y—mZ)m + ZE <55LT62(A+wm)t + 5&62(wnrA)®;2)
. G, - . o .

0= —rod + i <6bTeZ(A+“m)t + 5beZ(A’“’"‘)t> +V2ka™. (63)

We have introduced the tilded slowly evolving operators db(t) = 8b(t)e™m?,
sa(t) = da(t)e’ and the noises @™ (t) = a™(t)e** and bi"(t) = £(t)e™mt /\/2.
The input noise @™ (t) possesses the same correlation function as a™(t), while
the Brownian noise b™(t) in the limit of large mechanical frequency w,, ac-
quires “optical-like” correlation functions (b™'(t)b™(¥')) = ned(t — ') and
O™ (t)) = [ng+ 1]0(t — ¢') [90]. Eqgs. (62)-(63) show that the cavity
mode and mechanical resonator are coupled by radiation pressure via two
kinds of interactions: i) a down-conversion process with interaction Hamilto-
nian 6b'éal + 0adb, which is modulated by a factor oscillating at w,, + A; ii)
a beam-splitter-like process with interaction Hamiltonian 6b'éa + datdb, mod-
ulated by a factor oscillating at w,, — A. Therefore, by tuning the cavity into
resonance with either the Stokes sideband of the driving laser, A = —w,,, or
the anti-Stokes sideband of the driving laser, A = w,,, one can resonantly
enhance one of the two processes. In the rotating wave approximation (RWA),
which is justified in the limit of w,, > G, k, the off-resonant interaction oscil-
lates very fast with respect to the timescales of interest and can be neglected.
Therefore, in the RWA regime, when one chooses A = —w,,, the radiation pres-
sure induces a down-conversion process, which is known to generate bipartite
CV entanglement. Instead when one chooses A = w,,, the dominant process
is the beam-splitter-like interaction, which is not able to generate optome-
chanical entanglement starting from classical input states [91], as in this case.
This argument leads to the conclusion that, in the RWA limit w,, > G, k, the
best regime for optomechanical entanglement is when the laser is blue-detuned
from the cavity resonance A = —w,, and down-conversion is enhanced. How-
ever, this argument is valid only in the RWA limit and it is strongly limited by
the stability conditions, which rather force to work in the opposite regime of a
red-detuned laser. In fact, the stability condition of Eq. (20) in the RWA limit
A = —wy, > K, Vm, simplifies to G < v/2K7,,. Since one needs small mechani-
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cal dissipation rate 7, in order to see quantum effects, this means a very low
maximum value for G. The logarithmic negativity F is an increasing func-
tion of the effective optomechanical coupling G (as expected) and therefore
the stability condition puts a strong upper bound also on Ejs. It is possible
to prove that the following bound on Ey exists [69]

(64)

1 2
Ev < ln {L vf%] 7

1+no

showing that Ey < In2 and above all that entanglement is extremely fragile
with respect to temperature in the blue-detuned case because, due to the
stability constraints, E vanishes as soon as ng > 1.

This suggests that, due to instability, one can find significant intracavity op-
tomechanical entanglement, which is also robust against temperature, only far
from the RWA regime, in the strong coupling regime in the region with positive
A, because Eq. (22) allows for higher values of the coupling (G < \/k? + w2,
when A = w,,). This is confirmed by Fig. 6a, where the ezact Ex calculated
from the solution of Eq. (29) is plotted versus the normalized detuning A /wp,
and the normalized effective optomechanical coupling G /w,,. One sees that
E\ reaches significant values close to the bistability threshold; moreover it is
possible to see that such intracavity entanglement is robust against thermal
noise because it survives up to reservoir temperatures around 20 K [64]. It
is also interesting to compare the conditions for optimal entanglement and
cooling in this regime where the cavity is resonant with the anti-Stokes side-
band. In Fig. 6b, n is plotted versus the same variables in the same parameter
region. One can see that, while good entanglement is accompanied by good
cooling, optimal entanglement is achieved for the largest possible coupling
G allowed by the stability condition. This condition is far from the optimal
cooling regime, which does not require very large G' because otherwise the
radiation pressure noise contribution and consequently the position variance
become too large (see Eq. (54) and Fig. 5) [69].

4.2 Entanglement with output modes

Let us now define and evaluate the entanglement of the mechanical resonator
with the fields at the cavity output, which may represent an essential tool
for the future integration of micromechanical resonators as quantum memo-
ries within quantum information networks. The intracavity field da(t) and its
output are related by the usual input-output relation [79]

a®(t) = V2rda(t) — a’™(t), (65)
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Fig. 6. Intracavity entanglement and cooling in the red-detuned regime. (a) Contour
plot of logarithmic negativity of the field-mirror system at the steady state as a
function of G/wy, and A/w,, for the parameters py and kK = wy,. (b) n in the same
parameter region: the plot shows that optimal cooling and optimal entanglement
are both achieved close to A/w,, ~ 1. However, optimal cooling is obtained for
smaller values of G /wy,, with respect to entanglement.

where the output field possesses the same correlation functions of the optical
input field a™(¢) and the same commutation relation, i.e., the only nonzero

commutator is [a"“t(t), acet(t! )T] = 4(t — t'). From the continuous output field

a®“(t) one can extract many independent optical modes, by selecting different
time intervals or equivalently, different frequency intervals (see e.g. [92]). One
can define a generic set of N output modes by means of the corresponding
annihilation operators

1,...N, (66)

t
ad(t) = /_oo dsg(t — s)a®™(s), k

where g (s) is the causal filter function defining the k-th output mode. These

annihilation operators describe IV independent optical modes when [a"“t(t)7 ag™t

J
d;k, which is verified when

[ dsos(auls) = (67)

i.e., the N filter functions gx(t) form an orthonormal set of square-integrable
functions in [0,00). The situation can be equivalently described in the fre-
quency domain: taking the Fourier transform of Eq. (66), one has

@) = [ g (1)t = Vamg(w)a™ (),

o V2 (68)
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where g(w) is the Fourier transform of the filter function. An explicit example
of an orthonormal set of filter functions is given by
0(t) =0t =7) iy
t) = ok 69
oult) = o (69)
(0 denotes the Heavyside step function) provided that € and 7 satisfy the
condition

2
Q- = —ﬂ-p7 integer p. (70)
T

These functions describe a set of independent optical modes, each centered
around the frequency €, and with time duration 7, i.e., frequency bandwidth

~ 1/7, since
i) = | e Sm(c[fw ‘QkQ)’;)/TQ/ 2} (71)

When the central frequencies differ by an integer multiple of 27 /7, the cor-
responding modes are independent due to the destructive interference of the
oscillating parts of the spectrum.

The entanglement between the output modes defined above and the mechan-
ical mode is fully determined by the corresponding (2N +2) x (2N +2) CM,
which is defined by

V() = 5 (u (g () + u ()u (1)) (72)

DO | —

where
(1) = (8q(t), Sp(t), XU, YU (1), . XS0, YR) (73)

is the vector formed by the mechanical position and momentum fluctua-
tions and by the amplitude (X7 (¢) = [azut(t) + aZ“t(t)T] /+/2), and phase
(Yout(t) = {azut(t) - azut(t)f] /iv/2) quadratures of the N output modes. The
vector u?"*(t) properly describes N +1 independent CV bosonic modes, and in
particular the mechanical resonator is independent of (i.e., it commutes with)
the N optical output modes because the latter depend upon the output field
at former times only (s < t). From the intracavity CM and Egs. (65),(66), and
(72) one can determine the (N 4 1) x (N + 1) CM matrix V°“ at the steady
state [69].

Let us first consider the case when we select and detect only one mode at the
cavity output. Just to fix the ideas, we choose the mode specified by the filter
function of Eqs. (69) and (71), with central frequency 2 and bandwidth 7~1.
Straightforward choices for this output mode are a mode centered either at
the cavity frequency, 2 = w. —wy, or at the driving laser frequency, Q = 0 (we
are in the rotating frame and therefore all frequencies are referred to the laser
frequency w;), and with a bandwidth of the order of the cavity bandwidth
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Fig. 7. Resonator-output field entanglement when the central frequency of the
output mode is swept around the laser frequency. Parameters are py, A = wp,
G = wp/2 and kK = wy,. The entanglement is optimized when the output mode
coincides with the Stokes sideband of the laser (2 = —wy,), with the appropriate
bandwidth (e ~ 10, corresponding to Tfyﬁf U 1). For smaller ¢, the selected output
mode mixes Stokes and anti-Stokes photons and the entanglement is weak, while
for larger e only a fraction of the sideband is selected and part of the quantum
correlations are lost. In the inset the robustness of Stokes-mirror Ex with respect
to temperature is shown.

77! ~ k. However, as discussed above, the motion of the mechanical resonator
generates Stokes and anti-Stokes motional sidebands, consequently modifying
the cavity output spectrum.

In order to determine the output optical mode which is better entangled with
the mechanical resonator, we study the logarithmic negativity Ex associated
with the output CM V°“ (for N = 1) as a function of the central frequency of
the mode 2 and its bandwidth 77!, at the same parameter region considered
in the previous subsection, pg and A = w,,, where intracavity entanglement
is optimal. The results are shown in Fig. 7, where E) is plotted versus 2/wy,
at different values of ¢ = Tw,,. If ¢ < 1, i.e., the bandwidth of the detected
mode is larger than w,,, the detector does not resolve the motional sidebands,
and Ey has a value (roughly equal to that of the intracavity case) which
does not essentially depend upon the central frequency. For smaller band-
widths (larger ¢), the sidebands are resolved by the detection and the role of
the central frequency becomes important. In particular Ex becomes highly
peaked around the Stokes sideband ) = —w,,, showing that the optomechan-
ical entanglement generated within the cavity is mostly carried by this lower
frequency sideband. What is relevant is that the optomechanical entanglement
of the output mode is significantly larger than its intracavity counterpart and
achieves its maximum value at the optimal value € ~ 10, i.e., a detection band-
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width 77! ~ w,,/10. This means that in practice, by appropriately filtering
the output light, one realizes an effective entanglement distillation because the
selected output mode is more entangled with the mechanical resonator than
the intracavity field.

The fact that the output mode which is most entangled with the mechanical
resonator is the one centered around the Stokes sideband is also consistent
with the physics of a previous model analyzed in [66]. In [66], a free-space
optomechanical model is discussed, where the entanglement between a vibra-
tional mode of a perfectly reflecting micro-mirror and the two first motional
sidebands of an intense laser beam shined on the mirror is analyzed. Also in
that case, the mechanical mode is entangled only with the Stokes mode and
it is not entangled with the anti-Stokes sideband.

One can also understand why the output mode optimally entangled with the
mechanical mode has a finite bandwidth 77! ~ w,,/10 (for the chosen op-
erating point). In fact, the optimal situation is achieved when the detected
output mode overlaps as best as possible with the Stokes peak in the spec-
trum, and therefore 77! coincides with the width of the Stokes peak. This
width is determined by the effective damping rate of the mechanical resonator,
7elf = ~,, + T, given by the sum of the intrinsic damping rate 7, and the net
laser cooling rate I' of Eq. (52). It is possible to check that, with the chosen
parameter values, the condition & = 10 corresponds to 771 ~ ¢/

It is finally important to analyze the robustness of the present optomechani-
cal entanglement with respect to temperature. As discussed above and shown
n [64], the entanglement of the resonator with the intracavity mode is very
robust. It is important to see if this robustness is kept also by the optome-
chanical entanglement of the output mode. This is shown also in the inset of
Fig. 7, where the logarithmic negativity Ejs of the output mode centered at
the Stokes sideband 2 = —w,, is plotted versus the temperature of the reser-
voir at two different values of the bandwidth, the optimal one ¢ = 10, and at
a larger bandwidth € = 0.5. We see the expected decay of Ej for increasing
temperature, but above all that also this output optomechanical entangle-
ment is robust against temperature because it persists even above liquid He
temperatures, at least in the case of the optimal detection bandwidth ¢ = 10.

4.8 Optical entanglement between sidebands

Let us now consider the case where we detect at the output two independent,
well resolved, optical output modes. We use again the step-like filter functions
of Egs. (69) and (71), assuming the same bandwidth 7! for both modes
and two different central frequencies, 2y and 2, satisfying the orthogonality
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Fig. 8. Sideband-sideband entanglement. Parameters pg, k = wy, and G = wy, /2.
(a) Assuming one detection setup centered at the Stokes sideband and sweeping
the second detection frequency around the anti-Stokes sideband at 2 = w,,, the
entanglement is clearly shown to be optimized when the anti-Stokes output field
is detected. This entanglement is improving with smaller and smaller detection
bandwidth (¢ — o0). (b) Logarithmic negativity increases asymptotically to a finite
value with € — oo. (c) Temperature robustness for ¢ = 107 and ¢ = 100w. The
entanglement survives to very high temperatures.

condition of Eq. (70) 2, —Qy = 2pr7—! for some integer p, in order to have two
independent optical modes. It is interesting to analyze the stationary state of
the resulting tripartite CV system formed by the two output modes and the
mechanical mode, in order to see if and when it is able to show purely optical
bipartite entanglement between the two output modes.

The generation of two entangled light beams by means of the radiation pres-
sure interaction of these fields with a mechanical element has been already con-
sidered in various configurations. In Ref. [93], and more recently in Ref. [63],
two modes of a Fabry-Perot cavity system with a movable mirror, each driven
by an intense laser, are entangled at the output due to their common pondero-
motive interaction with the movable mirror (the scheme has been then gen-
eralized to many driven modes in [94]). In the single mirror free-space model
of Ref. [66], the two first motional sidebands are also robustly entangled by
the radiation pressure interaction as in a two-mode squeezed state produced
by a non-degenerate parametric amplifier [95]. Robust two-mode squeezing of
a bimodal cavity system can be similarly produced if the movable mirror is
replaced by a single ion trapped within the cavity [96].

