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A pulsed cooling scheme for optomechanical systems is presented that is capable of cooling at much
faster rates, shorter overall cooling times, and for a wider set of experimental scenarios than is possible by
conventional methods. The proposed scheme can be implemented for both strongly and weakly coupled
optomechanical systems in both weakly and highly dissipative cavities. We study analytically its under-
lying working mechanism, which is based on interferometric control of optomechanical interactions, and
we demonstrate its efficiency with pulse sequences that are obtained by using methods from optimal
control. The short time in which our scheme approaches the optomechanical ground state allows for a
significant relaxation of current experimental constraints. Finally, the framework presented here can be
used to create a rich variety of optomechanical interactions and hence offers a novel, readily available
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toolbox for fast optomechanical quantum control.
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Introduction.—Micro- and nanomechanical resonators
are currently emerging as new quantum systems [1].
Their integrability in a solid-state architecture offers
attractive opportunities for quantum information objectives
such as mechanical quantum registers [2,3], optomechan-
ical quantum transducers [4], or quantum memories [5]. At
the same time, their size and mass promise access to a
hitherto untested regime of macroscopic quantum physics
[6-9]. The field of cavity quantum optomechanics [10—13]
utilizes methods from quantum optics in combination with
optomechanical radiation pressure interactions to achieve
this, and experiments are progressing rapidly—the strong
coupling regime has been demonstrated [14-16], and
optomechanical analogues of electromagnetically induced
transparency [17,18] have demonstrated the first steps
towards mechanical storage of light.

A prerequisite to achieve full coherent control over
mechanical quantum states is to operate these systems
close to their quantum ground state and to achieve coup-
ling rates that exceed all other decoherence rates.
Optomechanical cooling close to [16,18-21] and even
well into [22,23] the quantum ground state of micro- and
nanomechanical devices has been realized. However, most
mechanical devices are intrinsically connected to a hot
environment through their supports, which results in large
heating rates. Efficient cooling therefore requires one to
minimize the thermal coupling, either by operating in a
cryogenic environment [19-24] or by decoupling the
mechanical resonator from its environment [25-27].

As a consequence, a cooling scheme that can beat the
mechanical heating rate for systems that are not cryo-
genically cooled or mechanically decoupled from the
environment is highly desirable. For the most widely
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used scheme, sideband cooling [28-31], the cooling rate
I', and conversely the time required to approach the ground
state, are inherently limited by the mechanical frequency,
v. Specifically, I' < v, due to use of the rotating wave
approximation (RWA). Recently, it was demonstrated in
the context of ion trap physics that pulsed schemes can
break the speed limit set by the oscillator frequency [32],
by using interference between optical pulses incident on
the system that is being cooled. This generates an effective
cooling (red-sideband) term with large couplings, thus
avoiding the RWA limitations. Unfortunately, this ap-
proach cannot be directly used, as the nature of the cavity
coupling is significantly different (generally nonlinear
for the optomechanical system and, when linearized,
harmonic-oscillator-to-harmonic-oscillator coupling vs
harmonic-oscillator-to-spin coupling for trapped ions), as
is the nature of the subsystem from which energy is even-
tually removed (an optical cavity with a wide range of
quality factors vs the ion with a finite Hilbert space and
fixed physical properties). Moreover, one needs to over-
come the instability issue in optomechanical systems,
which does not exist for trapped ions.

In this Letter, we demonstrate how a sequence of fast
pulses adds a term to the effective optomechanical inter-
action Hamiltonian which approximates the cooling (also
known as beam splitter, anti-Stokes, and red-sideband)
operator x,,x, + p,p. « abt + atb. Here, a is the annihi-
lation operator of the cavity and x.. and p,. are its quadrature
operators; b is the annihilation operator of the mechanical
oscillator with corresponding quadratures x,, and p,,. The
technique is shown to be experimentally feasible in both the
good cavity (k << v) limit, where it is capable of reaching
the ground state much faster than the oscillator frequency,
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and the bad cavity limit (k > v), where sideband cooling is
incapable of approaching the ground state.

