PHYSICAL REVIEW A 86, 013809 (2012)

Multipartite optomechanical entanglement from competing nonlinearities

André Xuereb,"" Marco Barbieri,? and Mauro Paternostro’
ICentre for Theoretical Atomic, Molecular and Optical Physics, School of Mathematics and Physics, Queen’s University Belfast,
Belfast BT7 INN, United Kingdom
2Clarendon Laboratory, Department of Physics, University of Oxford, OX1 3PU, United Kingdom
(Received 2 May 2012; published 6 July 2012)

We investigate the nature of the three-mode interaction inside an optomechanically active microtoroid with a
sizable x® coefficient. Experimental techniques are quickly advancing to the point where structures with the
necessary properties can be made, and we argue that these provide a natural setting in which to observe rich
dynamics leading, for instance, to genuine tripartite steady-state entanglement. We also show that this approach
lends itself to a full characterization of the three-mode state of the system.
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I. INTRODUCTION

Over the last several years, the field of optomechanics has
witnessed remarkable progress in experimental achievements
[1,2], the chief driving factor behind which was the quest
to achieve ground-state cooling of a mechanical oscillator.
This was achieved, first by means of cryogenics [3], then by
electromagnetic means in an electromechanical system [4],
and finally in an optomechanical setting [5]. Reaching the
ground state is a means to an end, for it is only when a
mechanical oscillator is close to, or at, the ground state that
its true quantum nature shows up unambiguously. This was
demonstrated clearly in a recent experiment [6] that showed
the imbalance between the red- and blue-mechanical sidebands
in the spectrum, a clear signature that the mechanical oscillator
is behaving in a nonclassical way.

Turning away from fundamental physics, one would like to
use quantized mechanical resonators as a resource; typical
oscillators have decay rates «, in the sub-kHz domain,
meaning that the decoherence time

1

Tq = ()
KmTth

can be made large compared to the other time scales of
the system by using cryogenic methods to decrease ny, =
kg Tony / (hwn), the average number of phonons at an envi-
ronmental temperature Tg,,, and at mechanical frequency wpy,
(kg is Boltzmann’s constant), as much as possible. Clearly,
mechanical oscillators with a large mechanical frequency, say
wn 2 27 x 1 MHz, and large mechanical quality factor Q,, =
®m/(2km) enjoy an advantage in this respect. At the same time,
one would like the mechanical oscillator to interact strongly
with an optical resonator that has a similarly large optical Q.
It is in this context that optomechanical toroidal structures [7]
appear as ideal optomechanical systems. From a technological
point of view, toroidal structures are also ideal in that they
minimize the number of moving parts—there are no moving
mirrors to align—and can be manufactured monolithically on
CMOS-compatible substrates [8], pointing the way towards
a possible integration with conventional (opto)electronics in
the future. These structures can also operate close to the
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telecoms-compatible wavelength of 1.55 um, where losses in
optical fibers are minimized, and are therefore well suited
to acting as interfaces between optics and mechanics in a
long-distance quantum network.

The highest-quality optical modes in toroidal structures are
of the “whispering gallery mode” type, with the mechanics of
total internal reflection ensuring that losses are minimized.
A recent group of experiments [8,9] has recognized this
feature as enabling another technology: second-harmonic
generation (SHG). Indeed, it turns out that toroidal and
ring-resonator structures facilitate SHG because the phase
matching conditions that are necessary in any nonlinear optics
experiment can be met automatically by choosing the right
doublet of optical modes [9].

It is the purpose of this paper to combine these two
ideas. We shall look at the emergence of nonclassical steady
states, e.g., genuinely tripartite entangled states [10], in the
three-mode system formed by the two optical modes—the
fundamental and the second harmonic—and the mechanical
oscillator. Every pair of these three modes interacts directly,
and we shall see that this results in a competition between
the two purely optomechanical interactions and the second-
harmonic generation process. We find that the steady state
that emerges from the resulting dynamics, which can be
fully characterized in terms of the two interaction strengths,
leads to a rich structure of two- and three-mode entangled
states. The emergence of tripartite entanglement in the steady
state is well known in optomechanical systems with more
than one mechanical and/or optical mode [11-13], or both
a mechanical and an atomic degree of freedom [14], and
has important applications in the field of continuous-variable
quantum information [15-17].