The situation considered here is significantly different from that of Refs. [63,93,94,96],
which require many driven cavity modes, each associated with the correspond-
ing output mode. In the present case instead, the different output modes orig-
inate from the same single driven cavity mode, and therefore it is simpler
from an experimental point of view. The present scheme can be considered
as a sort of “cavity version” of the free-space case of Ref. [66], where the
reflecting mirror is driven by a single intense laser. Therefore, as in [66,95],
one expects to find a parameter region where the two output modes centered
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around the two motional sidebands of the laser are entangled. This expec-
tation is clearly confirmed by Fig. 8a, where the logarithmic negativity Ex
associated with the bipartite system formed by the output mode centered at
the Stokes sideband (7 = —w,,) and a second output mode with the same
inverse bandwidth (¢ = w,,7 = 107) and a variable central frequency €, is
plotted versus Q/w,,. Ej is calculated from the CM V°* (for N = 2) eliminat-
ing the first two rows associated with the mechanical mode. One can clearly
see that bipartite entanglement between the two cavity outputs exists only
in a narrow frequency interval around the anti-Stokes sideband, 1 = wy,,
where E)r achieves its maximum. This shows that, as in [66,95], the two cav-
ity output modes corresponding to the Stokes and anti-Stokes sidebands of
the driving laser are significantly entangled by their common interaction with
the mechanical resonator. The advantage of the present cavity scheme with
respect to the free-space case of [66,95] is that the parameter regime for reach-
ing radiation-pressure mediated optical entanglement is much more promising
from an experimental point of view because it requires less input power and
a not too large mechanical quality factor of the resonator. In Fig. 8b, the
dependence of Ejx of the two output modes centered at the two sidebands
Q) = +w,, upon their inverse bandwidth ¢ is studied. We see that, differently
from optomechanical entanglement of the former subsection, the logarithmic
negativity of the two sidebands always increases for decreasing bandwidth,
and it achieves a significant value, comparable to that achievable with para-
metric oscillators, for very narrow bandwidths. This fact can be understood
from the fact that quantum correlations between the two sidebands are estab-
lished by the coherent scattering of the cavity photons by the oscillator, and
that the quantum coherence between the two scattering processes is maximal
for output photons with frequencies w; 4+ wy,. Figs. 7 and 8 show that in the
chosen parameter regime, the output mode centered around the Stokes side-
band mode shows bipartite entanglement simultaneously with the mechanical
mode and with the anti-Stokes sideband mode. This fact suggests that the CV
tripartite system formed by the output Stokes and anti-Stokes sidebands and
the mechanical resonator mode might be characterized by a fully tripartite-
entangled stationary state. This is actually true and it can be checked by
applying the classification criterion of Ref. [97], providing a necessary and suf-
ficient criterion for the determination of the entanglement class in the case of
tripartite CV Gaussian states, which is directly computable in terms of the
eigenvalues of appropriate test matrices [97] (see Ref. [69]).

5 Entanglement generation with two driven cavity modes

We now generalize the system by considering the case when two cavity modes
with different frequencies are intensely driven. We shall focus onto a param-
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eter regime which will prove to be convenient for the generation of robust
stationary CV entanglement between the resonator and the two cavity modes.
A bichromatic driving of a cavity has been already experimentally considered
in Refs. [21]. There however it was employed for cooling a macroscopically
heavy (m ~ 1g) movable mirror. One driven mode is used to “trap” the mir-
ror, i.e., to induce a strong optical spring effect increasing by three orders of
magnitude the oscillation frequency. The other driven mode is instead used to
cool the mechanical resonator by increasing the effective mechanical damping,
either via back-action, or via cold-damping feedback. The bichromatic driving
configuration has been already considered for the generation of entanglement
in various configurations in some theoretical proposals. In fact, in Ref. [93],
and more recently in Ref. [63], two modes of a Fabry-Perot cavity system, each
driven by an intense laser, are entangled at the output due to their common
ponderomotive interaction with the movable mirror.

5.1  Quantum Langevin equations and stability conditions

We generalize the Hamiltonian of Eq. (1) by considering two cavity modes,
with frequencies w.4 and w.p, each driven by a laser with frequency wy4 and
wop, and power P4 and Ppg, respectively. The resulting Hamiltonian is

1
H = hw.sata+ hw.g b + iii,wm(p2 +¢*) — MGoaa'a + Gopb'b)q
+ih[E(ate™™0at — ge0at) 4 Fp(blemiwont — peiwost)] (74)

where a and b now denote the annihilation operators of the two cavity modes,
we have introduced the two coupling constants Go, = \/h/mw,, we/L, and

the two driving rates |E,| = 1/2Pyx/hwo,, © = A, B. We have assumed for
simplicity that the two modes have the same decay rate k. We assume that
scattering of photons of the driven modes into other cavity modes and also
between the two chosen modes is negligible: this is verified when w,, is much
smaller then the free spectral range of the cavity.

Introducing again dissipation and noise terms as in Sec. 2, the system dynamics
is described by the following set of nonlinear QLE, written in the interaction
picture with respect to Awgaata + fwpb'b,

BN
ot

q=wmp,

D=—Wnmq — YmP + GOAGTCL + GOBbTb + f,
a=—[r+i(Doa — Goaq)la + Ea + V2ka™,
b=—[r +i(Aop — Gopq)]b + Ep + V2rb™,
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where Ay, = Wep — Wo, are the detunings of the two lasers, and we have
introduced a vacuum input noise b (t) for the cavity mode b, possessing the
same correlations of Egs. (7)-(8).

We assume again that both modes are intensely driven so that the system is
characterized by a semiclassical steady state with large intracavity amplitudes
for both modes and a modified cavity length. This classical steady state is
determined by setting the time derivatives to zero, factorizing the averages
and solving for the mean values a5 = (a), bs = (b), ¢s = {q), ps = (p). One
gets

Ey

TV (79)
Ep
b= B 80
K+ ZAB ( )
2 2
0= Goalas|* + Gop|bs| 7 (81)
W,
ps =0, (82)

where the effective detunings A, = Ao, — (G34]as|? + Gig|bs|?) Jwm, v = A, B,
have been defined, so that Egs. (79)-(80) form actually a system of nonlinear
equations, whose solution gives the stationary amplitudes a, and b;.

One then focuses onto the dynamics of the quantum fluctuations around this
steady state, which are well described by linearizing the QLE of Eqgs. (75)-(78)
around the semiclassical steady state values, provided that |asl,|bs| > 1. The
linearized QLE for the resonator and for the amplitude and phase quadratures
of the two modes, X 4, 0Xpg, Y4 and dY3, defined as in Sec. 2, can be written
in compact form as
u(t) = Au(t) + n(t),

where u = (8q,0p, 60X a,0Y4,0Xp,8Yp)T is the vector of quadrature fluctua-
tions, and n = (0,&, V2 XY, V2KY 3" V26X, \V26YE)T is the correspond-
ing vector of noises. The 6 x 6 matrix A is the drift matrix of the system,
which reads

0 wn O 0 0
—Wm Ym Ga 0 Gp
0 0 —x Ax O
Gy 0 =Ayp -k 0
0 0 0 0 -k Ap
Gg 0 0 0 —Ap -k

where we have chosen the phase reference of the two cavity modes so that as

o O O O
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and b, are real and positive, and defined the effective couplings G4 = Goaasv/2
and GB = GOBbS\/i

The steady state exists and it is stable if all the eigenvalues of the drift ma-
trix A have negative real parts. The parameter region under which stability
is verified can be obtained from the Routh-Hurwitz criteria [81], but the in-
equalities that come out in the present case are quite involved. One can have
an idea of this fact from the expression of the characteristic polynomial of A,
P(\) = X0+ 1A% + oM + esA® + cu\? + s\ + ¢, where

C1="Ym + 4K,

ey =A% + A% + 4k + 667 + w2,

C3="m(A% + Ap +667) + 26[A% + AR +2(s” + Q1 )],

cs= K+ 29k (AL + 262) + 6k%W2, + AL (K2 + w?) +
A% (A + 29k + K2 + w?) — win(GR A4 + GEAR),

s =Y (A% + £2)(A% + K?) + 2kw2, (A% + A% + 257)
—2kwn(GA A4 + GRAR),

co = wp, (A% + £7) (AL + %) — w[GEAB(AL + K7)
+GAA A (AL + K2)).

We are considering here a bichromatic driving of the cavity in order to im-
prove the size and the robustness of the generated entanglement. Entangle-
ment monotonically increases with the optomechanical coupling but, as we
have seen also in the previous sections, the stability conditions put a strict
upper bound on the maximum achievable value of this coupling. Therefore
it is interesting to find a regime in which the presence of the second driven
mode makes the system always stable, so that the couplings can be made
very large (for example by increasing the input power, the cavity finesse, or
decreasing the cavity length) without entering the unstable regime. One then
hopes that in this regime also entanglement can be made large and robust
against temperature.

A simple way to have always a stable system is to find a particular relation
between the parameters such that the characteristic polynomial of A does
not depend upon G4 and Gpg. In this case, the eigenvalues of A would be
independent of the two couplings and stability would be guaranteed. The
expressions above show that the eigenvalues of A are independent of G4 and
G p and the system is always stable if and only if

|Gal = |G| =G, (84a)
Ay=—Ap=A. (84b)

The condition described by Eqgs. (84) represents a perfect balance between a
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cooling cavity mode (which, without loss of generality, we can take as mode
A, so that A4 > 0) and a heating cavity mode, i.e., mode B with Ap < 0. The
fact that the eigenvalues of A do not depend upon the couplings means that
the decay rates of both the resonator and the cavity modes are left unchanged
and in this case radiation pressure mainly create quantum correlations, i.e.,
entanglement, between the modes. We shall assume conditions (84) from now
on.

5.2 Entanglement of the output modes

We now calculate the entanglement properties of the steady state of the bichro-
matically driven cavity. However we shall not discuss here the intracavity en-
tanglement, but only the entanglement properties of the optical output modes.
In fact, as we have seen above in the case of a single driven mode, one can ob-
tain a larger optomechanical entanglement with respect to the intracavity case
by appropriately filtering the output modes. Moreover only the entanglement
with output modes is relevant for any quantum communication application.
We shall apply therefore the filter function formalism developed in Sec. 4.2,
restricted however here to the simple case of a single output mode for each
intracavity mode. In fact, we have now two driven cavity modes and consider-
ing the more general case of multiple output modes associated to each driven
mode as in Sec. 4.2, would render the description much more involved with-
out however gaining too much insight into the physics of the problem. The
two output modes originate from two different cavity modes, and since the
latter are not too close in frequency, they consequently describe two indepen-
dent modes. Therefore we do not need orthogonal filter functions like those of
Eq. (69) used for the single driven mode case, and we choose here a different
filter function. We consider the two output modes with annihilation operators

t
g (t)= [ dsg.lt - a(s) x=AB, (59)

where a%(t) and a%*(t) are the usual output fields associated with the two
cavity modes and

gu(t) = \/Ee(l/”m“”)tﬂ(t) x=AB (86)
T

are the two filter functions, describing two output modes, both with bandwidth
1/7 and with central frequencies, Q4 and Qp, which are in general different
from the cavity mode frequencies w.4 and w,p.

The entanglement between the chosen output modes and the mechanical res-
onator mode is fully determined by the corresponding 6 x 6 CM, which is
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defined as in Eq. (72)

1 U ou
Vi (t) = g (u (0 (1) + ug (ug™ (1)) (87)
where now
w (1) = [0,0,6X8 (), 8YS (1), 0X52 (1), oY1) (88)

is the vector formed by the mechanical position and momentum fluctuations
and by the amplitude and phase quadratures of the filtered modes. Using the
various definitions, input-output relations and also the correlation function of
the noise terms, one can derive an integral expression for the CM V% of the
system (see Ref. [69] for the details in a similar calculation), which is given by

' - "~ Pout " Pout -
pout — / dwT(w) [M(w) + ] D(w) {M(w)T + %] T(w), — (89)
where T'(w) is the Fourier transform of
5(t) 0 0 0 0 0
0 8(t) 0 0 0 0
() = 0 0 v2kRega(t) —v2kImgu(t) 0 0
- 0 0 V2xImga(t) V2kRegal(t) 0 0 7
0 0 0 0 V2kRegp(t) —v2xImgp(t)
0 0 0 0 V2kImggp(t) v2kRegp(t)
(90)
| W) = (i + 4) " o

P, = Diag[0,0,1,1,1,1] is the projector onto the optical quadratures, and
D(w) is the matrix associated with the Fourier transform of the noise corre-
lation functions, given by

D(w) = Diag|0, (ymw/wp,) coth(Aw/2kpT), k, k, K, K].

Using the CM V°% one can analyze the entanglement between the three dif-
ferent bipartitions of the system, when one of the three modes is traced out,
and also tripartite entanglement.

5.2.1 Optomechanical entanglement

First of all we consider the entanglement between the output field of the
“cooling mode” (A) (the one with Ay > 0) and the mechanical resonator.
We have seen in Sec. 4 that this configuration allows to achieve the maximum
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optomechanical entanglement in the case of a single driven cavity mode. In
fact, when A ~ w,,, G is large enough, and the selected output mode is
centered around the Stokes sideband, the entanglement is optimized and it is
also robust against temperature (see Fig. 7). Fig. 9 shows that the presence
of the second “heating” mode B disturbs this optimal condition and that E
is appreciably lower than the one with only one driven mode. In fact, we
have considered here a similar parameter region, i.e. pg, k = Wy, A = Wy,
Ap = —wp, G, = 0.326w,,, G, = 0.302w,,,. The qualitative behavior of Ey
is identical to that of the corresponding Fig. 7, i.e., Ey is maximum when
the output mode overlaps as best as possible with the Stokes sideband of the
corresponding driving laser, which means centered around —w,, and with an
inverse bandwidth ¢ = w,,7 ~ 10. However the achievable values of E) are
significantly lower. Fig. 7b shows that, despite the lower values, entanglement
is still quite robust against temperature.
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Fig. 9. Logarithmic negativity Exs of the bipartite system formed by the mechanical
mode and the output of the “cooling” mode A. (a) Ej versus the center frequency of
the output mode Q4 /w,, at three different values of the inverse detection bandwidth
€ = wy, 7. As in the single driven mode case (see Fig. 7), entanglement is maximum
when the output mode is centered around the the Stokes sideband Q24 = —wp,.
The other parameters are pg, kK = Wm, A4 = Wy, A = —wny, Gq = 0.326w;,,
Gp = 0.302w,,. (b) Ex versus the reservoir temperature 7' when the output mode
is centered at the Stokes sideband (24 = —wy,) for the same three different values
of e.

The advantage of the bichromatic driving becomes instead apparent when
one considers the bipartite system formed by the resonator and the output
field of the “heating” mode (B), the one with Ap = —w,,. The stationary
optomechanical entanglement can achieve in this case significantly larger val-
ues. The results are shown in Fig. 10 which refers to the same parameters of
Fig. 9 and shows the same qualitative behavior: Ejr is optimized when the
selected output mode well overlaps with the Stokes sideband of the driving
laser Qp = —w,, and it persists up to reservoir temperatures of the order of
10 K. However, E)s is now roughly three times larger than the corresponding
value for the “cooling” mode. This behavior is different from what is found in
Sec. 4 for a single driven cavity mode, where we have seen that optomechan-
ical entanglement in the “heating” regime of negative detunings is seriously

35




(&)

%,
. -
-2 -3 =10 —0.5 [i1s]

[

ns
Op /W,

Fig. 10. Logarithmic negativity Fs of the bipartite system formed by the mechanical
mode and the output of the “heating” mode B. (a) Ex versus the center frequency
of the latter Q4/wy,, at three different values of the inverse detection bandwidth
€ = wy, 7. As it happens for the “cooling” mode A, entanglement is maximum when
the output mode is centered around the the Stokes sideband 25 = —w,,,. Parameters
are as in Fig. 9. (b) Ex versus the reservoir temperature 7' when the output mode
is centered at the Stokes sideband (Q2p = —wy,) for the same three different values
of €.

limited by stability conditions. Now, thanks to the combined action of the two
driven modes and to the conditions (84), the system is always stable and the
parametric-like process described in Sec. 4 is able to generate large and robust
entanglement. Therefore we can say that in this bichromatic case, mode A
helps to entangle in a robust way the output of the “heating” mode B, by
counteracting its instability effect and making the system stable for any value
of the couplings G4 and Gp. Notice that in this case, the Stokes sideband
of the laser driving mode B is resonant with the cavity, because Ag = —w,,
implies w.p = Wop — Wi = Wsiokes and this provides a further reason why the
optomechanical entanglement may become large.