Physical setting.—Cavity optomechanical systems are
modeled as an optical cavity field which couples to a
mechanical resonator by way of radiation pressure. The
optical (mechanical) mode, oscillating at a frequency w
(v), is characterized by a relaxation rate « (y,). The
optical mode is driven by a detuned laser field of frequency
w; with a strength ). The corresponding Hamiltonian is

H =AaTa+VbTb+&aTa bt +b
OM \/z ( )

+ Qate™® + ae'?), (1)

where ¢ is the initial driving phase, A = w — w, is the
cavity detuning with respect to the laser frequency, and g,
is the optomechanical coupling rate.

Linear approach.—For continuous driving, cooling is
achieved by invoking the RWA. In order to derive a pulse
sequence which generates cooling directly via the cooling
operator introduced above, i.e., without the RWA, we will
need to analyze the dynamics of the system. Assuming, for
now, weak coupling, g, << v, one may avoid the complex-
ity of the nonlinear nature of the interaction by considering
a linearized approximation of the system.

As this scheme makes use of rapidly changing driving of
the cavity mode, the usual Hamiltonian linearization pro-
cedure [14,28] cannot be trivially applied to Eq. (1).
Rather, we move to a frame comoving with the state of
the cavity, by applying a time-dependent canonical trans-
formation (see the Supplemental Material for additional
details [33]). In this frame, a is redefined as a small
perturbation, allowing us to replace the quadratic coupling
with a linear one. This results in the Hamiltonian

Hy,=Aata+vbtb+(G(H)a+ G*(t)at)x,, + |G()|x,,,
()

with G(1) = igge A1 [I.Q(¢)eA~ 1 gt

The linear nature of the dynamics now allows us to
rephrase the dynamics as an equation of motion of the
covariance matrix [34]. We define a vector of quadrature
operators R = (x,, p., X,,, P,»)' and the covariance matrix
as  y;; = 2Re((R;R;) — (R;XR;)). The corresponding
equation of motion is £y = My + y(M") + £P, with
M = SV — 5P, where V is the potential matrix (Hy, =
RTVR), S the symplectic matrix, and P = diag(1, 1, 0, 0).

Denoting a series of n control pulses (i.e., n modulations
of the cavity driving laser) {H, ..., H,,} of corresponding
durations (¢;...t,) (with free evolution implicit) and
using the Baker-Campbell-Hausdorff (BCH) [35] equiva-
lency, one may compute the equivalent control
Hamiltonian H, from e(~#/MtHotHe) . .. o(=i/Mt(Ho+Hey) =
eTIMER)HHHY) - \where H, is as in Eq. (2) for G = 0.

The equivalent control Hamiltonian to the control sequ-
ence {—Gx.x,, +Gp.X,, —Gp.x, —Gx.x,} for (1, 1,
ty, ), with A = v (to second order in the BCH series), is

H.= G(I%V - 2t2)xcxm - G[%Vpcpm‘ (3)

Setting , = 3, the desired —G#3v(x.x,, + p.p,,) cooling
operator is achieved. While higher-order elements in the
BCH series contribute terms undesirable for cooling (e.g.,
squeezing), both analytical estimates and numerical studies
show these disruptions to be well-contained for pulse dura-
tions shorter than the mechanical frequency. Moreover, as
will be shown later, optimal control can further reduce
undesired terms, improving upon sideband cooling with
respect to both the achievable final temperature and the
required time. Finally, it is important to stress that
the BCH operators are a two-edged sword—they create
the cooling operators from commutation relations between
the driving terms and the free Hamiltonian, but, at the same
time, they transform the dissipative elements (Lindblad
terms) in a similar fashion. As a result, stronger driving
enhances both cooling and dissipation terms (modified by
the BCH relations), resulting in a sublinear advantage of
such an approach to further increase cooling rates.