This paper is structured as follows. In Sec. II we introduce
the full model Hamiltonian and then proceed to obtain the
equations of motion. The usual procedure is used to linearize
the dynamics, whereupon we can concentrate exclusively on
Gaussian states and present some numerical results. Section I1I
discusses state detection using homodyning techniques, after
which we conclude our investigation.

II. PROPOSED MODEL

The model Hamiltonian we use is a combination of the usual
optomechanical Hamiltonian and the Hamiltonian description
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FIG. 1. Schematic diagram of the system. (a) Side view of the
toroid. (b) Top view. We show the coupling of the cavity fields to the
field in the waveguide.

of the SHG process, and describes the system shown schemat-
ically in Fig. 1. We shall label the annihilation operators of
the two optical fields ag (fundamental “F,” of frequency w.)
and as (second harmonic “S,” frequency 2w.). These two
modes are coupled to a continuum of modes, represented
by the operators a,, through decay rates kg g, as well as to
each other through a second-harmonic interaction frequency
x. The mechanical oscillator “M” is represented through its
dimensionless quadratures ¥ and p, and is characterized by
the mechanical frequency wy, and decay rate x,,. We allow
X to couple to the two optical modes through the coupling
constants gg.s; we shall make the simplifying assumption that,
since ggs is proportional to the respective optical frequency,
gs = 2gr. Thus, we can write the Hamiltonian H as a sum of
four terms,

H = Hiwee + Haiss + Hom + Hsng, )

with the free Hamiltonian (we take units such that 7z =1
throughout the paper)

. o ita o Om
Hfreez/dwwalaw+ Z JIRTON a}aj + Tm(x2 + p%),
j=F.8

3)

where up = 1 and ug = 2, and the dissipation Hamiltonian

A . K At A A A N
Hgigs = i Z \/ ;j f dw(a:[)aj - aa)a;) + HM,diSSa 4
£

j=F.S

which includes the driving of the cavity field through an ex-
ternal driving field. In ﬁdiss we left the mechanical dissipation
Hamiltonian undefined. The optomechanical Hamiltonian is
givenby Aoy = — 3 j=F.s 8j &}& ;% and the SHG Hamiltonian
by [18]

Hspe = i x[(@))%as — (@r)*al]. (5)

In the expression for I-AldiSS we defined two frequency ranges
Qr.s, which define the bath modes through which the two
modes are damped and driven. Given the very large separation
in frequency between the two optical modes, we can justify
considering Qr and Qg as nonoverlapping without violating
the requirement that these two frequency ranges must be
very large compared to kpg, which is necessary to ensure
Markovian dynamics. If the two frequency ranges were to
have a significant overlap, e.g., in the case of two optical
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modes spaced by a mechanical frequency that exist in different
resonators but are coupled to the same bath, then one must be
careful to use correctly the modified input—output relations
and equations of motion, obtained following the standard
procedure in Ref. [19]. In our case, the standard input—output
relations will be held valid. In the following we will obtain
the linearized equations of motion for the system described by
this Hamiltonian.

A. Equations of motion and linearization

As afirst step we derive the Heisenberg equations of motion
for dg s, which read

A . A . A A AT A Ain
ar = (iA — kp)dp + igrapX + 2xapds — / 2kray,

. , (6)

as = (2iA — ks)as +igsask — x(ap)* — v/ 2s ag),
where &E;S) is the input field coupled to the fundamental
mode (the second harmonic) and A = wg — @, is the detuning
of the driving field from cavity resonance. Equations (6)
are written in a frame rotating with the optical modes, i.e.,
in an interaction picture with respect to the Hamiltonian
Y jors (g, do or ld, + o ala)). Similarly, for the me-