5.2.2  Purely optical entanglement between output modes

Let us consider now the purely optical entanglement between the two output
light beams. As discussed at the beginning of the section, the possibility to
entangle two different output modes of a cavity by means of radiation pres-
sure has been already suggested in different configurations [63,66,93,95]. We
have also seen in Sec. 4 that this is possible even with a single driven mode.
It is nonetheless interesting to compare the results of Sec. 4 with the present
bichromatic driving case. The bichromatic case has been already studied in
Ref. [63], which however restricted to the case of output modes with infinitely
narrow bandwidth (7 = oo0) and centered around the driving laser frequency
(4 = Qp = 0). The general filter function formalism instead allows us to con-
sider generic values of 7, Q4, and Q5. By applying again Eq. (89) and tracing
out now the mechanical mode, we get the results illustrated in Fig. 11. We have
considered a slightly different parameter regime with respect to the previous
subsection, by choosing slightly larger couplings, G, = 1.74w;,, Gy = 1.70w,,
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Fig. 11. Logarithmic negativity Ear of the bipartite system formed by the output
modes associated with the two driven cavity modes. (a) Ej versus the center fre-
quency of the “cooling” mode A Q4 /w,, for a center frequency of the “heating” mode
fixed at Qp = —w, (Stokes sideband), and at three different values of the inverse
detection bandwidth € = w,,7. The other parameters are pg, K = Wm, A4 = W,
Ap = —wp, G = 1.74wy,, Gy = 1.70wy,. (b) Ex versus the reservoir temperature T’
when the output of the mode A is centered at the anti-Stokes sideband (24 = wy,)
and the output of mode B is centered at the Stokes sideband (Q2p = —w,,), for two
different values of ¢.

i.e., larger input powers. Here, the oscillating mirror induces Stokes and anti-
Stokes sidebands for both driving lasers and therefore it may be nontrivial to
establish which are the most-entangled output modes. Fig. 11(a) shows that
the largest all-optical entanglement is achieved between the anti-Stokes side-
band of the “cooling” mode and the Stokes sideband of the “heating” beam.
This is consistent with the results for a single cavity mode, because in both
cases the motion of the resonator creates strong quantum correlations between
the scattering of a Stokes and an anti-Stokes photon. Moreover this result can
be understood from the fact that the two sidebands are those which are res-
onant with the corresponding cavity mode. Fig. 11(a) also shows that, as it
happens in the single cavity mode case, and differently form the optomechan-
ical entanglement, the all-optical Ey monotonically increases for decreasing
detection bandwidths. This is reasonable because the two output modes are
correlated as in two-mode squeezing which is based on the pairwise correlated
production of photons from a pump laser beam via a parametric process. In
this case the quantum correlations are optimally detected when only pairs of
photons exactly satisfying the matching condition w, 4+ w,s = wpa + wop are
detected, i.e., when 7 = oco.

Fig. 11(b) instead shows the robustness of all-optical entanglement with re-
spect to the reservoir temperature, which is extremely good: entanglement
persists even at room temperature provided that one considers output modes
with a sufficiently narrow bandwidth. In this respect, the bichromatic driving

case proves to be more promising than the single driving mode case (compare
Fig. 11(b) with Fig. 8(c)).
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Combining all the results of this section, we see that the output modes as-
sociated with the two driven cavity modes and the mechanical mode form a
tripartite system in which each bipartite subsystem is entangled. This suggests
that a parameter region exists where this tripartite system is characterized by
a fully tripartite-entangled stationary state. This is actually true and it can be
checked by applying the classification criterion of Ref. [97], providing a nec-
essary and sufficient criterion for the determination of the entanglement class
in the case of tripartite CV Gaussian states, which is directly computable in
terms of the eigenvalues of appropriate test matrices [97].

6 Cavity-mediated atom-mirror stationary entanglement

A final recent application of optomechanical systems, recently suggested by a
number of papers (see Refs. [70,71]), is to couple them also to atomic ensembles
in order to realize new and more flexible CV quantum interfaces. To be more
specific, here we consider a hybrid system comprised of N, two-level atoms
of energy splitting Aw,, coupled to an optical cavity, which is in turn coupled
to a mechanical element by radiation pressure. We consider again the steady
state of the system and choose a weak-coupling regime where the atoms and
the cavity are far-off resonance (as illustrated by Fig. 12). The working point
for the optomechanical system is the regime described in the previous section
where red-detuned driving of the cavity ensures optimal entanglement between
the Stokes sideband and the mechanical resonator. We show here that when
the atoms are resonant with the Stokes sideband of the laser, a regime where
both atoms-mirror bipartite CV entanglement and tripartite CV entanglement
can be generated in the steady state, is achieved.

We start from the Hamiltonian of Eq. (1) to which we add the Tavis-Cummings
atom-cavity field interaction

H;=hyg <S+a + S,aT> ,

where collective spin operators are defined as Sy . = >y agf?,,z for ¢ =
1, N, (04— . are the Pauli matrices) and satisfy the commutation relations
[Sy,5-] = S, and [S,,Si] = £2S.. The atom-cavity coupling constant is
given by g = p\/w./2heeV where V is the cavity mode volume, y is the dipole
moment of the atomic transition, and € is the free space permittivity.

The dynamics of the tripartite system is fairly complicated. However, one can
find a regime where a simpler dynamics of three coupled harmonics oscillators
is a good approximation of the system dynamics. To this purpose, we assume
that the atoms are initially prepared in their ground state, so that S, ~
(S.) ~ —N, and this condition is not appreciably altered by the interaction
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Fig. 12. Setup for tripartite hybrid entanglement. An atomic cloud of two-level
atoms is placed inside a cavity driven by a laser. As seen in the inset, the atoms
are resonant with the Stokes sideband of the laser. Since this latter sideband is the
one carrying most of the optomechanical entanglement, also the atoms and movable
mirror become entangled at the steady state.

with the cavity field. This is satisfied when the excitation probability of a
single atom is small. In this limit the dynamics of the atomic polarization can
be described in terms of bosonic operators: in fact if one defines the atomic
annihilation operator ¢ = S_/4/|(S.)|, one can see that it satisfies the usual
bosonic commutation relation [¢, cf] = 1 [98]. In the frame rotating at the laser
frequency wy for the atom-cavity system, the quantum Langevin equations can
then be written as

qzwmpa (92)
P=—wmq — Ymp + Goala + €, (93)
a=—(k+iAo)a +iGoaq — iGac + & + V 2k, (94)
é: - (’711 + ’iAa) Cc— ’iGaa + 2'7ach (95)

where Ay = w. —w; and A, = w, —w; are the cavity and atomic detuning with
respect to the laser, G, = gv/N,, and 27, is the decay rate of the atomic excited
level. The noise affecting the atoms has one non-vanishing correlation function
(F.(t) FI(t)) =6 (t —t'). We now assume that the cavity is intensely driven,
so that at the steady state, the intracavity field has a large amplitude ay, with
|cs| > 1. However, the single-atom excitation probability is g2|c|?/(A2 +42)
and since this probability has to be much smaller than one for the validity
of the bosonic description of the atomic polarization, this imposes an upper
bound to |as|. Therefore the two conditions are simultaneously satisfied only
if the atoms are weakly coupled to the cavity, g?/[A2 + 2] < |as| 2 < 1.

If one is interested only in atoms-mirror entanglement, one could assume a bad
cavity limit and adiabatically eliminate the cavity mode [71]. However, one
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can have a more complete information by linearizing the Langevin equations
Eqgs. (92)-(95) around the semiclassical steady state and then solving for the
exact solution of the 3-mode system steady state provided by the Lyapunov
equation (29) [70]. In fact, owing to the Gaussian nature of the quantum noise
terms &, a;, and F, and to the linearization of the dynamics, the steady state
of the quantum fluctuations of the system is a CV tripartite Gaussian state,
which is completely determined by its 6 x 6 correlation matrix (CM). The
corresponding drift matrix after linearization is given by

0O wn O 0 O 0
—Wm —Ym G 0 0 0
0 0 -k A 0 G,
A= , (96)
G 0 -A-k-G, 0
O O O Ga —Ya Aa
0 0 -Gy 0 —A, —7a

while the diffusion matrix is equal to D =diag[0, vy, (2no + 1), &, &, Ya, Va)- We
have solved Eq. (29) for the CM V in a wide range of the parameters G, G,, A
and A,. We have studied first of all the stationary entanglement of the three
possible bipartite subsystems, by quantifying it in terms of the logarithmic
negativity of bimodal Gaussian states. We will denote the logarithmic neg-
ativities for the mirror-atom, atom-field and mirror-field bimodal partitions
with Fy,,, Foy and E,,f, respectively.

The results on the behavior of the bipartite entanglement FE,,, are shown in
Fig. 13a. Optimization requires, as expected that the atoms are resonant with
the Stokes motional sideband. In Fig. 13b, the logarithmic negativity of the
three bipartitions is plotted versus the normalized atomic detuning. It is evi-
dent that one has a sort of entanglement sharing: due to the presence of the
atoms, the initial cavity-mirror entanglement (represented by the dashed line)
is partially redistributed to the atom-mirror and atom-cavity subsystems and
this effect is predominant when the atoms are resonant with the Stokes side-
band (A, = —wy,). It is remarkable that, in the chosen parameter regime, the
largest stationary entanglement is the one between atoms and mirror which are
only indirectly coupled. Moreover, the nonzero atom-cavity entanglement ap-
pears only thanks to the effect of the mirror dynamics because in the bosonic
approximation we are considering and with a fixed mirror, there would be
no direct atom-cavity entanglement. We also notice that atom-mirror entan-
glement is instead not present at A, = w,,. This is due to the fact that the
cavity-mirror entanglement is mostly carried by the Stokes sideband and that,
when A, = w,,, mirror cavity-cooling is disturbed by the anti-Stokes photons
being recycled in the cavity by the absorbing atoms.

40




(a) (b)

0351

0.30f - - - - oo
0.25f

0.201

Ey

0.15

0.101

0.05-

0.00"

Ayfwy

Fig. 13. Entanglement in the hybrid mirror-atom-field system. Parameters are py,
K =Yg = Wm, G = 1.3wy,. (a) Contour plot of Exr between mirror and atoms as a
function of G, /wy, and A,/w,,. The entanglement is optimized for A, = —wyy, i.e.
when the atoms are resonant with the Stokes sideband of the laser. (b) The three
bipartite entanglement versus the atomic detuning. The blue dashed line represents
the mirror-field Ex in the absence of atom-field coupling. When the atoms are
immersed in the mirror-field system, the entanglement is redistributed among the
three sub-partitions, especially around the regime where A, = —wy,.

We notice that the chosen parameters correspond to a small cavity mode vol-
ume (V' =~ 107'2 m?), implying that for a dipole transition, g is not small.
Therefore the assumed weak coupling condition ¢%/[A2 + 72 < || ™2 < 1
can be satisfied only if g represents a much smaller, time averaged, coupling
constant. This holds for example for an atomic vapor cell much larger than
the cavity mode: if the (hot) atoms move in a cylindrical cell with axis or-
thogonal to the cavity axis, with diameter ~ 0.5 mm and height ~ 1 cm, they
will roughly spend only one thousandth of their time within the cavity mode
region. This yields an effective g ~ 10* Hz, so that the assumptions made
here hold, and the chosen value G,/27 = 6 x 10° Hz can be obtained with
N, ~ 107. An alternative solution could be choosing a cold atomic ensemble
and a dipole-forbidden transition.

The entanglement properties of the steady state of the tripartite system can be
verified by experimentally measuring the corresponding CM. This can be done
by combining existing experimental techniques. The cavity field quadratures
can be measured directly by homodyning the cavity output, while the mechan-
ical position and momentum can be measured with the schemes discussed in
Sec. 3.3. Finally, the atomic polarization quadratures = and y (proportional
to S, and S,) can be measured by adopting the same scheme of Ref. [99], i.e.,
by making a Stokes parameter measurement of a laser beam, shined transver-
sal to the cavity and to the cell and off-resonantly tuned to another atomic
transition.
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7 Conclusions

The search for experimental demonstrations of the quantum behavior of macro-
scopic mechanical resonators is a fastly growing field of investigation. Re-
cent experimental results [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31]
and theoretical predictions suggest that quantum states of resonators with a
mass at the microgram scale will be generated and detected in the near future.
In this chapter we have tried to give an overview of two relevant arguments of
this research field: i) cooling to the motional ground state; ii) the generation
of robust entangled steady states involving mechanical and optical degrees
of freedom. The latter condition is the fundamental prerequisite for the even-
tual integration of micro- and nano-mechanical resonators serving as quantum
memories and interfaces within quantum communication networks.

In the first part of the chapter we have described and compared the two
main approaches for cooling micro-mechanical resonators via radiation pres-
sure coupling to an optical cavity, cold-damping feedback [32,34,35,36,41], and
back-action cooling [33,39,40,41,42,43]. We have adopted a general quantum
Langevin treatment which is valid within the full parameter range of a sta-
ble cavity. Both back-action cooling and cold damping feedback are able to
cool to the ground state, even though back-action cooling is preferable for a
good cavity (k < wy,), while cold damping is more convenient for a bad cavity
(K> wm).

In the second part of the chapter we have analyzed the entanglement proper-
ties of the steady state of the system formed by the optical cavity coupled to
a mechanical element. We have considered two different configurations, with
either one or two intensely driven cavity modes. We have seen that the intra-
cavity mode and the mechanical element can be entangled in a robust way
against temperature, and that back-action cooling is not a necessary condi-
tion for achieving entanglement. In fact, entanglement is possible also in the
opposite regime of a blue-detuned laser where the cavity mode drives and
does not cool the resonator. More generally, the two phenomena are quite in-
dependent, and one is not necessarily accompanied by the other. Cooling is a
classical process (even though it can ultimately lead to the quantum ground
state), while entanglement is an intrinsically quantum phenomenon. More-
over, they are optimized in different parameter regimes. In fact, logarithmic
negativity is maximized close to the stability threshold of the system, where
instead the resonator is not cooled. We have then focused our study onto the
entanglement properties of the cavity output field, which is the relevant one
for quantum communication applications. We have developed a general theory
showing how it is possible to define and evaluate the entanglement properties
of the multipartite system formed by the mechanical resonator and N inde-
pendent output modes of the cavity field. We have seen that the tripartite
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system formed by the mechanical element and the two output modes centered
at the first Stokes and anti-Stokes sideband of the driving laser (where the
cavity output noise spectrum is concentrated) shows robust fully tripartite
entanglement. In particular, the Stokes output mode is strongly entangled
with the mechanical mode and shows a sort of entanglement distillation be-
cause its logarithmic negativity is significantly larger than the intracavity one
when its bandwidth is appropriately chosen. In the same parameter regime,
the Stokes and anti-Stokes sideband modes are robustly entangled, and the
achievable entanglement in the limit of a very narrow detection bandwidth is
comparable to that generated by a parametric oscillators. These results hold
in both cases of single and bichromatic driving of the cavity. In this latter case,
entanglement becomes larger and more robust against temperature under a
particular parameter condition in which one mode is driven by a red-detuned
laser and the other one by a blue-detuned laser. In fact, for equal optome-
chanical couplings and opposite detunings the system is always stable, even
for large values of the intracavity power, and entanglement can persist also at
higher temperatures.