Optimal control.—We have examined the performance
and limits of the proposed cooling sequence using search
methods from optimal control. We took multiple ap-
proaches, including (a) two-stage optimization—initially
optimizing the pulse amplitude and subsequently optimiz-
ing both amplitude and phase, (b) using the analytically
derived sequence in Eq. (3) as an initial point of the
optimization, (c) in the case of strongly dissipating cav-
ities, a ‘“‘telescoping” series of optimizations is used,
slowly increasing dissipation, with the sequence resulting
from optimization k serving as the initial condition for
optimization k + 1, (d) a similar series of optimization is
used to gradually shorten overall cooling times, and
(e) random starting conditions and simultaneous optimiza-
tion of all control parameters. Figure 1 shows the results of
multiple optimizations for varying values of x and a com-
parison to the results of the analytical sequence before
numerical optimization. Figure 2 shows optimization
results for the bad cavity regime. There, we allow the
system state to become squeezed alongside the desired
cooling and optimize for the squeezed phonon count
(measured by the reciprocal purity [36,37]).

An example of such an optimal sequence has been
obtained using the full range of interactions, (Re[G]x, +
Im[G]p.)x,,. Starting with an initial thermal phonon occu-
pation of 100, and for k = 0, we are able to achieve a final
occupation below 2 X 1077 in less than 0.627v ™! (see the
Supplemental Material for a figure [33]). Another example,
illustrated in Fig. 3, presents the detailed behavior of a
highly dissipative cavity k = 2167v. For such settings, it
is much harder to suppress all undesirable terms in the higher
orders of the BCH series. However, the system can be cooled
in under 10’427” to less than one (squeezed) phonon, if,
again, we allow the system state to become squeezed. All
optimizations have been performed using QLib [38].

Nonlinear case.—For systems with large coupling g,
[39,40], itis necessary to treat the full nonlinear interaction,
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FIG. 1 (color online). Results of several covariance matrix
optimization procedures, all with an initial phonon thermal
occupation of 10, |G| < 10w, and y = 0 and taking at most
0.8 X 277’ The square data sets involve optimizations with ran-
dom initial pulse sequences, optimized with partial (x.x,, only)
and full coupling, respectively; the random initial settings and
nature of global optimization are responsible for the poor per-
formance at « = 0.03. The final temperatures achieved by
sequences of 30 pulses (based on the four-pulse analytical
formulations, repeated 7.5 times) are shown before and after
optimization (triangles). Long cyclic sequences (75 repetitions
of the four-pulse analytical sequence) are shown before and after
optimization and are represented by the diamond sets.
Application of the last set, preoptimization, for k = 0, appears
at the left axis of the plot. Note that, as is often the case with
numeric optimization, the points may represent local optima.

as presented in Eq. (1). Unfortunately, in the case of the
single-cavity system analyzed thus far, it does not appear to
be possible to generate a cooling operator using a simple
sequence of pulses analogous to that used for the linearized
system (see the Supplemental Material for details [33]).

To overcome this limitation, a double-cavity device,
where the oscillator is coupled to two identical cavities
(on the left and right of the oscillator), is proposed [41-43].
This geometrical arrangement results in the coupling of the
two cavities to the oscillator to be of opposite sign, which
allows one to cancel the mechanical oscillator driving
using opposing radiation pressure of the two cavities.
The undriven system Hamiltonian is

Hy = A(afal + a;az) + vbTh

+ g—g(a}Lal — a;raz)(bJr + b), 4

NG

where the subscript distinguishes the two cavities and A is
the detuning of both cavities. We define the symmetric and
antisymmetric modes, a, = \/%(al + a,) and a, = \/% X
(a; — a,), and the dimensionless quadrature operators,
x= Vli(ajr +a) and p = 7‘5(51* — a), reexpressing the
Hamiltonian as

0.09 - ;l
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FIG. 2 (color online). Performance of optimized cooling sequ-
ences for k > v. Starting with the analytically derived sequen-
ces, a series of optimizations was used to generate cooling
sequences for successively higher dissipative systems, with the
result of one optimization serving as the starting point for the
next. Note that, in this case, the resulting system state is
squeezed, as a result of higher-order BCH terms.