chanical mode we have £ = wy, p and

p = —0nk — 2mp — v 2kmE + grajar + gsalas, (7)

where we used a Brownian-motion—type damping model [20].
The self-adjoint Langevin force £ is taken to have zero mean
and be §-correlated in time as (£ (H)E(1)) = Qnum + 18t —
t"). We now linearize the equations of motion by considering
a pumping field of large intensity. Under these conditions,
both the field modes of the toroid would be macroscopically
populated. We are then allowed to take drs = ags + 0dg s,
where aps = (dps) is the (large) mean amplitude of each
operator and 8dr g its fluctuation around this average. Products
of two or more of these fluctuation operators in the equations of
motion are then neglected, yielding a set of coupled linear first-
order differential equations for the operators. For the optical
modes, we thus obtain (j = F,S)

8a; = [i(u; A+ g;%) — k;184; +ig;a;o%
+ 0; — 2k;847 (8)

with Op = 2y (@:das + asda)) and Os = —2xapdar. The
optical input fluctuation operators é4;' have zero mean

and two-time correlation function (&}“T(t)&}“(t’)) =8(t —1).
Despite the relation linking gr and gg, in what follows we shall
continue to use both symbols for clarity.

In a manner similar to the optical modes, we may also
displace the quadratures of the mechanical mode. In steady
state, the mean amplitude of the momentum quadrature is
taken to have decayed to zero, p = 0. The position quadrature
has a nonzero mean amplitude that is proportional to the power
circulating inside the cavity. However, for g = 2gr we may
absorb this amplitude into a redefinition of the detuning and
effectively set x = 0. Finally, the equations of motion for 6%
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and 6 p become 8% = wmd p and

8P = —0mdR — 2P — 2mE + Y g;@da; +a,sal).

j=F.S
)

The state described by the mean values ag s, X, and p, which
obey

ars=x=p=0, (10)

corresponds to the steady state of the analogous classical
system. Assuming, for now, the existence of this steady state
we can use the mean-field component of the linearized versions
of Eqgs. (6) to find the following equation relating the amplitude
of the fundamental mode and that of the input noise:

2)(2

(2iA —ks)
where we have taken ¢ to be the phase of ap. The input field is
assumed to be in a monochromatic coherent state characterized
by the (real) amplitude a;, = ay, which is related to the input
power Py, by

[ael® + (i A — kp)lag] = 2kpe 0ay,,  (11)

P = o @ (12)

For the parameters used throughout this paper, the first term
on the left-hand side of Eq. (11) can be safely neglected,
whereupon the equation can easily be solved to obtain ag.
For the second harmonic, we get

xekid
CO2iA — ks
The linearization of the equations of motion makes the
dynamics Gaussian so that any initial Gaussian state will

remain such at any instant of time [21]. We now introduce
the quadrature vector

R = (8%5,8 pr,8%5,8 ps,0%,8p)", (14)

as |ag|. (13)

where we have defined the optical quadrature operators 6%; =
J=(8a + 8al) and 8p; = J5(8a] — 84;) of mode j =F.S.
Similar definitions hold for the input-field operators. It is worth
bearing in mind that all our operators are functions of time ¢,
and we have simply dropped the label ¢ for conciseness of
notation. With these definitions, the first moment of R is zero
and any Gaussian state of the system is thus fully characterized
by the covariance matrix V = (ROR)+ (R® i()T)/Z. The
equations of motion derived above can be concisely written as
R=A R+ fiin, with the input noise vector

Rin = (V20858 /2068 pi2 /205838 1/ 2058 P, 0,3/ 2ucmE) -

(15)

The drift matrix A can be explicitly determined and depends on
the set of parameters characterizing the dynamics of the three-
mode system addressed here. Its expression is too lengthy to
be reported here and is thus deferred to the Appendix. A close
inspection of the form of A reveals that, by assuming a;, € R
and introducing the rescaled parameters o = gg/(~/2 x) and
B = xag, the drift matrix is a universal expression of gg/x.
Thus, for a fixed value of B the nature of the dynamics is
determined solely by the ratio of the coupling constants. For
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small «, the interaction is dominated by the SHG process.
Conversely, for o >> 1, the dynamics resembles closely that of
a standard optomechanics model with two fields [12].