Finally we have investigated a possible route for coupling optomechanical de-
vices with atomic ensembles, by showing that if the atoms are placed inside
the optical cavity and tuned into resonance with the Stokes sideband, optome-
chanical entanglement is optimally distributed also to the atomic ensemble
[70]. Under these conditions one realizes a strongly coupled system showing
robust tripartite entanglement which can be exploited for the realization of
CV quantum interfaces [71].
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We introduce a framework of optomechanical systems that are driven with a mildly amplitude-
modulated light field, but that are not subject to classical feedback or squeezed input light. We find
that in such a system one can achieve large degrees of squeezing of a mechanical micromirror—signifying
quantum properties of optomechanical systems—without the need of any feedback and control, and within
parameters reasonable in experimental settings. Entanglement dynamics is shown of states following
classical quasiperiodic orbits in their first moments. We discuss the complex time dependence of the
modes of a cavity-light field and a mechanical mode in phase space. Such settings give rise to certifiable
quantum properties within experimental conditions feasible with present technology.
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Periodically driven quantum systems exhibit a rich be-
havior and display nonequilibrium properties that are ab-
sent in their static counterparts. By appropriately
exploiting time-periodic driving, strongly correlated
Bose-Hubbard-type models can be dynamically driven to
quantum phase transitions [1], systems can be dynamically
decoupled from their environments to avoid decoherence
in quantum information science [2], and quite intriguing
dynamics of Rydberg atoms strongly driven by micro-
waves [3] can arise. It has also been muted that such
time-dependent settings may give rise to entanglement
dynamics in oscillating molecules [4]. A framework of
such periodically driven systems is provided by the theory
of linear differential equations with periodic coefficients or
inhomogeneities, including Floquet’s theorem [5].

In this Letter, we aim at transferring such ideas to
describe a new and in fact quite simple regime of opto-
mechanical systems, of micromirrors as part of a Fabry-
Perot cavity [6-9], and also to one of the settings [10—-14]
that are the most promising candidates in the race of
exploring certifiable quantum effects involving macro-
scopic mechanical modes. This is an instance of a regime
of driving with mildly amplitude-modulated light. We find
that in this regime, high degrees of squeezing below the
vacuum noise level can be reached, signifying genuine
quantum dynamics. More specifically, in contrast to earlier
descriptions of optomechanical systems with a periodic
time dependence in some aspect of the description, we
will not rely on classical feedback based on processing of
measurement-outcomes—a promising idea in its own right
in a continuous-measurement perspective [15,16]—or re-
sort to driving with squeezed light. Instead, we will con-
sider the plain setting of a time-periodic amplitude
modulation of an input light. The picture developed here,
based in the theory of differential equations, gives rise to a
framework of describing such situations. We find that large
degrees of squeezing can be reached (complementing other
very recent nonperiodic approaches based on cavity-
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assisted squeezing using an additional squeezed light
beam [17]). It is the practical appeal of this work that
such quantum signatures can be reached without the ne-
cessity of any feedback, no driving with additional fields,
and no squeezed light input (the scheme by far outperforms
direct driving with a single squeezed light mode): in a
nutshell, one has to simply gently shake the system in
time with the right frequency to have the mechanical and
optical modes rotate appropriately around each other, remi-
niscent of parametric amplification, and to so directly
certify quantum features of such a system.

Time-dependent picture of system.—Before we discuss
the actual time dependence of the driven system, setting
the stage, we start our description with the familiar
Hamiltonian of a system of a Fabry-Perot cavity of length
L and finesse F being formed on one end by a moving
micromirror,

1
H=hw.alta+ Eha)m(p2 + ¢ — hGyatagq

+ ih Z (Enefi(a)0+nﬂ)ta'r _ Ezei(‘”UJr"Q)fa). (1)

n=-—oo

Here, w,, is the frequency of the mechanical mode with
quadratures ¢ and p satisfying the usual commutation
relations of canonical coordinates, while the bosonic op-
erators a and a® are associated to the cavity mode with
frequency . and decay rate k= wc/(2FL). G, =
Jh/(mw,,)w./L is the coupling coefficient of the radiation
pressure, where m is the effective mass of the mode of the
mirror being used. Importantly, we allow for any periodi-
cally modulated driving at this point, which can be ex-
pressed in such a Fourier series, where () = 277/7 and
7 > 0 is the modulation period. The main frequency of the
driving field is w, while the modulation coefficients {E,}
are related to the power of the associated sidebands {P,} by
|E,|?> = 2kP,/(hw,). The resulting dynamics under this
Hamiltonian together with an unavoidable coupling of the

© 2009 The American Physical Society
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mechanical mode to a thermal reservoir and cavity losses

gives rise to the quantum Langevin equation in the refer-

ence frame rotating with frequency wg, ¢ = w,,p, and
P=—wug = Yup t Goafa + &

a

—(k + iAg)a + iGyaq )

+ Z E,,e‘i"‘1’+\/2_l<-ai“,

n=-—oo

where A) = w. — w is the cavity detuning. v,, is here an
effective damping rate related to the oscillator quality
factor Q by vy,, = w,,/Q. The mechanical (£) and the
optical (a™) noise operators have zero mean values and
are characterized by their auto correlation functions which,
in the Markovian approximation, are <(&(r)é&(f) +
E(VEMY/2 = y,(2 + 1)8(r — ') and (a™(1)a™ (1)) =
8(t — '), where 1 = [exp(;,’(’:—;) — 1]~ is the mean thermal
phonon number. Here, we have implicitly assumed that
such an effective damping model holds [18], which is a
reasonable assumption in a wide range of parameters in-
cluding the current experimental regime.

Semiclassical phase space orbits.—Our strategy of a
solution will be as follows: we will first investigate the
classical phase space orbits of the first moments of quad-
ratures. We then consider the quantum fluctuations around
the asymptotic quasiperiodic orbits, by implementing the
usual linearization of the Heisenberg equations of motion
[11,12] (excluding the very weak driving regime).
Exploiting results from the theory of linear differential
equations with periodic coefficients, we can then proceed
to describe the dynamics of fluctuations and find an ana-
lytical solution for the second moments.

If we average the Langevin equations (2), assuming
(ata) = [a)|?, {aq) = {(a)q) (true in the semiclassical
driving regime we are interested in), we have a nonlinear
differential equation for the first moments. Far away from
instabilities and multistabilities, a power series ansatz in
the coupling G, (0)(r) = 2o 0,(1)G}, is justified, where
O =a, p, q. If we substitute this expression into the
averaged Langevin equation (2), we get a set of recursive
differential equation for the variables O;(.). The only two
nonlinear terms in Eq. (2) are both proportional to Gy,
therefore, for each j, the differential equation for the set of
unknown variables O;(.) is a linear inhomogeneous system
with constant coefficients and 7-periodic driving. Then,
after an exponentially decaying initial transient (of the
order of 1/7,,), the asymptotic solutions O; will have the
same periodicity of the modulation [5], justifying the
Fourier expansion

O0=3% 3 0,;""G] 3)

j=0n=—oo

Substituting this in Eq. (2), we find the following recursive
formulas for the time independent coefficients O, ;, g, 0 =
Puo =0, a,0=E_,/(k+ i(A; + n€)), corresponding

to the zero coupling Gy, = 0, while for j = 1, we have

ji—1 o *
g, i = jz Z am,kan+m,j—k—1
n,j m 2 2 . ’
S oWy — n Q7+ iy, nl)

j—1
an,j:lz
k

=(0m=—00

“

00

z am,an*m,j*k*l
k+i(Ay+nQ)

in{)
pn,j = qn,j’
Wy

Within the typical parameter space, considering only the
first terms in the double expansion (3), corresponding to
the first sidebands, leads to a good analytical approxima-
tion of the classical periodic orbits, see Fig. 1. On physical
grounds, this is expected to be a good approximation, since
Gy < w,,, and because high sidebands fall outside the
cavity bandwidth, n{) > 2k. What is more, the decay
behavior of E, related to the smoothness of the drive
inherits a good approximation in terms of few sidebands.

Quantum fluctuations around the classical orbits.—We
will now turn to the actual quantum dynamics taking first
moments into account separately when writing any opera-
tor as O(t) = (O)(t) + 80(t). The frame will hence be
provided by the motion of the first moments. In this refer-
ence frame, as long as [(a)| > 1, the usual linearization
approximation to (2) can be implemented. In what follows,
we will also use the quadratures x = (8a + 8a')/+/2 and
8y = —i(8a — 8a')/+/2, and the analogous input noise
quadratures x™ and y™. For the vector of all quadratures we
will  writt  u = (8q, 8p, 6x,6y)T, with n=
(0, & /2Kxin, \/ﬂyi“)T being the noise vector [11,18].
Then the time-dependent inhomogeneous equations of
motion arise as u(t) = A(t)u(t) + n(t), with

0 w, 0 0
— T Wy “Ym Gx(l) Gy(t)
A=t 6o o -k ap | ©
G, (1) 0 -A(t) —«

where the real A(7) contains the time-modulated coupling
constants and the detuning as G(r) = G(1) + iG,(¢),

G() = V2a()Gy, A1) = Ay — Golg(1)).  (6)

From now on we will consider quasiperiodic orbits only, so
the long-time dynamics following the initial one, when the
first moments follow a motion that is 7 periodic. Then, A is

2000

@ Re(a) ®)

=

() Im(a)

100000,
30000 4000 000 0 D0 4000 60000

10000 15000 20000 25000

FIG. 1 (color online). Phase space trajectories of the first mo-
ments of the mirror (a) and light (b) modes. Numerical simula-
tions for ¢ € [0, 507] (black) and analytical approximations of
the asymptotic orbits (green or light gray).
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7 periodic, and hence A(r) = A(r + 7) = 3 _ A, e,
In turn, if all eigenvalues of A(.) having negative real parts
for all + € [0, 7] is a sufficient condition for stability. From
the Markovian assumption, we have (n;(1)n;(r) +
n;(tn;(1))/2 = 6(t — ')D; ;. where D = diag(0,
vm (271 + 1), k, k). The formal solution of Eq. (5) is [5]

ut) = U, to)ulty) + f UG (s, (D)
fo
where U(t, 1) is the principal matrix solution of the homo-
geneous system satisfying U(z, 1)) = A(1)U(t, t;) and
U(ty, ty) = 1. From Egs. (5) and (7), we have as an equa-
tion of motion of the covariance matrix (CM)
V() = A(OV(1) + V()AT(1) + D. (8)
Here, the CM V(.) is the 4 X 4 matrix with components
V;j = wu; + uju;)/2, collecting the second moments of
the quadratures. This is again an inhomogeneous differen-
tial equation for the second moments which can readily be
solved using quadrature methods, providing numerical
solutions that will be used to test and justify analytical
approximate results in important regimes. Moreover, now
the coefficients and not the inhomogeneity are 7 periodic,
A(r) = A(t + 7). Again, we can invoke results from the
theory of linear differential equations to Eq. (8) [5]: we find
that in the long time limit, the CM is periodic and can be
written as V(1) = 3, V,e. An analytical solution for
V(.), is most convenient in the Fourier domain, f(w) =
72 e i@l f(1)dt, giving rise to

—iwi(w) + Z Ail(w — nQ) = —i(w). ()
If A, .9 = 0, corresponding to no modulation, we are in the
usual regime where the spectra are centered around *w,,
for the mechanical oscillator and around £ A for the optical
mode. The modulation introduces sidebands shifted by
+nQ). If the modulation is weak, only the first two side-
bands at *=() significantly contribute. For strong modu-
lation also further sidebands play a role: Disregarding
higher sidebands means truncating the summation to
*+N [valid if u(w = NQ) =~ 0]. Then Eq. (9) can be writ-
ten as A(w)i(w) = i(w), where i’(w)= (" (w —
NQ), ..., i (w),..., i (w0 + NQ)) and il(w) =
(T (w — NQ),..., il (w),...,iT(w + NQ)) are 4X
(2N + 1) vectors, while, in terms of 4 X 4 blocks,

B_N A_| A—2 : A—ZNW
Al By A :
_ A A B_(n_
Alw) = .z 1 (N-2) (10)
LAZN Ay By J

with B, = Ay — i(w + kQ).

We have that ¢, (0, o) = (A0} (o') +
wj(@i(w)/2 =3,y 8(w — @ —nQ)D,,  where
D, = diag(D, D, ..., D), then D, is the matrix that has D

on all first right off diagonal blocks, D, on the second off
diagonals, with D, analogously defined, and D_,, = DT.
We now define the two frequency correlation function
as V(o @) = (i(0)dj(o) + @j(o)i(0))/2. We
have V(w, 0') = A" Y(w)d(w, o )[A™H(w')]t. We are in-
terested only on the central 4 X 4 block of V which we
call V(w, ') =[V(w, @)];. We find V(o o')=

2N V(@) — o' — nQ), where V., (0) =
[A~(w)D,[A~ (w — nQ)]t],. This means that the driving
modulation correlates different frequencies, but only if
they are separated by a multiple of the modulation fre-
quency (). By inverse Fourier transforms we recover the
time-periodic expression for the CM, where the compo-
nents V,, are given by the integral of their noise spectra, i.e.,

! fm V,(0)do. (an

" 21T 0

Squeezing and entanglement modulation.—We will now
see that the mild amplitude-modulated driving in the cool-
ing regime is exactly the tool that we need in order to arrive
at strong degrees of squeezing, in the absence of feedback
or squeezed light. We will apply the previous general
theory to setting of an optomechanical system that is
experimentally feasible with present technology. In fact,
all values that we assume have been achieved already and
reported on in publications with the exception of assuming
a relatively good mechanical Q factor. The reasonable set
of experimental parameters [9] that we assume is L =
25 mm, F = 1.4 X 10*, w,, =2 MHz, Q = 10, m =
150 ng, T'= 0.1 K. We then consider the—in the mean-
time well known—self-cooling regime [7] in which a
cavity eigenmode is driven with a red detuned laser A, =
w,, (with wavelength A = 1064 nm), but we also add a
small sinusoidal modulation to the input amplitude with a
frequency ) = 2w,,, so twice the mechanical frequency.
To be more precise we choose the power of the carrier
component equal to P, = 10 mW, and the power of the
two modulation sidebands equal to P.; = 2 mW.

We approximate the asymptotic classical mean values in
Eq. (3) by truncating the series only to the first terms with
indexes j=0,...,3 and n = —1, 0, 1. Figure 1 shows
that, after less than 50 modulation periods, the first mo-
ments reach quasiperiodic orbits which are well approxi-
mated by our analytical results.