HO = A(a;lraa + a:vi-as) + Vb-rb + gO(xaxs + paps)xm‘ (5)

Building the proposed cooling sequence in stages, let us
first examine the terms generated by a {—Qx,, 0, Qx,}
sequence, gyt px,, + 2401, p,. By driving the cavity
during the free evolution period with a p, pulse, the
coefficient for p,, above, can be controlled at will. By
defining this additional pulse as —(a + 2)AQ¢ p,, the
generated terms transform to

Hyp = gOQtlpsxm - aAQtlpa' (6)
The cooling sequence for the double-cavity setup is

{{_Qxa’ IBPd’ Q-xa}r 0, {wa prd’ _Qxa}}» (7

where the nested notation emphasizes the nesting of se-
quences used. Here, B8 = —(a + 2)AQ¢, and the pulse
durations are ((t1,14,1,), t}, (titp,1)), with t, =1, +1,+1
and 13 = 2t + ).

Assuming 7, > 1, the free evolution implicit in Hy;,
of Eq. (6) can be neglected; the inverted sequence
{Qx,, 0, —Qx,}, together with the additional driving dur-
ing the free evolution, will yield Eq. (6), with an inverted
sign for (), resulting in what can be viewed as a sequence
of sequences, i.e., a nested pulse sequence. Defining 7, =
QOt,t,, we get the terms generated by Eq. (7) to be

Hypy = +(a — 2)goATix.x,, + 280071 pups + v83TiD3
— 3Ag373x2, — 1 83x,x2, + 2aT A2x, (8)

When A =2v/(a — 2), this Hamiltonian contains the
cooling operator for the mechanical oscillator using the
symmetric mode of the cavities; i.e., the x,x,, and p,p,,
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FIG. 3 (color online).

T [21/v]

x107°

Detailed behavior of highly optimized cooling pulses for an optomechanical system with k = 2167v, with 10

phonons in the initial state. The top panel contains the reciprocal purity for the mechanical oscillator and cavity, the second panel the
quadrature squeezing, the third panel the covariance matrix elements, and the fourth panel details of the driving. Note that this is a
regime in which sideband cooling is inappropriate, as the overall cooling time is orders of magnitude below v.

terms appear with identical coefficients. Setting o = 4,
one may meet the resonance condition A = v, which is
important in some experimental layouts, as stronger inter-
actions are achieved at resonance. An additional x, driving
pulse, of area —2a,13A2, can be added to the sequence to
counter the last term in Eq. (8), provided the correction
term and the entirety of the sequence in Eq. (7) are com-
bined via the Trotter decomposition [44], to suppress any
high-order BCH terms. The two quadratic terms can be
absorbed into the corresponding frequency terms by means
of a Bogoliubov transformation.

To achieve ground-state cooling in a time shorter than
the mechanical oscillation, following Eq. (8), we require the
beam splitter prefactor Qg > max(v, k), choosing the
t;’s to all be 1 order of magnitude smaller than 1/ max(», ),
to suppress higher-order BCH terms. Finally, note that,
when G>% v, one may do without the periods of dedicated
free evolution, although prefactors will be different.

Experimental feasibility.—To obtain both a cooling rate
I' (defined as the prefactor of the cooling operator in the
Hamiltonian) beyond the limitation of continuous sideband
cooling, i.e., I'> », and to reach ground-state cooling
faster than the mechanical frequency, readily available
experimental parameters are sufficient: for an optomechan-
ical Fabry-Perot cavity, one can easily obtain v =
27 X 10° Hz, my =5X 107" kg, and « = 0.75v
[14,20], which yields g5 = 75 Hz < v and hence satisfies
the linear regime of pulsed laser cooling (assuming a cavity
length L = 1072 m and an optical pump wavelength A =
1064 nm).

Previously achievable cooling rates have been of the
order of I' = 10~! X » [20]. With our method, and making

use of optimal control, we fine-tune a 10-pulse cooling
sequence of total duration 0.7527” and pulse energies of
= 40 nJ per pulse, which can be created directly from the
amplitude modulating a 0.5W continuous-wave laser
beam, to obtain a cooling rate I' = 1.3v. For an initial
temperature of 7 =1 K (n; = 2900 phonons) and vy,, =
300 Hz (Q = 2 X 10%), this sequence will reach mechani-
cal thermal occupancies on the order of n; =~ 0.1.

