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Optomechanical generation of a mechanical catlike state by phonon subtraction
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We propose a scheme to prepare a macroscopic mechanical oscillator in a catlike state, close to a coherent
state superposition. The mechanical oscillator, coupled by radiation-pressure interaction to a field in an optical
cavity, is first prepared close to a squeezed vacuum state using a reservoir engineering technique. The system is
then probed using a short optical pulse tuned to the lower motional sideband of the cavity resonance, realizing
a photon-phonon swap interaction. A photon number measurement of the photons emerging from the cavity
then conditions a phonon-subtracted catlike state with a negative Wigner distribution exhibiting separated peaks
and multiple interference fringes. We show that this scheme is feasible using state-of-the-art photonic crystal

optomechanical system.
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I. INTRODUCTION

Since its inception, major questions in quantum mechan-
ics have been whether and how the superposition principle
applies to macroscopic objects, as embodied in the famous
thought experiment of Schrodinger. Nowadays, superposi-
tions of coherent states, also known as cat states, are routinely
generated in microscopic systems such as ions [1,2], radiation
in superconducting cavities [3], optical photons [4-6], as well
as atoms [7] and hybrid atom-light systems [8]. Preparing
such states in macroscopic systems has proved to be more
difficult. It has mainly been considered within the framework
of quantum optomechanics, where a macroscopic mechanical
oscillator is coupled to an electromagnetic field in a cavity
via radiation pressure interaction [9]. Recent advances in
optomechanics include cooling the oscillator to its ground
state [10,11], observation of quantum correlations between
light and mechanics [12-15,15,16], and quantum nondemo-
lition (QND) measurements [17,18] and squeezing [19-23] of
mechanical motion, conditional preparation of single-phonon
and entangled mechanical states [24-27], continuous-variable
steady-state mechanical entanglement [28], and generation
of acoustic Fock states through coupling with superconduct-
ing qubits [29-33]. Despite numerous theoretical proposals
[34-49], however, the generation of macroscopic cat states
has remained elusive. Such states are interesting not only for
addressing fundamental questions in quantum theory [50-53],
but also for efficient encoding of quantum information in
continuous-variable systems [54-56].

Here we propose a scheme for preparation of a mechanical
catlike state in quantum optomechanics that does not rely
on nonlinear coupling [38,40,41] or on external generation
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and transfer of the nonclassical state [44,57]. An established
technique for preparation of catlike states is subtraction of one
or several quanta from a squeezed vacuum state [58,59]. This
was demonstrated in optics by passing a squeezed vacuum
beam through a high-transmission beam splitter. Conditioned
on m photons detected at the reflection port, an equal number
of photons is subtracted from the transmitted beam, resulting
in a catlike state [5,6]. In optomechanics, it was proposed
to transfer such a state onto a mechanical oscillator [44].
The authors of Ref. [43] studied nonclassical state genera-
tion through various combinations of pulsed position mea-
surements or measurement-induced mechanical squeezing,
with single-phonon subtraction or addition, using two optical
modes.

Our approach combines methods adopted from continuous
quantum control with number-resolved photon counting, both
available in a single sideband-resolved optical mode, to gen-
erate a phonon-subtracted squeezed mechanical state (Fig. 1).
In optomechanics, it is possible to realize a beam-splitter-type
interaction between a cavity photon (frequency w.) and a
mechanical excitation (a phonon of frequency €2,,) within
the resolved-sideband regime €2,, > k, where « is the cavity
linewidth [9]. This interaction occurs when the cavity is driven
with frequency w; on the lower motional sideband, w, —
w; = —K2,, through cavity-enhanced anti-Stokes scattering of
drive photons by the oscillator [Fig. 1(d)], and is the basis
of sideband cooling of mechanical motion [9] and coherent
photon-phonon swap [60,61]. In our scheme, shown in Fig. 1,
the mechanical oscillator is first prepared close to a squeezed
vacuum state [19-23], and then one or several phonons are
swapped with photons which proceed to emerge from the
cavity. Light from the cavity is optically filtered on the res-
onance frequency in order to detect only anti-Stokes scat-
tered photons. Conditioned on subsequent number-resolved
photon detection [62], a mechanical phonon-subtracted
squeezed state is generated. The state can be subsequently
analyzed by mechanical tomography, for example, using
single-quadrature QND measurements, demonstrated in the
optical domain [18], or by state swap followed by homodyne
detection [61].
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FIG. 1. Optomechanical scheme for generation of a mechanical
catlike state. (a) Illustration of a cavity-optomechanical system. A
mechanical oscillator (frequency €2,,, energy dissipation rate I',,,
displacement £) forms part of an optical cavity (frequency w,, energy
dissipation rate «). Cavity photons couple to the oscillator through
radiation-pressure interaction, and the output light from the cavity
is analyzed. (b) Time-domain picture of the scheme. The oscillator
is first prepared in a squeezed state by driving the cavity on the
upper and lower motional sidebands. Then, a short pulse on the lower
motional sideband drives an anti-Stokes photon-phonon scattering
(beam splitter interaction), subtracting phonons from the mechanical
state, which can be analyzed after a variable wait time. [(c), (d)]
Frequency-domain pictures of the squeezing (c) and subtraction
(d) stages. The Wigner distribution of the mechanical state is also
shown.