In order to calculate the variances of the quantum fluc-
tuations around the classical orbits, we truncate the sum in
Eq. (9) to N = 2 and we apply all the previous theory to
find the covariance matrix V. In Fig. 2 we compare two
regimes: with or without (P~; = 0) modulation (computed
analytically and numerically). We see that the modulation
of the driving field causes the emergence of significant true
quantum squeezing below the Heisenberg limit of the
mechanical oscillator state and also the interesting phe-
nomenon of light-mirror entanglement oscillations. This
dynamics reminds of the effect of parametric amplification
[13,16], as if the spring constant of the mechanical motion
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FIG. 2 (color online). (a) Variance of the mirror position and
(b) light-mirror entanglement Ey as functions of time. In both (a)
and (b) the nonmodulated driving regime (blue or dark gray), the
modulated driving regime (green or gray), and the numerical so-
lutions (black dash-dotted) are plotted. (a) also shows the stan-
dard quantum limit (red or gray dashed) at 1/2, the minimum
eigenvalue of the mirror covariance matrix (black dashed) and its
analytical estimation (12) in the RWA (orange or light gray).

was varied in time with just twice the frequency of the
mechanical motion, leading to the squeezing of the me-
chanical mode. For related ideas of reservoir engineering,
making use of bichromatic microwave coupling to a charge
qubit of nanomechanical oscillators, see Refs. [20]. Here, it
is a more complicated joint dynamics of the cavity field
and the mechanical mode—where the dynamics of the first
and the second moments can be separated—which for large
times yet yields a similar effect. Indeed, this squeezing can
directly be measured when considering the output power
spectrum, following Ref. [21], and no additional laser light
is needed for the readout, giving hence rise to a relatively
simple certification of the squeezing. Entanglement here
refers to genuine quantum correlations between the mirror
and the field mode, as being quantified by the logarithmic
negativity defined as Ey(p) = log||p'l,, essentially the
trace norm of the partial transpose [22,23]. The minimum
eigenvalue of the mirror covariance matrix—the logarithm
thereof typically referred to as single mode squeezing
parameter—is almost constant and this means that the state
is always squeezed but that the squeezing direction con-
tinuously rotates in phase space with the same period of the
modulation. Calling this rotating squeezed quadrature Sxp,
a rough estimate of its variance can be calculated in the

rotating-wave approximation (RWA, compare, e.g.,
Ref. [24]),
1 2 -G 1+G_(n+1
<5x12e>:—+’_l_ «(Go—G 1)(2Go”2G (72 ))’ (12)
2 (ym +26)(G5— G2, +27,,K)

with {G,} being defined as G(r) = ¥ _ G, ™.

Conclusions and outlook.—In this Letter we have intro-
duced a framework of describing periodically amplitude-
modulated optomechanical systems. Interestingly, such a
surprisingly simple setting feasible with present technol-
ogy [9] leads to a setting showing high degrees of me-
chanical squeezing, with no feedback or additional fields
needed. We hope that such ideas contribute to experimental
studies finally certifying first quantum mechanical effects
in macroscopic mechanical systems, constituting quite an
intriguing perspective.

This work has been supported by the EU (MINOS,
COMPAS, QAP), and EURYL.
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We establish a method of directly measuring and estimating nonclassicality—operationally defined in
terms of the distinguishability of a given state from one with a positive Wigner function. It allows us to
certify nonclassicality, based on possibly much fewer measurement settings than necessary for obtaining
complete tomographic knowledge, and is at the same time equipped with a full certificate. We find that
even from measuring two conjugate variables alone, one may infer the nonclassicality of quantum
mechanical modes. This method also provides a practical tool to eventually certify such features in
mechanical degrees of freedom in opto-mechanics. The proof of the result is based on Bochner’s theorem
characterizing classical and quantum characteristic functions and on semidefinite programming. In this
joint theoretical-experimental work we present data from experimental optical Fock state preparation.

DOI: 10.1103/PhysRevLett.106.010403

Where is the “‘boundary” between classical and quan-
tum physics? Unsurprisingly, acknowledging that quantum
mechanics is the fundamental theory from which classical
properties should emerge in one way or the other, instances
of this question have a long tradition in physics. Possibly
the most conservative and stringent criterion for nonclas-
sicality of a quantum state of bosonic modes is that the
Wigner function—the closest analogue to a classical
probability distribution in phase space—is negative, and
can hence no longer be interpreted as a classical probabil-
ity distribution [1-3]. From this, negativity of other quasi-
probability distributions, familiar in quantum optics, such
as the P-function [1,4] follows. In fact, a lot of experimen-
tal progress was made in recent years on preparing quan-
tum states of light modes that exhibit such nonclassical
features, when preparing number states, photon subtracted
states, or small Schrédinger cat states [5-8]. At the same
time, a lot of effort is being made of driving mesoscopic
mechanical degrees of freedom into quantum states even-
tually showing such nonclassical features [9]. All this
poses the question, needless to say, of how to best and
most accurately certify and measure such features.

In this work, (i) we demonstrate that, quite remarkably,
nonclassicality in the above sense can be detected from
mere measurements of two conjugate variables. For a
single mode, this amounts to position and momentum
detection, as can be routinely done by homodyne measure-
ments in optical systems. (i) What is more, using such data
(or also data that are tomographically complete) one can
get a direct and rigorous lower bound to the probability of
operationally distinguishing this quantum state from one
with a positive Wigner function—including a full certifi-
cate. Such a bound uses information from possibly much
fewer measurement settings than needed for full quantum
state tomography. At the same time, quantum state

0031-9007/11/106(1)/010403(4)
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tomography using Radon transforms for quantum modes
is overburdened with problems of ill-conditioning.

The method introduced here, in contrast, is a direct
method giving rise to a certified bound which arises from
conditions all classical and quantum characteristic func-
tions have to satisfy as being grasped by the classical and
quantum Bochner’s theorem [10]. Hence, we ask: “What is
the smallest nonclassicality consistent with the data”?
Intuitively speaking, the proof circles around the deviation
of a quantum characteristic function as the Fourier trans-
form of the Wigner function from a classical characteristic
function. This deviation can then be formulated in terms of
a semidefinite program—so a well-behaved convex opti-
mization problem—giving rise to certifiable bounds. The
same technique can also be applied to notions of entangle-
ment, and indeed, the rigor applied here reminds of apply-
ing quantitative entanglement witnesses [11,12]. What is
more, the criterion evaluation procedure is efficient. At
present, such techniques should be most applicable to sys-
tems in quantum optics, and we indeed implement this idea
in a quantum optical experiment preparing a field mode in a
nonclassical state. Yet, they should be expected to be
helpful when eventually certifying that a mesoscopic me-
chanical system has eventually reached quantum properties
[9], where ‘‘having achieved a nonclassical state”, with
careful error analysis, will constitute an important
benchmark.

Measure of nonclassicality.—Nonclassicality is most
reasonably quantified in terms of the possibility of opera-
tionally distinguishing a given state from a state that one
would conceive as being classical. That is to say, the
meaningful notion of distinguishing a state from a classical
one is as follows.

Definition 1: (Measure of nonclassicality).—
Nonclassicality is measured in terms of the operational

© 2011 The American Physical Society
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distinguishability of a given state from a state having a
positive Wigner function,

1(p) = min|lp — oll;, (1
wel

where C denotes the set of all quantum states with positive
Wigner function and || - || is the trace norm.

This measure is indeed the operational definition of a
nonclassical state—as long as one accepts the negativity of
the Wigner function as the figure of merit of nonclassical-
ity. Needless to say, the operational distinguishability with
respect to other properties would also be quantified by
trace-distances, and naturally several quantities of such a
type can be found in the literature (see, e.g., Ref. [13] for a
similar notion of nonclassicality and Ref. [14] for a related
idea to quantify entanglement). It has the following natural
properties: It is (a) invariant under passive and active linear
transformations, and (b) nonincreasing under Gaussian
channels, and in fact under any operation that cannot
map a state with a positive Wigner function onto a negative
one. The latter property is an immediate consequence of
the trace norm being contractive under completely positive
maps. Moreover, since Gaussian states are positive this
measure of negativity gives a direct lower bound to the
non-Gaussianity of the same state—quantified again in
terms of the distance to the set of Gaussian states. Such a
notion of non-Gaussianity (see, e.g., Refs. [15]), just as the
negativity of the Wigner function as such, can be viewed as
quantifying a resource in quantum information processing.
Similar to entanglement measures being monotones under
local operations with classical communication, these mea-
sures are monotones under Gaussian operations. What is
more, the negativity of the Wigner function may also be
seen as quantifying the potential of violating a Bell in-
equality based on homodyning [16].

Characteristic functions and Bochner’s theorems.—We
consider physical systems of n bosonic modes, associated
with canonical coordinates R = (qy, ..., g, P, - - -, Pn)s Of
“position” and “momentum”, or some quadratures. In the
center of the analysis will be quantum characteristic func-
tions [2,17], for n modes as a function y: R** — C defined
as y(&) = t{ pD(&)], D(&) = €'¢"?R, 50 as the expectation
value of the Weyl or displacement operator [18]. This
characteristic function is nothing but the Fourier transform
of the familiar Wigner function W: R>" — R,

W(z) = fX(f)f’f“”df- (€3]

1
(277.)2n
A key tool will be the notion of A positivity [10]:

Definition 2: (A positivity).—A function y: R — C is
A-positive definite for A € R if for every m € N and for
every set of real vectors T = (£, &5, ..., &,,) the m X m
matrix MW (y, T) is non-negative, MW (y, T) = 0, with

(MWD (x, 1))y = x(& — &)eréwasi/2, 3)

Conversely, one can ask for a classification of all func-
tions that can be characteristic functions of a quantum

state, or some classical probability distribution. Such a
characterization is captured in the quantum and classical
Bochner’s theorems [10]. (i) Every characteristic function
of a quantum state must be /-positive definite. (ii) Every
characteristic function of a quantum state with a positive
Wigner function must be at the same time /-positive defi-
nite and 0-positive definite.

Measuring nonclassicality.—Data are naturally taken as
slices in phase space, resulting from measurements of
some linear combinations of the canonical coordinates,
as they would be obtained from a phase sensitive measure-
ment such as homodyning in quantum optics. One collects
data from measuring observables u,R for some collection
of u; € R?" with |lu,]l = 1. E.g., in the simplest case of
one mode one could measure only ¢ and p or, if the state is
phase invariant, one could average over all the possible
directions. With repeated measurements one can estimate
the associated probability distributions Pj: R — R*, re-
lated to slices of the characteristic functions by a simple
Fourier transform [ P (s)e'**ds = y(wouy). Actually, in
areal experiment one can build only a statistical histogram
rather than a continuous probability distribution. Hence,
measurements of values of the characteristic function must
be equipped with error bars [19]

8(w) = lolh + n/VN, e))

where 2/ is the width of each bin of the histogram, N is the
number of measurements and »n is the number of standard
deviations that one should consider depending on the
desired level of confidence [20]. This kind of measure-
ments can be performed also in optomechanical systems
where a particular quadrature of a mechanical oscillator
can be measured a posteriori by appropriately homodyning
a light mode coupled to it [21]. A different idea has
recently been proposed for directly pointwise measuring
the characteristic function of a mechanical mode coupled
to a two-level system [22]. In both cases the method that
we are going to describe can be easily applied. Restricted
measurements also arise in the context of bright beams
[23], where Mach-Zehnder interferometers have to replace
homodyning. In the study of states of macroscopic atomic
ensembles [24] similar issues arise.

Bounds to the nonclassicality from convex optimiza-
tion.—We assume that we estimate the values of the char-
acteristic function ,\/(Ej) = ¢; for a given set of points fj,
Jj=1,..., p, within a given error §; =0 [20], so that
|x(£)) — ¢;| = §;. Now pick a set of suitable test vectors
T = (&y,..., &,), the differences &; — &; of which at least
contain the data points &, ..., £ ,. Based on this, we define
the following convex optimization problem as over y, x,

minimize X, 5)
such that
[Re(x(£))) — Re(c))| = 8,

j=1L...,p, (6)
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where M©(y, T) and MD(y, T) are the Hermitian matri- ° - A ;.' ‘.:/\ Pi(q)
ces (3) associated with the A positivity, based on the test - AR N'R'2.¢

points &, ..., &, as being specified in Def. 2. The mini-
mization is in principle performed over all functions
x: R? — C such that y(—¢&) = x(£)*, where y(&)) is
constrained by the data and M®/V(y, T) depend on the
test points. Since we take only a finite number of points of
X, yet, the above problem gives rise to a semidefinite
problem (SDP) [25]. This can be efficiently solved with
standard numerical algorithms. By means of the notion of
Lagrange duality, one readily gives analytical certifiable
bounds: Every solution for the dual problem will give a
proven lower bound to the primal problem [25], and hence
a lower bound to the measure of nonclassicality itself. The
entire procedure hence amounts to an arbitrarily tight
convex relaxation of the Bochner constraints. We can
now formulate the main result: Eq. (5) gives rise to a lower
bound for the nonclassicality: Given the data (and errors),
one can find good and robust bounds to the smallest non-
classicality that is consistent with the data.

Theorem 3: (Estimating nonclassicality).—The output x’
of Eq. (5) is a lower bound for the nonclassicality, n(p) =
x'. The proof proceeds by constructing a witness operator

1 m
=— > viyD( — &), ©)
m =
where &,,...,&, € R¥" are the test vectors from
Bochner’s theorem used in the SDP and v is the normalized
eigenvector associated with the minimum eigenvalue of
MO(y', T), where y’ is the optimal solution for y. For a
given state p, this operator F has the following properties:
(i) F = F', (i) |tr(Fow)| = 1 for all quantum states w.
(iii) tr(Fw) = 0 for all quantum states w € C. (4) If x' = 0
is the optimal solution, then tr(Fp) = —x'. These proper-
ties will be proven to be valid in the Supplementary mate-
rial [19], involving some technicalities. They suggest that
F is actually a witness observable able to distinguish a
subset of nonclassical states from the convex set of classi-
cal states. Formally, from the variational definition of the
trace norm, we have the lower bound to be shown [26],

= mi — = mintr(wF) —tr(Fp) = x'. (1
1(p) rﬂflérclllp olly min t(wF) —t(Fp) = x". (10)

An example: Schrodinger cat state.—As an example we
consider a quantum superposition of two coherent states,
so [¢)~ (la) + | — a)) with @ = 1.77. We assume to
measure only the probability distributions of position and
momentum [Fig. 1(a)]: Pi(g) = Kqly)I* and P,(p) =
Kply)l?, ie., the data is collected from a mere pair of
canonical operators. This amount of information is of
course not sufficient for tomographically reconstructing
the state since it corresponds to just two orthogonal slices
of the characteristic function. In order to define the SDP we

; ; - ;
\z;\\_‘_d/.z/q"/

FIG. 1 (color online). (a) Position and momentum distributions
for an exact cat state. (b) Wigner function based on the SDP.

consider a 25 X 25 square lattice centered at the origin of
the domain of the characteristic function, optimizing over
the values of y at the lattice points. Position and momen-
tum measurements define the constraints (6) and (7) for
only two slices of the lattice (assuming an error of
o; = 1073 for each point). We generate 100 random test
vectors and we construct the associated A-positivity con-
straints (8). The output of the SDP is x’ = 0.05 > 0 which is
a certified lower bound for the nonclassicality of the state.