As a second example, we consider a highly dissipative
optomechanical Fabry-Perot double microcavity with v =
27 X 10* Hz, mys = 10719 kg, k = 2 X 10°», and indi-
vidual cavity lengths L., = L, = 4, as has been suggested
in [45]. The resulting g, = 10% Hz > v satisfies the non-
linear regime of pulsed laser cooling. Our method requires
a set of laser pulses of length < 50 ps with a maximal
peak power of 1 kW, which is available, for example, in the
form of Q-switched lasers. This will result in a net cooling
rate ' = 10*». For y,, = 1,i.e., a Q factor of 6 X 10%, this
would already allow cooling to the quantum ground state
starting from room temperature.

Conclusions.—We have introduced a novel pulsed cool-
ing method for mechanical oscillators, which surpasses
the intrinsic limits of conventional continuously pumped
cooling. Our scheme is based on generating the cooling
interaction, by quantum interference of successive pulses.
While a simple analytical approach already provides
otherwise unachievable cooling rates I' > v, the use of
optimal control methods can further enhance these rates.
We have also shown that current optomechanical configu-
rations could achieve dramatic improvements in their
experimental performance. Following the methodology
presented in this Letter, it is possible to generate a rich
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class of optomechanical interactions, for example, the
down-conversion (two-mode squeezing) interaction or
various nonlinear terms. This establishes a new and com-
plete tool kit for fast preparation and manipulation
of optomechanical quantum states and may very well
provide a route towards room-temperature quantum
optomechanics.
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EU project QESSENCE; by the Austrian Science Fund
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which also treats pulsed cooling schemes for optomechan-
ical systems.

(1]

*shai.machnes @uni-ulm.de

A.D. O’Connell et al., Nature (London) 464, 697 (2010).
A.N. Cleland and M.R. Geller, Phys. Rev. Lett. 93,
070501 (2004).

P. Rabl, S.J. Kolkowitz, F. H. L. Koppens, J. G. E. Harris,
P. Zoller, and M. D. Lukin, Nature Phys. 6, 602 (2010).
K. Stannigel, P. Rabl, A.S. Sgrensen, P. Zoller, and
M. D. Lukin, Phys. Rev. Lett. 105, 220501 (2010).

D.E. Chang, A.H. Safavi-Naeini, M. Hafezi, and O.
Painter, New J. Phys. 13, 023003 (2011).

S. Bose, K. Jacobs, and P.L. Knight, Phys. Rev. A 56,
4175 (1997).

‘W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester,
Phys. Rev. Lett. 91, 130401 (2003).

I. Pikovski, M. Vanner, M. Aspelmeyer, M. S. Kim, and
C. Brukner, Nature Phys. (in press).

O. Romero-Isart, A. C. Pflanzer, F. Blaser, R. Kaltenbaek,
N. Kiesel, M. Aspelmeyer, and J. I. Cirac, Phys. Rev. Lett.
107, 020405 (2011).

T.J. Kippenberg and K.J. Vahala, Science 321, 1172
(2008).

F. Marquardt and S. Girvin, Physics 2, 40 (2009).

C. Genes, A. Mari, D. Vitali, and P. Tombesi, Adv. At.
Mol. Opt. Phys. 57, 33 (2009).

M. Aspelmeyer, S. Groblacher, K. Hammerer, and
N. Kiesel, J. Opt. Soc. Am. B 27, A189 (2010).

S. Groblacher, K. Hammerer, M.R. Vanner, and M.
Aspelmeyer, Nature (London) 460, 724 (2009).

J.D. Teufel, D. Li, M. S. Allman, K. Cicak, A.J. Sirois,
J.D. Whittaker, and R. W. Simmonds, Nature (London)
471, 204 (2011).

E. Verhagen, S. Deléglise, S. Weis, A. Schliesser, and
T.J. Kippenberg, Nature (London) 482, 63 (2012).

S. Weis, R. Riviere, S. Deléglise, E. Gavartin, O. Arcizet,
A. Schliesser, and T.J. Kippenberg, Science 330, 1520
(2010).

A.H. Safavi-Naeini, T.P. Mayer Alegre, J. Chan, M.
Eichenfield, M. Winger, Q. Lin, J.T. Hill, D.E. Chang,
and O. Painter, Nature (London) 472, 69 (2011).