B. Dynamical stability of system

The dynamical equations should be stable in order for a
steady state to exist. This is assured if the real part of the
spectrum of A is negative, in which case the system will tend
to a stationary state characterized by the covariance matrix
that solves the Lyapunov equation A-V+V-AT+D =0
with the input-noise matrix

Ds(t—t') = AU Rin()@Rin())+(Rin(H@Rin(t)) 1. (16)

The stability condition for A can be rephrased more formally
in terms of the Routh-Hurwitz criterion [22], which we have
used in our quantitative characterization of the dynamics. We
note in passing that the Lyapunov equation above has a concise
analytic solution for V, as reported in Ref. [22]. The covariance
matrix encompasses the full information on the system at hand.

C. Quantification of entanglement

Here, we shall be interested in the entanglement-sharing
properties of the three modes. In order to demonstrate the
occurrence of genuine multipartite entanglement, we rely
on the criterion based on negativity of partial transpose
(NPT) [23-25] and we will make use of the logarithmic
negativity as an entanglement quantifier [26]. For a bipar-
tition consisting of subsystems A and B (A,B = F,S,M),
this is defined as Ejtle = max[O, —In2)", f)_,k)], where
{P_x} is the set of symplectic eigenvalues of the covariance
matrix associated with the partially transposed states of
the system such that |D_;| < 1/2 [27]. If either A or B
are single-mode subsystems, k = 1 regardless of the number
of modes comprised in B or A. Moreover, although this is
not the case in general, the NPT criterion is a necessary
and sufficient condition for inseparability of pure and mixed
Gaussian states alike. In what follows, we characterize the
entanglement structure in both reduced two-mode states and
bipartite one-versus-two-mode ones. In order to do that, we
use numerical values for the various constants entering the
model that reflect the state-of-the-art of recent experiments.
The fundamental wavelength is chosen to be 1554 nm [8],
at which an input power P, = 1 uW corresponds to aj, ~
3 x 10° s~'. Moreover, we set w, = 27 x 70 MHz, kyy =
27 x 5.9kHz (Qn =5970), kg = ks = 2w x 7 MHz, gg =
gs/2 =2m x 1.2 kHz, T,y = 0.8 K [28], and x = 700 Hz,
which is within a factor of 2 of what has been observed in
Ref. [8].

For these choices, Fig. 2 summarizes both the entanglement
in one-versus-one-mode reduced states and one-versus-two-
mode situations; the solid curve in each figure bounds
the region where the system becomes dynamically unstable
according to the Routh—Hurwitz criterion. Entanglement is
analyzed in the A-P;, parameter space. While all-optical
entanglement (i.e., the entanglement within the reduction
involving only the S and F subsystems) exists in a narrow strip
around A ~ 0 and is maximum on resonance, the mechanical
mode is entangled more strongly with F near A = £wy,
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(a) Reductions, Qm = 5970
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FIG. 2. (Color online) Regions of (a) 1-1-mode (“reduction”) entanglement, or (b) of 1-2-mode (“bipartition”) entanglement. In (a) the
dashed curve encompasses the (red) region where the two-mode reduction consisting of the second-harmonic optical mode (system S) and the
mechanical mode M is not separable, the dotted curve encompasses the (green) region where the fundamental optical mode (system F) and the
mechanical mode are not separable, and the dashed-dotted curve delineates the (blue) region where the two optical modes are entangled. A
similar explanation holds for subfigure (b), but with the dashed curve corresponding to entanglement between the fundamental optical mode
and the two-mode system formed by the second-harmonic mode and the mechanical mode. The dotted curve delineates inseparability of the
second-harmonic from the two-mode system formed by the other two modes, and likewise the dashed-dotted curve bounds the region where
the mechanical mode is entangled with the two-mode system consisting of the optical modes. The solid curve encloses the region of instability.
(c) and (d) are similar to (a) and (b), respectively, but with a larger mechanical Q factor. Because of the smaller mechanical decay rate, the
region of instability starts at significantly lower powers, especially on the blue-detuned side of the figure.