Experimentally detecting nonclassicality.—Finally, to
certify the functioning of the idea in a quantum optical
context, we apply our method to experimental data. We
consider data from a heralded single-photon source based
on parametric down-conversion (cf. Ref. [8]). Here, an
optical parametric oscillator (OPO), pumped continuous-
wave and far below threshold, delivers the down-converted
photon pair at frequencies w .. The pair is separated using
an optical cavity; the transmitted photon w_ is frequency
filtered by additional cavities before impinging an ava-
lanche photodiode (APD) giving the heralding event for
homodyne measurement of the reflected twin photon w ..
On every event the homodyne current is sampled around
the heralding time and postprocessed into one quadrature
value using an appropriate mode function [27]. In total,
quadrature values from 180000 events are accumulated
[Fig. 2(a)]. Data is phase randomized meaning that we
can use the same probability distribution for every phase
space direction, the phase being unavailable in the experi-
ment. Since our nonclassicality measure is convex, aver-
aging over phase space directions is an operation which
can only decrease the negativity of the state. This means

.®

W(a,p)

012

FIG. 2 (color online). (a) Raw measured quadrature distribu-
tion from the experiment. (b) Wigner function based on the
output of the SDP.
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that a lower bound to the nonclassicality of the phase
randomized state will be valid for the original state.

In order to apply our algorithm we use the measured data
to constrain all the points of the characteristic function on a
37 X 37 lattice. Error bars are estimated using Eq. (6) with
n = 5 standard deviations. This means that the probability
that all the points of the lattice lie inside the error bars is
larger than 99.9%. The lower bound for the nonclassicality
coming out from the SDP (200 random test vectors) is x’ =
0.0028, meaning that the Wigner function of the state
cannot be a positive probability distribution. The Wigner
function reconstructed from the optimal solution of the
SDP [Fig. 2(b)] is clearly negative even if we asked for
the most positive one consistent with measured data.

Extensions of this approach.—Needless to say, this ap-
proach can be extended in several ways. Indeed, the
method can readily be generalized to produce lower
bounds for entanglement measures [11] in the multimode
setting. Also, this idea can be applied to the situation when
not slices are measured, but points in phase space, such as
when using a detector-atom that is simultaneously coupled
to a cantilever [22]. It also constitutes an interesting per-
spective to apply the present ideas to certify deviations
from stabilizer states for spin systems (as those states
having a positive discrete Wigner function [28]).

Summary.—We have introduced a method to directly
measure the nonclassicality of quantum mechanical
modes, requiring less information than tomographic
knowledge, but at the same time in a certified fashion.
These ideas are further advocating the paradigm of ““learn-
ing much from little”—getting much certified information
from few measurements—complementing methods of wit-
nessing entanglement [11,12], ideas of compressed sensing
[29] or matrix-product based [30] approaches to quantum
state tomography, detector tomography [31], or the direct
estimation of Markovianity [32].

This work has been supported by the EU (MINOS,
COMPAS, QESSENCE), and the EURYL.
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‘We introduce the idea of actually cooling quantum systems by means of incoherent thermal light, hence giving
rise to a counter-intuitive mechanism of “cooling by heating”. In this effect, the mere incoherent occupation of
a quantum mechanical mode serves as a trigger to enhance the coupling between other modes. This notion of
effectively rendering states more coherent by driving with incoherent thermal quantum noise is applied here to
the opto-mechanical setting, where this effect occurs most naturally. We discuss two ways of describing this
situation, one of them making use of stochastic sampling of Gaussian quantum states with respect to stationary
classical stochastic processes. The potential of experimentally demonstrating this counter-intuitive effect in
opto-mechanical systems with present technology is sketched.

Cooling in quantum physics is usually achieved in just the
same way as it occurs in classical physics or in common ev-
eryday situations: One brings a given system into contact with
a colder bath. Coherent driving of quantum systems can effec-
tively achieve the same aim, most prominently in instances of
laser cooling of ions or in its opto-mechanical variant, cooling
mechanical degrees of freedom using the radiation pressure of
light. The coherence then serves a purpose of, in a way, ren-
dering the state of the system “more quantum”. In any case, in
these situations, the interacting body should first and foremost
be cold or coherent.

In this work, we introduce a paradigm in which thermal
hot states of light can be used to significantly cool down a
quantum system. To be specific, we will focus on an opto-
mechanical [1-6] implementation of this idea: This type of
system seems to be an ideal candidate to demonstrate this ef-
fect with present technology; it should however be clear that
several other natural instances can well be conceived. Intu-
itively speaking, it is demonstrated that due to the driving with
thermal noise, the interaction of other modes can be effec-
tively enhanced, giving rise to a “transistor-like” effect [8].
We flesh out this effect at hand of two approaches following
different approximation schemes. The first approach is es-
sentially a weak coupling master equation, while the second
approach makes use of stochastic samplings with respect to
colored classical stochastic processes [10], which constitutes
an interesting and practical tool to study such quantum optical
systems of several modes in its own right.

The observation made here adds to the insight that appears
to be appreciated only fairly recently, in that quantum noise
does not necessarily only give rise to heating, decoherence,
and dissipation, providing in particular a challenge in appli-
cations in quantum metrology and in quantum information
science. When suitably used, quantum noise can also assist
in processes thought to be necessarily of coherent nature, in
noise-driven quantum phase transitions [11], quantum criti-
cality [12], in entanglement distillation [13] or in quantum
computation [14]. It turns out that thermal noise, when ap-
propriately used, can also assist in cooling. Alas, this counter-
intuitive effect is not in contradiction to the laws of thermody-
namics, as is plausible when viewing this set-up as a thermal

machine or heat engine [15] operating in the quantum regime.
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W
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Ny N

FIG. 1. The opto-mechanical setup primarily being considered in this
work, involving two optical modes and a mechanical one.

The system under consideration. We consider a system of
two optical modes at frequencies w, and wy, respectively, that
are coupled to a mechanical degree of freedom at frequency
we. The Hamiltonian of the entire system is assumed to be
well-approximated by H = Hy + H;, where the free part is
givenby Hy = hweata+hwpbb+hw.cl e, and the interaction
can be cast into the form

H; = hg(a+b)T(a+b)(c+ ). %))

It is convenient to move to a rotating interaction picture with
respect to fiw,(ata + bTb). The radiation pressure interaction
is invariant under this transformation, while H, simplifies to

H, = hAaa + hw.cte,

where A = w, — wp. For most of what follows, the fre-
quencies are chosen such that A = w,, as we will see is
the optimal resonance for cooling the mechanical resonator.
This can be realized by tuning the mechanical degree of free-
dom or the cavity mode splitting. In fact, this is exactly the
setting proposed in Ref. [16] as a feasible three-mode op-
toacoustic interaction, in an idea that can be traced back to
studies of parametric oscillatory instability in Fabry-Perot in-
terferometers [17]. Similarly, with systems of high-finesse
optical cavities coupled to thin semi-transparent membranes
[18], of double-microdisk whispering-gallery resonators [19]
or of opto-mechanical crystals [20] such a situation can be
achieved. Surely numerous other architectures are well con-
ceivable.

In addition to this coherent dynamics, the system is as-
sumed to undergo natural damping and decoherence — un-




avoidable in the opto-mechanical context. The quantum mas-
ter equation governing the dynamics of the entire system em-
bodying the two optical modes and the mechanical degree of
freedom is given by

p=Lo=—1Hpl+ (Lot Lot LI, @
with the generators being defined by £, = kD, and
Ly = (14 np)kDp + npkDyi, 3)
L. = (14 ne)yDe + neyDe, )
making use of the notation for a generator in Lindblad form
Dy(p) = 2zpz’ — {a'z, p}. )

Here, we allow the optical bath of mode b to be in a Gibbs or
thermal state having an arbitrary temperature.

This type of damping reflects the plausible mechanism of
loss. For the mechanical motion, we are primarily interested
in the regime where w,, > -, such that the damping mech-
anism of quantum Brownian motion based on some spectral
density is virtually indistinguishable from the quantum opti-
cal Markovian damping as for an optical mode [21]. For that
reason, for coherence of presentation, the same type of dissi-
pative dynamics has been chosen for the optical and mechan-
ical modes.

We will now discuss this given situation in two different
pictures. The first one is a weak coupling approach leading to
approximate analytical expressions. The second one involves
sampling over colored classical stochastic processes. These
methods are further discussed in the range of their validity in
the EPAPS, where they are also compared with exact diago-
nalization methods for small photon numbers [23].

Description 1: Weak coupling approximation as an analyt-
ical approach. In this approach, a picture is developed grasp-
ing the physical situation well for small couplings g. In ad-
dition to the actual physical baths of the three modes a, b,
and c giving rise to dissipative dynamics, we also consider
mode b as a further external “bath” and derive an effective
master equation for modes a and c only. This is a good ap-
proximation if the back action on mode b is negligible and up
to second order in the coupling constant g. Having this pic-
ture in mind, the Liouvillian in Eq. (2) can be decomposed as
L= Esys + ‘Cint + ‘Cbath» where Ebath = Eb and

i i

h h
Using projection operators techniques [22], one can derive a
master equation for the reduced system pg . = try[p]

Csys = [H(/) ] + Ly + Em Ling = [Hl’ } (6)

o0
pa,c(t) = ‘Csyspaﬁc(t)'i'trb‘cint/ ds CET'SEintpa?c(t_s)(@pb-
0

Here £, = Lgys + Lpatn. Making use of the explicit expres-
sion (6) for L;,, we have

. 1 o
pa,c(t) = Esyspaﬁ(t)* 712 trb[Hh / dseLr [Hl ) Pa¢c(t*5)®ﬂb}]
4 0

(M

In what follows, we will make a sequential approximation of
the interaction Hamiltonian H; and the damping mechanism.
In order to be as transparent as possible, we mark each of the
steps with a roman letter.

Eq. (7) — up to second order expansion in the coupling g,
which constitutes the first approximation step (a) — can also
be written as

. 1 o0 Ty
Pac(t) = ‘Csyspam(t)ff?trb[Hl’/O‘ dS[eLr (H1); pa,c(t)2pp]],
®

where L] acts only on the Hamiltonian H;, corresponding to
a “dissipative interaction picture” with respect to £,..

We start from Eq. (1) and (b) neglect the term proportional
to a'a because we assume mode a to be weakly perturbed
from its ground state. In contrast, we allow the physical op-
tical bath of mode b to have an arbitrary temperature and
therefore we cannot neglect the term proportional to bfb. We
rewrite the approximated H; as

H! =hg(a'b+bta+ ) (c+ch), ©

where the operator § = bfh — n;, represents the intensity fluc-
tuations of mode b. In order to have vanishing first moments
with respect to mode b, the mean force proportional to (bb)
has been subtracted, which is responsible of merely shifting
the resonator equilibrium position. Since w, — wp = we, the
(c) rotating wave approximation (RWA) of Eq. (9) is

HY = hg(atbe + ab’ch) + hgd(c + ). (10)

As will be explained later in more details, the first term of the
Hamiltonian is responsible for the cooling of the mechanical
resonator, while the second term corresponds to an additional
heating noise.

In order to compute the partial trace in Eq. (8), we need the
two-time correlation functions of the thermal light in mode b,

<be£j‘sblf> =e "ny, (6651‘“& = e 25 (n? 4 ny).(11)

The exponential functions in Eqs. (11) determine the time
scale of the integral kernel in Eq. (8), which will be of the
order of x~!. Within this time scale (d) we can neglect the
effect of the mechanical reservoir (7 < k), and the action of
the map €45 on the system operators will be

+ -~ ) _ .
CE’“S(I —¢ (K+1A)Sa —e (n+zw()sa7

eLf,sc _ e—(”/+iwc)sc ~ e~ Wes
‘We can finally perform the integral in Eq. (8), and since all the
odd moments of p; vanish, the cooling and heating terms in
Eq. (10) generate two independent contributions to the master

equation, respectively

2
‘CCOOl = ;17}@ ((1 + nb)DacT + anafc) ) (12)

269%(nd + np)
4k? 4+ w?

Lheat

(DCT+DC)7 (13)




where in calculating Lye.t wWe (e) kept only the counter-
rotating terms. The effect of L},c,t is simply a renormalization
of the mean occupation number of the mechanical bath

2692 (n? + np)

Ne H> Ne = Ne + ~(4r2 + 2) s

always increasing, as expected, the effective temperature of
the environment. Denoting with Ly the corresponding renor-
malized Liouvillian, the master equation can be written as

pa,c = (csys + ﬁcool)ﬂa,u (14)

With respect to Eq. (2), Eq. (14) can be numerically solved
with much less computational resources but we have to remind
ourselves that this approach is valid only within the RWA and
for weak coupling: 7,9 < w.. Another advantage of Eq.
(14) is that the corresponding adjoint equations for the number
operators n, = afa and n, = b'b are closed with respect to
these operators, that is

Tg = —2KNg — g; ((np + 1)ng — npne — nane) ,

Ne = —2KNe — % (npne — (np + 1)ng — nane) + 297c.

Assuming (f) that the factorization property (non.) =~
(nq)(n.) holds — which is essentially a mean-field approach
which is expected to be good in case of small correlations, or,
again as assumed, for small values of g — we can find analyti-
cal expressions for the steady state expectation values:

e —1 (e +1)%  Knpiie 1/2

(ne) = Py (el e )

<na> — (nC <n6>)ﬁy7
K

where n = 1+ ny(1 + K/7) + 262 /g°.

Description 2: Sampling with respect to colored station-
ary classical stochastic processes. In this approach, we start
from the exact dynamics Eq. (2) but treat mode b as a classi-
cal thermal field and neglect any feed-back from the resonator.
We substitute the bosonic operator with a complex amplitude
b(t) — fq, giving rise to a semi-classical picture. The pa-
rameter 3; can be described as a classical stochastic process
defined by the stochastic differential equation (SDE)

dB; = —kBidt + frmp (AW +idWw @), (15)

with independent Wiener increments [10] obeying the Itd
rules dW (@ dW® = §, ,dt, dW(*Pdt = 0. The dynam-
ics of the remaining modes a and c instead, can be efficiently
treated quantum mechanically; this is true, since for every
single realization of the process (15), the evolution defines
a Gaussian completely positive map and therefore the corre-
sponding Gaussian state pff,}é)(t) = 5;5 t)(pa,c) can be de-
scribed entirely in terms of first and second moments. The ac-
tual quantum state of the system will in general not be exactly

Gaussian, it can nonetheless be simulated by sampling over
many Gaussian states associated with different realizations of
(B¢: Only the respective weight in the convex combinations
are such that the resulting state can be non-Gaussian. The re-
sulting state p, .(t) = IE,og?é)(t) will be our semi-classical
description of the system.