T. Rocheleau, T. Ndukum, C. Macklin, J. B. Hertzberg,
A. A. Clerk, and K. C. Schwab, Nature (London) 463, 72
(2009).

[20]

(21]

[22]

(23]

[24]

[25]

[26]
[27]
(28]
[29]
(30]
(31]
(32]

(33]

[34]
[35]
[36]
[37]

(38]
(39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

153601-5

S. Groblacher, J. B. Hertzberg, M. R. Vanner, G. D. Cole,
S. Gigan, K. C. Schwab, and M. Aspelmeyer, Nature Phys.
5, 485 (2009).

A. Schliesser, O. Arcizet, R. Riviére, G. Anetsberger, and
T.J. Kippenberg, Nature Phys. 5, 509 (2009).

J.D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman,
K. Cicak, A.J. Sirois, J. D. Whittaker, K. W. Lehnert, and
R. W. Simmonds, Nature (London) 475, 359 (2011).

J. Chan, T. P. Mayer Alegre, A. H. Safavi-Naeini, J. T. Hill,
A. Krause, S. Groblacher, M. Aspelmeyer, and O. Painter,
Nature (London) 478, 89 (2011).

S. Groblacher, S. Gigan, H.R. Bohm, A. Zeilinger, and
M. Aspelmeyer, Europhys. Lett. 81, 54 003 (2008).

D.E. Chang, C. A. Regal, S.B. Papp, D.J. Wilson, J. Ye,
O. Painter, H.J. Kimble, and P. Zoller, Proc. Natl. Acad.
Sci. U.S.A. 107, 1005 (2009).

O. Romero-Isart, M. L. Juan, R. Quidant, and J.I. Cirac,
New J. Phys. 12, 033015 (2010).

P.F. Barker and M. N. Shneider, Phys. Rev. A 81, 023826
(2010).

I. Wilson-Rae, N. Nooshi, W. Zwerger, and T.J.
Kippenberg, Phys. Rev. Lett. 99, 093901 (2007).

F. Marquardt, J.P. Chen, A.A. Clerk, and S.M. Girvin,
Phys. Rev. Lett. 99, 093902 (2007).

D.J. Wineland and H. Dehmelt, Bull. Am. Phys. Soc. 20,
637 (1975).

C. Genes, D. Vitali, P. Tombesi, S. Gigan, and M.
Aspelmeyer, Phys. Rev. A 77, 033804 (2008).

S. Machnes, M. B. Plenio, B. Reznik, A. M. Steane, and
A. Retzker, Phys. Rev. Lett. 104, 183001 (2010).

See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.108.153601 for infor-
mation regarding linearization procedure, nonlinear treat-
ment, cavity dynamics, and a sample optimized pulse
sequence.

A. Rivas, A.D.K. Plato, S.F. Huelga, and M. B. Plenio,
New J. Phys. 12, 113032 (2010).

A. Retzker, J.I. Cirac, and B. Reznik, Phys. Rev. Lett. 94,
050504 (2005).

J. Eisert and M. B. Plenio, Int. J. Quantum. Inform. 1, 479
(2003).

M. G. A. Paris, F. Illuminati, A. Serafini, and S. De Siena,
Phys. Rev. A 68, 012314 (2003).

S. Machnes, arXiv:0708.0478.

M. Eichenfield, J. Chan, R. M. Camacho, K. J. Vahala, and
O. Painter, Nature (London) 462, 78 (2009).

L. Ding, C. Baker, P. Senellart, A. Lemaitre, S. Ducci, G.
Leo, and 1. Favero, Phys. Rev. Lett. 105, 263903 (2010).
M. Paternostro, D. Vitali, S. Gigan, M.S. Kim, C.
Brukner, J. Eisert, and M. Aspelmeyer, Phys. Rev. Lett.
99, 250401 (2007).

D. Vitali, S. Gigan, A. Ferreira, H. R. Bchm, P. Tombesi,
A. Guerreiro, V. Vedral, A. Zeilinger, and M. Aspelmeyer,
Phys. Rev. Lett. 98, 030405 (2007).

J.D. Thompson, B.M. Zwickl, A.M. Jayich, F
Marquardt, S.M. Girvin, and J.G.E. Harris, Nature
(London) 452, 72 (2008).