Optomechanical crystals [63] are an especially promising
platform for our scheme. They operate in the resolved side-
band regime, and cooling to the ground state with strong
driving has been demonstrated [11] (note that cooling and
squeezing are here combined in a single step [19]). Addi-
tionally, they can show extremely long coherence times of
more than a second [64], making them attractive for studying
nonclassical states of motion. We note that the individual
components of our scheme have both been separately imple-
mented. Squeezing was successfully demonstrated in several
optomechanical systems [20-23], and photon counting was
applied to optomechanical crystals prepared in the ground
state to generate single-phonon and entangled [25-27,65,66]
mechanical states.

II. SQUEEZING OF THE MECHANICAL STATE

The first stage of our protocol is squeezing the mechanical
oscillator by reservoir engineering [19]. The optomechanical
system in the resolved-sideband regime is driven with two
tones tuned to the upper (4+) and lower (—) mechanical
sidebands, with coupling rates g+ = go+/7i+ [Fig. 1(c)], where
8o is the single-photon optomechanical coupling rate and 74
is the mean intracavity photon number due to each drive.
When g, = g_, a QND measurement of a single mechanical
quadrature X; = (b" + b)/+/2 is performed [67,68], with b
being the phonon annihilation operator. When g_ > g, how-
ever, both quadratures X, and X, = i (b" - b) /~/2 are equally
damped by the cavity field while the fluctuations associated
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FIG. 2. State purity in optomechanical dissipative squeezing.
(a) State purity nes vs squeezing parameter r for different cooper-
ativities C. (b) The cooperativity required to achieve a given purity
vs r. The steady state in optomechanical dissipative squeezing, in
particular the variance of the squeezed quadrature but also the ther-
mal component 7., results from a tradeoff between optical damping
and ratio of the drives. The two working points with neg = 0.02 used
in this work are indicated in both panels.

with the damping are distributed unequally. This results in a
squeezed thermal state characterized by a squeezing param-
eter r and purity neg, where tanhr = g, /g_ and neg + % =

v/ (AXlz) (AX22). The advantage of this scheme is that it allows
arbitrarily strong squeezing (limited by drive power), in par-
ticular exceeding the 3 dB limit of parametric driving. While
Ref. [19] focused on maximum squeezing (minimum variance
in one quadrature) for a given drive power characterized by
the cooperativity C = 4g> /ky, this comes at the expense of
increased nes (although for optimal squeezing, neg — 0.2 in
the limit of high cooperativity [19]). State purity, however, is
important for engineering quantum states, and in this work
we relax the demand for optimal squeezing in favor of purity.
For a given cooling strength C, there is a tradeoff between
the state purity nes and the amount of squeezing r related
to the imbalance of the drives [19]. Figure 2(a) shows the
state purity neg versus the squeezing parameter r for different
cooperativities, and Fig. 2(b) shows the required cooperativity
versus the squeezing parameter for different purities. In Fig. 2,
we assume that the mechanical oscillator is coupled to a bath
with mean thermal occupancy 7y, = 2. For conciseness, in
this work we consider two working points, both with 7 =
0.02: (1) r = 0.5 (4.3dB squeezing), C >~ 200, compatible
with recent high-fidelity ground state cooling experiments
in optomechanical crystals [11] and (2) r =1 (8.7dB), C ~
1000. Note that mechanical squeezing of 4.7dB has been
reported [23]. Accordingly, we will assume in the following
that the oscillator is prepared in the desired squeezed state.