It is convenient to introduce a vector of quadratures op-
erators u = [Z¢,Ye, Ta,Yal, Where z; = (j + j1)/V2,
y; = i(j1 — j)/v/2 and j = a,c. From Eq. (2), we get a
SDE for the first moments

dS?t = Ag(u); + fr, (16)
where
T e 0
_ _ x Y 2
gﬁtw) 0 -A —x 0

(@) — (8, + Br), BY = i(BF — B,). The second moments
can be arranged in the matrix V; = Re(uu’);, satisfying the
SDE

% = AVi+ ViA] + D+ F, (18)
where D = diag[y(2n. + 1),v(2n. + 1), k, k], and F; =
Felu)T + (u)s fT. The statistical average over many realiza-
tion of V; will be an estimator for the second moments of the
quantum state V' (¢) = E(V;). In particular, the first two di-
agonal elements give the effective phonon number of the me-
chanical oscillator, since (n.)(t) = (V1,1(t) + Va2 (¢) —1)/2.
The three stochastic differential equations (15,16,18) can be
numerically integrated in sequential order. In our simulations,
see Fig. 2, we used the Euler method, for each time step dt
sampling the associated Wiener increments in Eq. (15) with
normal distributions of variance 0 = dt.

Intuitive explanation of the effect of cooling by heating.
This effect can be intuitively explained at hand of Eq. (10)
in Description 1: Two competing processes play here an im-
portant role: The first term appears like a beam splitter inter-
action between the modes a and ¢ with a “reflectivity” given
by the thermal fluctuations of the amplitude of mode b. This
is responsible for the cooling of the mirror. That is to say, the
occupation of mode b takes the role resembling the “basis of a
transistor’”: A high occupation renders the interaction between
a and c stronger, hence triggering the cooling effect. For this
effect to be relevant, the coherence or purity of the state of b
does not play a dominant role, and hence even thermal noise
can give rise to cooling. This is referred to as “good noise”.
The second term corresponds to the fluctuations of the radia-
tion pressure of mode b and it is a source of “bad” noise which
heats the mechanical mode.

Similarly, this effect can be studied at hand of the stochastic
picture of Description 2, when observing Eq. (18). In addition
to the intrinsic quantum noise described by D, stochastic fluc-
tuations of /3; generate an additional heating noise given by




the matrix F;. However, the same process f3; is also contained
in the matrix A; and corresponds to a cooling noise, up to the
approximations identical to the above “good noise”. The rea-
son is quite evident from Eq. (17), where we observe that the
coupling between the hot mechanical oscillator and the cold
optical mode is mediated by the thermal fluctuations of ;.
This opto-mechanical coupling, which would be zero without
noise, leads to a sympathetic cooling of the mechanical mode.

Example. We will now discuss the effect of cooling by heat-
ing at hand of an example using realistic parameters in an
opto-mechanical setting. Fig. 2 shows the effective temper-
ature of the mechanical mode as a function of the number of
photons in mode b: Here, effective temperature is defined as
the temperature 7" of a Gibbs state

efhwncfc/(kT)

pC(T) = tr(efﬁwccTc/(kT))

such that (n.) = tr(p.(T)cc). One quite impressively en-
counters the effect of cooling by heating, for increasing pho-
ton number and hence effective temperature of this optical
mode. For very large values of the photon number, the “bad
noise” eventually becomes dominant, resulting again in a
heating up of the mechanical mode. Note that needless to
say, the effective temperature of the optical mode b is usually
larger than the mechanical one by many orders of magnitude
(approximately 10'°K for reasonable parameters).

400

300t

200

100

Effective temperature (K)

1 100 10* 10° 10°

Optical bath mean photon number n;,

FIG. 2. Room temperature cooling with parameters reminding of
those typical in realistic experiments [3]: w. = 2rMHz, k = 0.2we,
g = 0.3 x 1075w, and 4 = 10~ 3w... The black line shows the pre-
dictions of the steady state using Description 1, the dots are a result
from stochastic sampling using Description 2 (with 100 realizations),
which qualitatively coincide well. One clearly finds that an increased
population of mode b leads to a significant cooling of the mechani-
cal mode — up to a point when eventually the “bad noise” becomes
dominant.

Summary. In this work, we have established the notion of
cooling by heating, which means that cooling processes can be
assisted by means of incoherent hot thermal light. We focused
on an opto-mechanical implementation of this paradigm. We
also introduced new theoretical tools to grasp the situation
of driving by quantum noise, including sampling techniques
over stochastic processes. To experimentally demonstrate this
counterintuitive effect should be exciting in its own right.

Putting things upside down, one could also conceive settings
similar to the one discussed here as demonstrators of small
heat engines [15] operating at the quantum mechanical level,
where b takes the role of an “engine” and mode a of a “con-
denser”. To fully explore these implications for feasibly real-
izing quantum thermal machines constitutes an exciting per-
spective. It would also be interesting to fully flesh out the po-
tential for the effect to assist in generating non-classical states
[24]. Finally, quite intriguingly, this work may open up ways
to think of optically cooling mechanical systems without us-
ing lasers at all, but rather with basic, cheap LEDs emitting
incoherent light.
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SUPPLEMENTARY MATERIAL

In this supplementary material, we compare the methods of
Description 1 and 2 of the main text with an exact simulation
of the master equation (2) in a truncated, finite-dimensional
Hilbert space of the three involved modes, H = CV" @ CMv @
CNe. The unique stationary state of Eq. (2) can easily be
found numerically; a dimension d = NN, N, of the total
Hilbert space of, say, d < 400, is well feasible. This is obvi-
ously an essentially exact method for small occupation num-
bers in each of the three modes, and the error made can easily
be estimated. This analysis, see Fig. 3, together with anal-

ogous ones in similar regimes, shows that the methods used
here are also suitable in the deep quantum regime.
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FIG. 3. Stochastic simulation — introduced in Description 2 — of the
mean number of phonons as a function of time (black line), compared
with the exact steady state (blue line) and with the analytical approx-
imation given in Description 1 (red line). Parameters: ny = n. = 1,
Kk = 0.1we, v = 0.01w,, g = 0.006w..
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One of the main milestones in the study of opto- and electro-mechanical systems is to certify entanglement
between a mechanical resonator and an optical or microwave mode of a cavity field. In this work, we show
how a suitable time-periodic modulation can help to achieve large degrees of entanglement, building upon the
framework introduced in [Phys. Rev. Lett. 103, 213603 (2009)]. It is demonstrated that with suitable driving, the
maximum degree of entanglement can be significantly enhanced, in a way exhibiting a non-trivial dependence
on the specifics of the modulation. Such time-dependent driving might help experimentally achieving entangled
mechanical systems also in situations when quantum correlations are otherwise suppressed by thermal noise.

INTRODUCTION

Opto-mechanical [1-7] and electro-mechanical systems [8—
13] are promising candidates for realizing architectures ex-
hibiting quantum behavior in macroscopic structures. Once
the quantum regime is reached, exciting applications in quan-
tum technologies such as realizing precise force sensors are
conceivable [15, 16]. One of the requirements to render such
an approach feasible, needless to say, is to be able to certify
that a mechanical degree of freedom is deeply in the quantum
regime [16-20]. The detection of entanglement arguably con-
stitutes the ultimate benchmark in this respect. While effective
ground state cooling has indeed been experimentally closely
approached [6, 10] and achieved [7, 9, 13], the detection of
entanglement is still awaiting.

In this work, we emphasize that a mere suitable time-
modulation of the driving field may significantly help to
achieve entanglement between a mechanical mode and a ra-
diation mode of the system. We extend the idea of Ref.
[21], putting emphasis on the improvement of entanglement
by means of suitable modulations [21-23]. The method used
here is not a direct modulation of the frequencies of the two
modes (parametric amplification), but the system is instead
externally driven with a modulated field. This time depen-
dence of the driving indirectly affects the effective radiation
pressure coupling between the two modes and generates non-
trivial entanglement resonances. In this way, with the appro-
priate choice of the modulation pattern, large degrees of two-
mode squeezing can be reached.

MODULATED OPTO- AND ELECTRO-MECHANICAL
SYSTEMS

We consider the simplest scenario of a mechanical res-
onator of frequency w,,, coupled to a single mode of the elec-
tromagnetic field of frequency w,. This radiation field could
be an optical mode of a Fabry-Perot cavity [1-7, 18, 19, 24]
or a microwave mode of a superconductive circuit [§-10, 14].
It can be shown that the Hamiltonians associated to this two
experimental settings are formally equivalent [14, 19] and
therefore the theory that we are going to introduce is general

enough to describe both types of systems.

‘We assume that the radiation mode is driven by a coherent
field with a time dependent amplitude F'(¢) and frequency wj.
The particular choice of the time dependence is left unspeci-
fied but we impose the structure of a periodic modulation such
that E(t + 7) = E(t) for some 7 > 0 of the order of w;!.
In this sense, the driving regime that we are going to study is
intermediate between the two opposite extremes of constant
amplitude and short pulses. The Hamiltonian of the system is

1
H = hweata + ihwm(p2 +¢%) — hga'ag
+ih[E(t) e~ — E*(t)e™'ta], (1)

where the mechanical mode is described in terms of dimen-
sionless position and momentum operators satisfying [g, p] =
i, while the radiation mode is captured by creation and an-
nihilation operators obeying the bosonic commutation rule
[a,a!] = 1. The two modes interact via a radiation pressure
potential with a strength given by the coupling parameter g.

In addition to this coherent dynamics, the mechanical mode
will be unavoidably damped at a rate +,,, while the opti-
cal/microwave mode will decay at a rate x. These dissipative
processes and the associated fluctuations can be taken into ac-
count in the Heisenberg picture by the following set of quan-
tum Langevin equations [14, 17-19],

q = Wmp, (2)
P=—wmq— Ymp+gata+&,

a=—(k+iA)a+igaq + E(t) + V2ka™.

In this set of equations a convenient rotating frame has be
chosen @ > ae~ ™, such that the detuning parameter is
A = w, — w;. The operators ¢ and '™ represent the me-
chanical and optical bath operators respectively, and their cor-
relation functions are well approximated by delta functions

(EOEW) + EWEW)/2 = 320 + 13~ 1), ()
(" (Oa" (1) = (na + Dot~ ¥),
(" (£)a" () = nab(t ~ '),

where n, = (exp(hw,/(kgT)) — 1)1, is the bosonic mean
occupation number at temperature 7.




CLASSICAL PERIODIC ORBITS: FIRST MOMENTS

We are interested in the coherent strong driving regime
when (a) > 1. In this limit, the semiclassical approximations
(ata) ~ |(a)|? and (aq) ~ (a){q) are good approximations.
Within this approximation, one can average both sides of Eq.
(2) and get a differential equation for the first moments of the
canonical coordinates

(@) = wn(p), 4
() = —wm{q) — Ym(p) +g\<a>\27
(@) = —(r +1iA){a) +ig{a)(q) + E(¢).

Far away from the well known opto- and electro-
mechanical instabilities, asymptotic 7-periodic solutions can
be used as ansatz for Eqs. (4) (see the Appendix for a more
detailed analysis). These solutions represent periodic orbits in
phase space and are usually called limit cycles. These cycles
are induced by the modulation and should not be confused
with the limit cycles emerging in the strong driving regime
due to the non-linearity of the system. Because of the asymp-
totic periodicity of the solutions, one can define the funda-
mental modulation frequency as = 2x/7, such that each
periodic solution can be expanded in the following Fourier se-
ries

<O(f)> = Z Oneith, O =q,p,a. (@)

n=-—oo

The Fourier coefficients {O,, } appearing in Eq. (5) can be ana-
lytically estimated as shown in Appendix and they completely
characterize the classical asymptotic dynamics of the system.

Finally we notice that the classical evolution of the dynam-
ical variables will shift the detuning to the effective value of
A(t) = A—g{q(t)). For the same reason, it is also convenient
to introduce an effective coupling constant defined as

g(t) = ig(a())/ V2. (6)

QUANTUM CORRELATIONS: SECOND MOMENTS

The classical limit cycles are given by the asymptotic solu-
tions of Egs. (4). In order to capture the quantum fluctuations
around the classical orbits, we introduce a column vector of
new quadrature operators u = [8q, op, 6z, 0y]” defined as:

69 = q—{a(t)) ©)
op=p— (p(t)),
bz = [(a = (a(t)) + (a = (a(®))'] /V2,
gy = —i[(a—(a(t))) — (a— (a(®)'] /V2.
This set of canonical coordinates can be viewed as describing
a time-dependent reference frame co-moving with the classi-

cal orbits. The corresponding vector of noise operators will
be

n = [0757 (ain + ain’[)/\/i7 _,L-(ain _ ain’[)/\/i]T. (8)

Since we are in the limit in which classical orbits emerge
({a) > 1), it is a reasonable approximation to express the
previous set of Langevin equations (2) in terms of the new
fluctuation operators (7) and neglect all quadratic powers of
them. The resulting linearized system can be written as a ma-
trix equation [21],

u=A(t)u+n(t), 9
where,

0 Wi 0 0

—wm  —ym RGE) 39(t)
AD=1 g5 0o —n A | 10
RG(t) 0 —A®) -k

is a real time-dependent matrix.

If the system is stable, and as long as the linearization is
valid, the quantum state of the system will converge to a Gaus-
sian state with time dependent first and second moments. The
first moments of the state correspond to the classical limit cy-
cles introduced in the previous section. The second moments
can be expressed in terms of the covariance matrix V' (¢) with
entries

Via(t) = (u (B (8) + uf (u(®)/2. (D)
One can also define a diffusion matrix D as
5(t —t)Dyy = (nk(B)n] (') + nf ()i (1)) /2, (12)

which, from the properties of the bath operators (3), is diago-
nal and equal to

D = diag[0,v(2nm + 1), k(2nq + 1), 5(2n, + 1)].  (13)

From Egs. (9) and (12), one can easily derive a linear differ-
ential equation for the correlation matrix,

%V(t) =AWV () +V(H)AT(t) + D. (14)
Since the first and the second moments are specified, Egs. (4)
and (14) provide a complete description of the asymptotic dy-
namics of the system. Apart from the linearization around
classical cycles, no further approximation has been done: Nei-
ther a weak coupling, adiabatic or rotating-wave approxima-
tion. Numerical solutions of both equations (4) and (14) can
be straightforwardly found. These solutions will be used to
calculate the exact amount opto- and electro-mechanical en-
tanglement present in the system.

The asymptotic periodicity of the classical solutions (Eq.
(5)) implies that, in the long time limit, A(¢t+7) = A(t). This
means that Eq. (14) is a linear differential equation with peri-
odic coefficients and then all the machinery of Floquet theory
is in principle applicable. Here, however, since we are only
interested on asymptotic solutions, we are not going to study
all the Floquet exponents of the system. The only property




that we need is that, in the long time limit, stable solutions
will acquire the same periodicity of the coefficients:

V(t+7)=V(t). (15)

This is a simple corollary of Floquet’s theorem. In the sub-
sequent sections we will apply the previous theory to some
particular experimental setting and show how a simple modu-
lation of the driving field can significantly improve the amount
of opto- and electro-mechanical entanglement.