and with S close to A = Fwy/2. At low (yet still quite
sizable) values of the mechanical quality factor, the region
corresponding to A < 0 is largely associated with separability
of any two-mode reduction, except the narrow strip at A >~ (0
mentioned above, which witnesses the fact that, in these
conditions, the direct nonlinear coupling between the optical
modes overcomes any entangling power of the optomechanical
mechanism. Larger values of Qp,, on the other hand, give
rise to non-negligible areas of (even strong) optomechanical
entanglement involving both the M-S pair and the M-F one.
This is clearly shown in Fig. 2(c) where, remarkably, we find
that even the all-optical entanglement is affected, spreading
quite considerably in regions where, at lower Q.,, we had
ESF = 0. This result might be interpreted as arising from
the indirect coupling between the two optical modes, whose
interaction is ruled not only by their direct nonlinear coupling
but also by a detuning-dependent effective one mediated
(quasicoherently) by the mechanical mode.

Also quite interesting is the behavior of the one-vs-two-
mode entanglement. An investigation on these configurations
is relevant in order to characterize the multipartite entangle-
ment being possibly shared by the three subsystems. Indeed,
based on the classification provided by Giedke et al. [15], the
simultaneous inseparability of the three possible one-versus-
two-mode bipartitions in a three-mode system implies the
existence of genuine tripartite entanglement. Likewise, the
state is k-mode biseparable if there are k one-vs-two-mode
bipartitions with respect to which the state of the system is
separable. Figures 2(b) and 2(d) show the rich structure of
entanglement sharing that is exhibited by our model.

One-vs-two-mode entanglement turns out to be, in general,
much more robust (and larger) with respect to noise affecting
the system than the entanglement in any two-mode reduction,
a feature that has already been shown in other optomechanics-
related investigations [14]. In Fig. 2(b), regions of full
three-mode inseparability are shown even for a relatively
low-quality mechanical oscillator. However, in this case, noise
affecting the system through the mechanics is too strong
to allow for much overlap between regions of three-mode

inseparability. Indeed, by increasing the mechanical quality
factor by a factor of 100, giving the results in Fig. 2(d), the
overlap between regions of one-vs-two-mode entanglement
increases significantly, covering virtually the whole stability
area shown in the figure. In passing, we mention that we have
applied a multipartite entanglement witness for continuous-
variable states, MultiWit, that was developed in Ref. [29]
using semidefinite optimization methods. The use of this
instrument has confirmed the genuinely tripartite nature of the
entanglement at hand in the regions of overlap among the three
regions of one-vs-two-mode inseparability, which excludes
the possibility of having generalized three-mode biseparable
states. As a quantitative illustration for the high-Q,, case,
in Table I we give the entanglement in any reduction and
bipartition that can be singled out in our problem, taking the
values of the parameters listed above and choosing A = —wp,
with Py, = 0.27 W. In order to complete our assessment, we
have determined the degree of genuine tripartite entanglement
across interesting regions in the full-inseparability areas. As a
quantitative estimator, we have used the tripartite logarithmic
negativity E}{‘}, which is a proper entanglement monotone [30].
The results of this study are shown in Fig. 3 for both the
low- and high-Q,, cases and increasing optical input powers.
The qualitative differences in the behavior of the tripartite
entanglement is very marked at large input power: while
at low mechanical quality factors the high-power tripartite
entanglement is null, it extends for most of the region A €
[—wm,0] at high mechanical quality factor, therefore leaving

TABLE I. Calculated logarithmic negativities for A = —wy, and
P, = 0.27 W in Figs. 2(c) and 2(d). The rest of the parameters are
as in the body of the paper, with Q,, = 597 000.