H.F. Trotter, Proc. Am. Math. Soc. 10, 545 (1959).
M.R. Vanner, 1. Pikovski, G.D. Cole, M.S. Kim, C.
Brukner, K. Hammerer, G.J. Milburn, and M. Aspelmeyer,
Proc. Natl. Acad. Sci. U.S.A. 108, 16 182 (2011).

X. Wang et al., Phys. Rev. Lett. 107, 177204 (2011).


http://dx.doi.org/10.1038/nature08967
http://dx.doi.org/10.1103/PhysRevLett.93.070501
http://dx.doi.org/10.1103/PhysRevLett.93.070501
http://dx.doi.org/10.1038/nphys1679
http://dx.doi.org/10.1103/PhysRevLett.105.220501
http://dx.doi.org/10.1088/1367-2630/13/2/023003
http://dx.doi.org/10.1103/PhysRevA.56.4175
http://dx.doi.org/10.1103/PhysRevA.56.4175
http://dx.doi.org/10.1103/PhysRevLett.91.130401
http://dx.doi.org/10.1038/nphys2262
http://dx.doi.org/10.1103/PhysRevLett.107.020405
http://dx.doi.org/10.1103/PhysRevLett.107.020405
http://dx.doi.org/10.1126/science.1156032
http://dx.doi.org/10.1126/science.1156032
http://dx.doi.org/10.1103/Physics.2.40
http://dx.doi.org/10.1016/S1049-250X(09)57002-4
http://dx.doi.org/10.1016/S1049-250X(09)57002-4
http://dx.doi.org/10.1364/JOSAB.27.00A189
http://dx.doi.org/10.1038/nature08171
http://dx.doi.org/10.1038/nature09898
http://dx.doi.org/10.1038/nature09898
http://dx.doi.org/10.1038/nature10787
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1038/nature09933
http://dx.doi.org/10.1038/nature08681
http://dx.doi.org/10.1038/nature08681
http://dx.doi.org/10.1038/nphys1301
http://dx.doi.org/10.1038/nphys1301
http://dx.doi.org/10.1038/nphys1304
http://dx.doi.org/10.1038/nature10261
http://dx.doi.org/10.1038/nature10461
http://dx.doi.org/10.1209/0295-5075/81/54003
http://dx.doi.org/10.1073/pnas.0912969107
http://dx.doi.org/10.1073/pnas.0912969107
http://dx.doi.org/10.1088/1367-2630/12/3/033015
http://dx.doi.org/10.1103/PhysRevA.81.023826
http://dx.doi.org/10.1103/PhysRevA.81.023826
http://dx.doi.org/10.1103/PhysRevLett.99.093901
http://dx.doi.org/10.1103/PhysRevLett.99.093902
http://dx.doi.org/10.1103/PhysRevA.77.033804
http://dx.doi.org/10.1103/PhysRevLett.104.183001
http://link.aps.org/supplemental/10.1103/PhysRevLett.108.153601
http://link.aps.org/supplemental/10.1103/PhysRevLett.108.153601
http://dx.doi.org/10.1088/1367-2630/12/11/113032
http://dx.doi.org/10.1103/PhysRevLett.94.050504
http://dx.doi.org/10.1103/PhysRevLett.94.050504
http://dx.doi.org/10.1142/S0219749903000371
http://dx.doi.org/10.1142/S0219749903000371
http://dx.doi.org/10.1103/PhysRevA.68.012314
http://arXiv.org/abs/0708.0478
http://dx.doi.org/10.1038/nature08524
http://dx.doi.org/10.1103/PhysRevLett.105.263903
http://dx.doi.org/10.1103/PhysRevLett.99.250401
http://dx.doi.org/10.1103/PhysRevLett.99.250401
http://dx.doi.org/10.1103/PhysRevLett.98.030405
http://dx.doi.org/10.1038/nature06715
http://dx.doi.org/10.1038/nature06715
http://dx.doi.org/10.1090/S0002-9939-1959-0108732-6
http://dx.doi.org/10.1073/pnas.1105098108
http://dx.doi.org/10.1103/PhysRevLett.107.177204