III. CONDITIONAL PHONON SUBTRACTION

Following the squeezing stage, we apply a weak pulse
tuned to the lower motional sideband [Fig. 1(d)], realizing a
beam-splitter interaction, H = hg(&*f) + I;T&), where a is the
photon annihilation operator in a frame displaced by the mean
cavity field a, and g = gpa is the coupling rate enhanced by
a (see the Appendix). The relation between the mechanical
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mode b(z) and the cavity output field Agu (1) assuming weak

coupling g K « is

<A9ut(l)) B <cos0 i sin 6’) <Ajn(t)> 0

b(z) )]~ \isin6 cosf b0) )’

where cos@ = e~ ¥ is the beam-splitter amplitude “transmis-
sion” with g = 2¢%/k being the interaction strength, and Aj, (1)
is the optical input in the second “port” of the beam splitter,
which is vacuum noise in the displaced frame. If the initial
mechanical state is squeezed vacuum (nqz = 0) S(r)poS" (r)
where po = [0)(0| and S(r) = e @=b™12 g the squeezing
operator, the final mechanical state 5% conditioned on the
detection of m photons in the output field can be calculated
analytically [58]. It is parametrized by m and by cos? 6 tanh r,
with the initial squeezing degraded by the transmission cos? @
due to mixing with the optical vacuum noise Aj,. Increasing
the transmission, however, also reduces the probability to her-
ald m subtracted phonons. Importantly, as we discuss below,
non-negligible values of 6 can be easily obtained with pulse
durations satisfying k 7' < fpuise < ()", with i Iy, be-
ing the thermal decoherence rate; thus, we can neglect deco-
herence of the mechanical state during the pulse. The Wigner
distribution of the conditioned mechanical state appears as
two displaced peaks with an intermediate oscillating region,
similar to a cat state. The peak separation increases with m
and initial squeezing r [58].

Squeezed Fock and and thermal states have also been
treated in the literature [69-73] but yield complicated ex-
pressions. Instead, we solve numerically for the mechanical
output state when the input is a squeezed thermal state,
with parameters m, r, neg, and 6. As in Refs. [44,47], we
characterize the quantum nature of the output state using
two measures based on the Wigner distribution W (x, p). The
macroscopicity [74]

:——/ W (x, p)( +—+2)W(x p)dxdp (2)

assesses W (x, p) through the amplitude and frequency of
its interference fringes, with higher values indicating higher
nonclassicality. For any state with a given mean excita-
tion number (7), the maximum possible value of 7 is
(). In particular, this maximum is attained both for cat
states and for phonon-subtracted squeezed vacuum states, but
also for squeezed vacuum.! We also consider the Wigner
negativity [75]

N:%(/ |W(x,p)|dxdp—1>, 3)

which is simply the phase-space volume of the negative part
of W (x, p). Figures 3(a) and 3(b) show these measures versus
the squeezing parameter r for different initial mechanical state
purities neg and for detection of m = 1, 2, or 3 photons. As
expected, the nonclassicality of the final mechanical state is

17 is maximized for any pure state that is orthogonal to a phonon-
subtracted state of itself [74]. Cat states, phonon-subtracted squeezed
vacuum states, and squeezed vacuum states all contain only odd or
only even number states, and thus satisfy this condition.
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FIG. 3. Effect of initial state purity on the nonclassicality of
phonon-subtracted squeezed thermal mechanical states. [(a), (b)]
The output state macroscopicity and Wigner negativity vs squeezing
parameter r for state purities n.¢ = 0 (blue), 0.02 (orange), and 0.1
(green) and for m = 1 (solid), 2 (dashed), and 3 (dash-dotted) sub-
tracted phonons. Squeezed vacuum n.; = O is shown for reference.
[(c)—(e)] Wigner distributions for 7 = 1, ne = 0.02,andm =1, 2, 3.
The macroscopicity Z is indicated. In all panels, we set 8 = 0.1.

degraded by initial state impurity, but can be increased by
stronger squeezing. Figures 3(a) and 3(b) also show that for
highly impure initial states or very weak squeezing, more
subtractions actually decrease nonclassicality.