Reduction alb EY Bipartition a|bc E
SIM 0.10 FISM 0.44
FIM 0.42 SIFM 0.15
FIS 0.01 MJFS 0.45
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FIG. 3. (Color online) Tripartite logarithmic negativity, E'%, for five different input powers and both low- and high-Q,, cases.

us with much room for maneuvering in the space of entangled
three-mode states.

Let us finally explore the competition between the SHG
process and the optomechanics in our model. As x grows
in Figs. 4(a) and 4(c), the entanglement for the F|M and
S|M reductions decreases, whereas that for F|S covers an
ever-larger area of the parameter space. The behavior of the
entanglement in the bipartitions, Figs. 4(b) and 4(d), is similar
and also easily understood on an intuitive basis: a bigger x
leads to larger regions of entanglement for the two bipartitions
that involve one of the optical modes on its own (i.e., F|SM
and S|FM), but a contraction in the parameter space where
entanglement in the M|FS bipartition is observed.

III. INFERRING THE STATE OF THE SYSTEM

The inference of the full state of an optomechanical system
is a major practical challenge [12], mainly due to the fact that
the mechanical quadratures are not directly accessible to an
experiment. Here we propose a technique, which requires the
use of the system drawn schematically in Fig. 5, that allows
us to infer the mechanical quadratures indirectly. Initially, we
assume that the homodyne detectors needed in the scheme have
infinite bandwidth; we shall account for the finite bandwidth
of any realistic apparatus later on. Given such a system, one
has access to the four input (two each for the fundamental and
the second harmonic) and four output quadratures. One can
then infer the intracavity optical modes using the input-output

_ 10 _ 10
< <
=10 = 10
£ 10 10
U 10! U 10!
% 10 % 10

102 10”2

-1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0
Detuning, A/wy, Detuning, A/wy,

(a) Reductions

(b) Bipartitions

relation
(17)

8%p = (822" — 8%}") /V/ 2k,

and similarly for the rest of the quadratures. It is clear that very
good characterization of the system, including knowledge of
all the coupling constants and the effect of vacuum input noise
[12] is required to infer the intracavity quadratures accurately.
Once the four optical intracavity quadratures are known, it is
natural to ask how the mechanical quadratures can be inferred.
Indeed, the key to our proposal is noticing that the inferred
quadratures are obtained as a time trace. One can therefore
make direct use of the equations of motion to obtain a time trace
for the mechanical quadratures §% and ép. The covariances
of these inferred quadratures can finally be used to build an

inferred covariance matrix, V. In the limit of infinite detector

bandwidth, V = V.

We use a simple model for including the effects of a finite
detector bandwidth. Let the bandwidth of the detector be 7.
Then the point-spread function of the detector is taken to be

© ® for t<Qort>rt
t) — r—
Fi=2W =600 L for te(01) ,
T
% for t=0o0rt=r1

(18)

where ©(¢) is the Heaviside step function. The label ¢ is under-
stood as the time at which the measurement was performed.
Normalization requires that ffooo f(@)dt = 1. For each

2

. 10 - 10
< / <
= 10 = 10
10 / z 10°
o -1 ) -1
? 10 = 10
© o107 107
-1.0 -05 00 05 1.0 -1.0 -0.5 0.0 0.5 1.0
Detuning, A/wy, Detuning, A/wy,

(¢) Reductions (d) Bipartitions

FIG. 4. (Color online) Similar to Fig. 2, but varying the second-harmonic generation rate on the vertical axis. (a) and (b) have Q,,, = 5970,
whereas (c) and (d) have Q,, = 597 000. (xo = 27 x 700 Hz, P,, = 1073 W.)