ENTANGLEMENT RESONANCES

In this section we are going to study what kind of amplitude
modulation is optimal for generating entanglement between
the radiation and mechanical modes. As a measure of entan-
glement we use the logarithmic negativity Exy which, since
the state is Gaussian, can be easily computed directly from
the correlation matrix V'(¢) [26-28]. We have also seen that
the correlation matrix is, in the long time limit, 7-periodic.
This suggests that it is sufficient to study the variation of en-
tanglement in a finite interval of time [t, ¢ 4 7] for large times
t. One can then define the maximum amount of achievable
entanglement as

Ey = lim  max En(h). (16)
t—00 he(t,t47]

This will be the quantity that we are going to optimize.

We first study a very simple set of parameters (see caption
of Figure 1) in order to understand what the optimal choice is
for the modulation frequency. For this purpose we impose the
effective coupling to have this simple structure

§(t) = go + o e, (17)

where go is associated to the main driving field with detun-
ing A, while gg, is the amplitude of a further sideband shifted
by a frequency €2 from the main carrier. Without loss of gen-
erality we will assume go and gq, to be positive reals. This
kind of driving is a natural one and has been chosen for rea-
sons that will become clear later. From now on we set the
detuning of the carrier frequency to be equal to the mechan-
ical frequency A = w,,. This choice of the detuning cor-
responds to the well known sideband cooling setting [17, 24]
and it has been shown to be also optimal for maximizing opto-
mechanical entanglement with a non—modplated driving [19].
Fig. 1 shows the maximum entanglement E between the me-
chanical and the radiation modes as a function of the modu-
lation frequency 2 and for different values of the driving am-
plitude go. This maximum degree of entanglement has been
calculated for ¢ > 200/ when the system has well reached
its periodic steady state.

We observe that in Fig. 1 there are two main resonant peaks
at the modulation frequencies

Q ~ 2wy, + do. (18)
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FIG. 1. Maximum entanglement E as a function of the modulation
frequency €2 and for different values of the driving strength go. The
chosen parameters in units of wy, are: Kk = 0.2, v, = 1075, A =1,
nm = Nae = 0, go = 0.1, go = 0.2 (circles), 0.4 (squares), 0.6
(diamonds), 0.8 (triangles).

We will now provide some intuition why one should expect
the main resonances at the locations where they are observed.
First assume that go = 0. Then, for A = w,,, the linearized
Hamiltonian in the interaction picture is

Hiny = —hga (ei(wM79)§aT + 67"(“””79)5@)
(e™m b + dbe™™m) /2, (19)

where the bosonic operators are defined as da = (dz +
i0y)/v/2, 0b = (dq + i6p)/+/2. From Eq. (19), it is clear
that for 2 = 2w,,, neglecting all rotating terms, we get the
well known two-mode squeezing generator

Hine ~ —hq (8a'6b" + 6adb) /2. (20)

So, in the case of gy = 0, a modulation of 2 = 2w,,, would be
the most reasonable choice in order to generate entanglement.
However, this regime is well known to be highly unstable and,
in practice, it cannot be used for preparing entangled steady
states [14].

This is why we need to consider a modulated coupling of
the form given in Eq. (17) — or a similar type of modulation
sharing these features. We now allow for gy being different
from zero, giving rise to a situation which can be assessed in
a very similar way as above (only that the rotation terms will
take a more involved form). The main amplitude g, then takes
the role of cooling and stabilizing the system while the mod-
ulation amplitude g, is used to generate entanglement. At the
same time however, as shown in Refs. [5, 25], for gg > m/\/§
the system hybridizes in two normal modes of frequencies

Wi ~ wm £ go/2. 2n

As a consequence, this will affect the modulation frequency
2 that one has to choose in order to achieve the two-mode
squeezing interaction given in Eq. (20). This is the reason
for the presence of two resonant peaks in Fig. 1 and for the
resonance condition given in Eq. (18).




Note also that the choices of modulations that give rise
to the optimal local single-mode squeezing [21] of the me-
chanical mode and the degree of entanglement are not iden-
tical. This is rooted in the “monogamous nature” of squeez-
ing: For a fixed spectrum of the covariance matrix, one can
either have large local or two-mode squeezing. This effect is
observed when considering the modulation frequencies that
achieve maximum single- and two-mode squeezing.

We finally observe that the height of the two peaks, due
to the cavity filtering, is not equal: the first resonance at
Q = 2w, — §o is better for the amount of steady state en-
tanglement. One could also ask what the behavior of entan-
glement is when we change the amplitude of the modulation.
Fig. 2 shows the amount of entanglement Ex as a function
of g and for different choices of gg. We observe that entan-
glement is monotonically increasing in go up to a threshold
where the system becomes unstable.
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FIG. 2. Maximum entanglement E as a function of the modulation
amplitude go and for different values of the driving strength go. The
chosen parameters in units of w,, are: kK = 0.2, v, = 1075, A =1,
N = Ng = 0, @ = 2wy, — Go, Jo = 0.2 (circles), 0.4 (squares),
0.6 (diamonds), 0.8 (triangles).

OPTO- AND ELECTRO-MECHANICAL ENTANGLEMENT
IN REALISTIC SETTINGS

We have seen that an effective coupling of the form g(t) =
§o + g e~ "(2wm=90)t i optimal for the generation of entan-
glement within the considered class of drivings. However, the
parameter §(t) depends on the average amplitude (a(t)) and
assuming such a simple structure may seem somewhat artifi-
cial. In this section, we show how the desired time-dependent
coupling can indirectly result from the classical limit cycles of
the system (see insets of Figs. 3 and 4) and we also take into
account the effect of a temperature of the order of 7' ~ 100
mK. The natural “educated guess” for the structure of the driv-
ing field will be

E(t) = FEy+ EqEe—(2%m=0)t, )

For the choice of the other parameters, we focus on two set
of parameters corresponding to two completely different sys-

tems: an optical cavity with a moving mirror and a supercon-
ducting wave guide coupled to a mechanical resonator. The
parameters are chosen according to realistic experimental set-
tings, see, e.g., Ref. [5] (opto-mechanical system) and Ref. [9]
(electro-mechanical system). Fig. 3 and Fig. 4 show that, in
both experimental scenarios, entanglement can significantly
be increased by an appropriate modulation of the driving field.
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FIG. 3. (Optical cavity). The degree of entanglement, measured in
terms of the logarithmic negativity, as a function of time. The full line
refers to a modulated driving (2 = 1.4w,, ) while the dotted line cor-
responds to a non-modulated driving (€2 = 0). The chosen parame-
ters in units of wy, are: & = 0.2, v = 107, A = 1, n,, = 2% 103,
Na =0,g0 =4 %1075, Eg = 7 x 10%, Eq = 2.5 x 10*. The inset
shows the trajectory of the effective coupling §(t) = v/2g{a(t)) in
the complex plane due to the time evolution of the optical amplitude.
The phase space orbit (black line) is numerically simulated from Eq.
(4), while the limit cycle (green line) is an analytical approximation
(see Appendix for more details).
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FIG. 4. (Microwave cavity). Entanglement log-negativity as a func-
tion of time. The full line refers to a modulated driving (2 =
1.3wy,) while the dotted line corresponds to a non-modulated driv-
ing (€ = 0). The chosen parameters in units of wy, are: k = 0.02,
Ym =3 x 1075 A =1, nm = 200, ny = 0.03, go = 2 x 1077,
Eo =9 x 10, Eq = 1.3 x 10%. The inset depicts the trajectory of
the effective coupling §(t) = v/2g{a(t)) in the complex plane due
to the time evolution of the microwave amplitude. The phase space
orbit (black line) is numerically simulated from Eq. (4), while the
limit cycle (green line) is an analytical approximation (see Appendix
for more details).




SUMMARY

In this work, we have shown how time-modulation can
significantly enhance the maximum degree of entanglement.
Triggered by the time-modulated driving, the mode of the
electromechanical field as well as the mechanical mode start
“rotating around each other” in a complex fashion, giving rise
to increased degrees of entanglement. The dependence on the
frequencies of the additional modulation is intricate, with res-
onances highly improving the amount of entanglement that
can be reached. The ideas presented here could be particu-
larly beneficial to prepare systems in entangled states in the
first place, in scenarios where the parameters are such that the
states prepared are close to the boundary to entangled states,
but where this boundary is otherwise not yet quite reachable
with present technology. At the same time, such ideas are
expected to be useful in metrological applications whenever
high degrees of entanglement are needed.

APPENDIX

In this appendix we derive analytical formulas for the
asymptotic solutions of the classical system of dynamical
equations (4). A crucial assumption for the following pro-
cedure is that it is possible to expand the solutions in powers
of the the coupling constant go

t)—ZO

7=0

907 (23)

where O = a,p,q. This is justified only if the system is
far away from multi-stabilities and the radiation pressure cou-
pling can be treated in a perturbative way. A very important
feature of the set of equations (4) is that they contain only two
non linear terms and those terms are proportional to the cou-
pling parameter go. This implies that, if we use the ansatz
(23), each function O; will be a solution of linear differen-
tial equation with time dependent parameters depending on
the previous solution O;_;(t). Since E(t) = E(t + 7), from
a recursive application of Floquet’s theorem, follows that sta-
ble solutions will converge to periodic limit cycles having the
same periodicity of the driving: (O(t)) = (O(t + 7)). One
can exploit this property and perform a double expansion in
powers of gy and in terms of Fourier components

S I I

j=0n=-—o0

171Qf ] (24)

where n are integers and 2 = 27/7. A similar Fourier series
can be written for the periodic driving field,

Z Eneinﬂt' (25)

The coefficients O,, ; can be found by direct substitution in
Eq. (4). They are completely determined by the following set

of recursive relations:
E —n

rtiho ) 20

4n,0 = Pn,0 = 07 Un,0 =

corresponding to the O-order perturbation with respect to Gy,
and

inS)
pn,j - Wi

Ay | Ontm,j—k—1
ng = WMZ Z w2 —nQ2 4+ iyyunQ’ 28)

k=0 m=—o00

n,j —ZZ Z

k=0 m=—o0

qn,j7 (27)

Am kqn—m,j—k—1
—_— 29
k+i(Ag +n8)’ (29)

giving all the j-order coefficients in a recursive way. For all
the examples analyzed in this paper we truncated the analyti-
cal solutions up to j < 3 and |n| < 2. This level of approx-
imation is already high enough to well reproduce the exact
numerical solutions.
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Discussion and conclusions

Here I will do a global discussion about the scientific material presented in
this thesis. First I will briefly summarize all the main results that have been
achieved in each publication and afterwords I will try to give a global picture

underling the connections among the different results.

e Quantum effects in optomechanical systems [1]

This is a general review of the field of quantum optomechanics specially
focused on the theory of mechanical ground state cooling and on the gen-
eration of entanglement involving mechanical, optical and atomic degrees
of freedom. My contribution to this publication has been mostly on the
analysis of the entanglement between spectral sidebands of output cav-
ity modes and the motion of a vibrating mirror (Section 4) and on the
study of optomechanical systems where two optical modes are driven at

the same time (Section 5).

e Gently modulating optomechanical systems [2]

Here a new method for generating squeezed mechanical states has been
proposed. A squeezed state [34] is a quantum state where the uncertainty
along one particular phase space direction is less than the vacuum fluctu-
ations. Because of the Heisenberg principle, this noise reduction can only
occur at the expense of having more noise along the orthogonal phase
space direction, hence the name squeezing. Contrarily to ground state
cooling, mechanical squeezing has not yet been experimentally achieved
and it would represent a further step deep into the quantum regime.
All previous proposals [7] required some experimental effort like: mod-
ulating the spring constant, driving with squeezed light or controlling
with feedback loops. In this paper we have shown that all standard op-
tomechanical setups currently used to cool the mechanical motion are
potentially able to generate squeezed states. The idea is to simply mod-

ulate the amplitude of the driving laser field (this is much easier than
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modulating the mechanical spring constant). For a particular choice of
the modulation frequency (twice the mechanical one), non-trivial asymp-
totic cycles emerge generating strong degrees of mechanical squeezing.
The appeal of this result is the simplicity of the proposed experimen-
tal apparatus since, with respect the state of the art of all laser cooling

experiments, it only requires the addition of an amplitude modulator.

Directly estimating non-classicality [3]

In this paper we proposed a method for directly measuring “how much”
a state is non-classical. By applying mathematical tools like classical
[40] and quantum [38), 39] Bochner’s theorems, we developed a direct
operational test for rigorously certifying the negativity of the Wigner
function of any continuous variable quantum system. With this new
theoretical method we have been able to experimentally certify the non-
classicality of a real quantum state of light. The proposed algorithm is
very general and ready to be directly applied to optomechanical systems
as soon as the preparation of mechanical non-classical states will be

experimentally feasible.

Cooling by heating [4]

This paper introduces the quite counter-intuitive idea of “cooling by
heating” in the sense of cooling a quantum system (in our case a me-
chanical resonator) by using hot thermal light. The technique of laser
cooling of mechanical systems is well known and it is successfully used
in many experiments [17, [19, 20, 21]. In this paper we have shown that,
in some particular situations, the same task can be achieved without the
need of a coherent laser but simply with incoherent thermal light. From
a theoretical point of view we also introduced a new simulation method
based on stochastic sampling of Gaussian quantum states with respect to
stationary classical stochastic processes. This paper has been submitted
to a peer review journal and it is currently under editorial evaluation.
A news article about this work appeared in the popular science journal
PhysicsWorld [42].

Opto- and electro-mechanical entanglement improved by mod-
ulation [5]

Here the modulation technique introduced in Gently modulating optome-

chanical systems has been exploited for a different task: improving the
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steady state entanglement between a mechanical resonator and an op-
tical or microwave cavity mode. We have shown that for appropriate
modulation frequencies (non-trivially related to the hybridization of the
energy levels of the system) large degrees of entanglement can be gen-
erated. The proposed method may be very convenient from an experi-
mental point of view: entangled optomechanical states are very fragile
with respect to temperature and this technique could provide a feasible

solution to this obstacle.

The common theme connecting all the particular results is the attempt to
investigate new methods for preparing and measuring signatures of quantum
effects in optomechanical systems. In particular several new protocols have
been proposed for preparing pure states, squeezed states and entangled states
involving optical and mechanical modes. For each of this effects we proposed
a feasible way of experimentally measuring it. In particular we developed
a rigorous and quantitative algorithm for experimentally certifying the non-
classicality of continuous variable quantum states.

The possibility of controlling massive mechanical systems (~ 10 atoms)
into a quantum mechanical regime would have huge impact not only within
the scientific community but it would open the door for many new technolog-
ical and industrial applications. Ultra sensitive measurements of position or
force are just two examples of a direct application of quantum optomechanics
[43]. Other ideas in the field of classical or quantum information processing
have been proposed [6] and, as usual when some new physical phenomenon
is discovered, many new unpredictable technological applications are “there”
waiting to be found. It is then clear that the main goal of the present research
on optomechanics is to reach the ability of manipulating mesoscopic mechan-
ical devices at the quantum level, or said in other words, “putting mechanics
into quantum mechanics” [43]. This thesis is intended as a small contribution

in this big challenge.
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