Figures 3(c)-3(e) shows the Wigner distributions for r = 1,
neg = 0.02, and m = 1, 2, 3, indicating the achieved macro-
scopicity Z. Figure 3 assumes no additional optical losses and
thus gives maximum nonclassicality for the given parameters.
Even with optical losses, this maximum can be maintained by
reducing the interaction strength at the expense of heralding
probability, such that any photon lost will prevent heralding.
In an actual experiment, a balance must be struck between
constraints on experiment duration and decoherence of the
mechanical state due to optical losses. We extend the previous
analysis by including a beam splitter in the optical path to
account for a finite optical detection efficiency n. Figures 4(a)
and 4(b) show the effect on the heralding probability and
macroscopicity, respectively, in the case neg = 0.02 for r =
0.5, landm =1,2,3.

IV. EXPERIMENTAL REALIZATION

To estimate the experimental feasibility of our scheme,
we consider an optomechanical crystal, similar to that used
in our recent QND [18] and ground-state cooling [11]
experiments, operating in the resolved sideband regime,
with mechanical frequency 2,,/27 = 5.2 GHz, intrinsic me-
chanical linewidth TI',,/2m = 100kHz, and optical cavity
at telecommunication wavelengths with linewidth « /2w =
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FIG. 4. Effect of optical losses on generated catlike mechanical state. (a) Heralding probability (successful detection of m photons) vs
total optical detection efficiency 7, shown for initial squeezing r = 0.5 (blue) and r = 1 (orange) and for m = 1 (solid), 2 (dashed), and 3
(dash-dotted) subtracted phonons. This probability incorporates the weak optomechanical beam-splitter interaction 6, chosen as 6 = 0.05
for m =1 cases and 0 = 0.1 for m = 2 cases. (b) The macroscopicity Z corresponding to the same curves in panel (a). [(c)—(f)] Wigner
distributions and macroscopicities of the heralded mechanical state, assuming n = 0.2, for the points indicated in panels (a) and (b).

1 GHz of which k. /2w = 800 MHz output coupling and the
rest intrinsic dissipation.” We assume cryogenic operation at
temperature Ty, = 0.5 K, yielding bath occupation 7, = 2
and thermal decoherence time of (nuI',,)~' & 1 us, much
longer than the cavity lifetime and mechanical period, and
thus we can safely neglect thermal decoherence in the analy-
sis. Note that optomechanical crystals with decoherence times
above 1 s have been demonstrated, albeit at mK temperatures
[64]. With a typical single-photon optomechanical coupling
rate go/2m ~ 1 MHz, beam splitter reflections of the order of
a few percent as used here can be realized using, e.g., 10ns
pulses of low input power, ~10 uW, much weaker than in
typical cooling experiments.

We assume total detection efficiency n = 20%, which is
feasible assuming almost 100% outcoupling of light from
the cavity into an optical fiber, as was demonstrated in
Refs. [76-78]; 80% cavity efficiency «./k; and additional
25% efficiency due to the transmission of the optical filter and
other components, and photon-counter detection efficiency.
This gives heralding probabilities in the range 10~*-1077
from Fig. 4(a). Squeezing of the initial thermal state occurs at
a rate CI'y, & 2w x 20 MHz for C = 200, and thus reducing
the initial occupancy 7y, = 2 to ne = 0.02 can be done in a
timescale of ~100ns. As noted above, the subtraction pulse
duration can be ~10 ns. We assume next a tomography of the
final mechanical state to take ~100ns, given the mechanical
period of ~30 ps. Overall, we conservatively assume a rep-
etition rate ~10 us. Thus, even with a heralding probability
of 1077, we expect 1 event every 100s, resulting in a feasi-

’In other words, we use an overcoupled version of the system of
Ref. [11] with «; /27 ~ 200 MHz intrinsic cavity energy loss rate.

ble experiment duration of several hours. Note that similar
photon-counting experiments were done on a timescale of
100h [25].

Figures 4(c)—4(f) shows the mechanical Wigner distri-
butions corresponding to n = 0.2. For squeezing r = 0.5,
macroscopicities Z &~ 1 are obtained, similar to a single-
phonon Fock state but with substantially different distribu-
tions [Figs. 4(c) and 4(d)]. For » = 1, much higher values
T = 4 are possible [Figs. 4(e) and 4(f)].