013809-5



ANDRE XUEREB, MARCO BARBIERI, AND MAURO PATERNOSTRO

Output fields

4 i?%tlt,
sout
Pr
‘igut’

----’/ sout

Ds

cooo _.\ ‘%IFI‘]?
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pF k]
~in

g,

A e

Input fields

FIG. 5. (Color online) Schematic of detection system. Part of
the input field is used as the local oscillator of two homodyne
detectors (this necessitates adding the second harmonic onto the local
oscillator), one recording the field quadratures before the toroid, and
one after.

operator o) we assigrl an inferred operator O(t) =
(fx0)(t) = ffooo f(t —s5)O(s)ds as the convolution of f(t)
with O(r). Tt can easily be shown that %(f % 0)t) = (f

O)(1). This means that we can infer the value of any o®) by
calculating the time derivative of the inferred a(t).

With this at hand, we can finally show that the inferred
covariance matrix, at the steady state, is given by

V= (A7)"! {(eAr —DV(Er = DT

+ / [eA<”>—1]D[eA<fS>—1]Tds}(Ar)T. (19)
0

Modern homodyne detectors can operate with a bandwidth
of the order of 10 GHz, which is much larger than typical
values of wy, in the micromechanical domain. Therefore, it is
understood that 7 is by far the shortest time scale of the system.
It then suffices to expand V to first order in 7, which gives

V =V -— é‘L’D. (20)

These expressions hint at the tantalizing possibility that by
increasing 7 electronically one could deduce the value of V
for vanishing t, and therefore infer V itself. In our numerical
exploration, the fidelity [31] for the inference of the mechanical
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mode using this method was above 99% when t corresponded
to a bandwidth of 500 MHz.

IV. CONCLUSIONS AND OUTLOOK

We have presented a system that combines a nonlinear
optical process with optomechanics in a very natural manner.
Its monolithic design makes it very attractive for experimental,
or even technological, applications. Indeed, the system we
presented is based on technology that is inherently compatible
with integration on optoelectronic chips. Our investigation
concentrated on the dynamics of the system, but we also
addressed the problem of the actual detection of the intracavity
state by outlining a method involving homodyning all the
input and output quadratures to infer the covariance matrix
for the three intracavity modes. Last, a numerical example
using constants from recent experiments was used to illustrate
the feasibility of observing these effects in a realistic system.

Looking further ahead, one can envisage several of these
structures sharing a common photonic “bus” whose function is
to populate the optical mode of each toroid at the fundamental
frequency. The SHG process and optomechanics could then
be used to create an entangled state of the mechanics with the
second-harmonic field, thereby generating for each structure
an optical field, which can be routed out of the photonic
bus without losses due to the large separation in frequencies,
that is entangled to the mechanical mode of the toroid. We
remark that this system lends itself naturally to the distribution
and certification of optomechanical entanglement as per the
protocol recently proposed in Ref. [32].
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APPENDIX

Here we provide the explicit form of the drift matrix A for
our problem, which reads

[ —kp42xa —A+2xas  2xah 2xas —2ga. 0
A+2xas  —kp—2xay —2xa.  2xak V2gray 0
—2xat 2xa —K —2A  —2gsa, 0
A X F Xag S V2gs S (Al)
—2xak —2yak 2A —Ks V2gsag 0
0 0 0 0 Om
V2 gray, V2gray  N2gsay /2 gsay —Wm —2m |

witha; = E; + iﬁij (j =F,S). As done in the main body of the paper, we assume that ap is real and gs = 2gp. This can always
be done by dropping the corresponding assumption on a;, and choosing its phase appropriately. We then define the parameters
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o =gr / (/2 x)and B = xay and rewrite the drift matrix as

PHYSICAL REVIEW A 86, 013809 (2012)

e 4A22Ki;<§ B —A- 4Aiix§ p 2p 0 0 0

At iaB ket e B 0 28 2af 0

—2B 0 —Ks —2A a0
A= “s , A2
0 —28 2A —Ks —4A“2§K§ af? 0 (A2)

0 0 0 0 0 Om

4k 2 SA 2
L 208 0 “naa® e ~®m —2Zkm |

showing that the steady state of the system is a universal function of « and $. In particular, at a fixed value for 8 the dynamics is

determined solely by the value of the ratio of the coupling constants «.
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