V. CONCLUSION

We presented a scheme to prepare a macroscopic me-
chanical oscillator in a catlike state by combining reservoir-
engineering techniques, phonon-photon swap operations, and
photon counting. A key feature of our scheme is its simplicity.
It does not require preparation of nonclassical states of light
and is similar to methods used to generate macroscopic Fock
states [24,25], differing essentially in the squeezing step. We
have used experimental parameters that are currently available
in optomechanical crystals. While in this work we considered
phonon subtraction from a squeezed state, phonon addition
may equally well be performed, by applying a pulse tuned to
the upper motional sideband, providing additional avenues for
generating nonclassical mechanical states [43,48]. Generation
of such states will enable the study of quantum theory in
macroscopic objects and is a first step in using highly coherent
and scalable mechanical platforms for continuous variable
quantum information applications [54].
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APPENDIX : THEORETICAL DETAILS

We consider a standard optomechanical system with a
single relevant optical mode with frequency w, and annihila-
tion operator a and a single relevant mechanical mode with
frequency €2,, and annihilation operator b. The two modes
interact via radiation pressure interaction with a single-photon
coupling rate go. The Hamiltonian is given by [9]

H =lhoa'a + 12,010 — higoa'a(b™ + b)
— ihlaw (e’ — ain@)'al, (A1)

where Gi,(t) = e " (@i, + 8di,) is a coherent drive at fre-
quency oy, separated into its mean and noise terms. For sim-
plicity, we take the drive envelope to be constant. Following
standard procedure, we move to a frame rotating with the drive
frequency and linearize the dynamics about the mean values
a=a+ daand b = b + 8b. This yields

H = — hA8a'8a + h,,80'8b — hg(sa + sa)(8b" + 8b)
— iha, (84" — 8a), (A2)

where A = w; — o, and g = goa. Including dissipation to the
optical and mechanical baths as well as the adjoining input
noises yields the Langevin equations

b= —(k/2—iNa—igh' + b) + kam,
b= —(Tp/2 + i2)b — ig@' +a) + /Tybin. (A3b)

(A3a)

where for brevity we have omitted the & designation on
the noise operators. When the drive is tuned to the lower
mechanical sideband, A = —€2,,, and in the good cavity limit,
Kk K ,, we can perform the rotating-wave approximation,
leading to

d=—(k/2—iN)a+igh+ K,
b= —(T/2+ iQ)b + iga + Tobin.

We will be interested in interactions occurring on a
timescale much shorter than the mechanical dissipation, and
hence we can neglect I',,. We further move into a frame
rotating at the mechanical frequency to obtain

(Ada)
(A4b)

b= —%a + igh + /K, (ASa)

S
Il

iga. (A5b)

In the weak coupling limit g < k, we can adiabatically elimi-
nate the cavity dynamics,

2
—dain, (Aba)

7
b(t) = e ¥b(0) 4 i\/2ge ¥ / dr'e® ain ('), (A6b)

0

a(t) = 1—b+

where we defined the coupling strength g = 2¢?/«. Substitut-
ing the output field given by doy = —ai, + +/ké in Eq. (A6a)

yields
fow = Gin + i/ 28b. (A7)
We introduce the temporal optical modes [24,60]

Ain() = ,/ /dt’ 8 (1),
Aou () = % dt’e—f?’”a (), (A8b)
out 1—6_2gt 0 out s

which obey [4;, A'] = 1 in Eqs. (A6b) and (A7) to yield

(A8a)

Aot (1) = e ¥ Ain (1) + i/ 1 — €28 p(0), (A9a)
b(t) = e #h0) +iv1 — e 22 A (). (A9b)

In other words, we realize a beam-splitter transformation
between mechanical and optical modes

om(t) cosf isinf Ain(t)

b(t) isin@ cosé )\ b(0)
with cos@ =e¢ ¥ and sinf =+/1 —e2&. In our case,
8t <1 so 8 <« 1. The unitary transformation (A10) en-
tails [58,79] Agw = UTA;,U and b(r) = UTh(0)U with U =
i1l 20l p=i5Ls ang the “angular momentum” operators
given by [58,80,81]

(A10)

Ir= %[A;(r)lS(()) — BN ()4 (1)1, (Alla)

~

iy = %[A;rn(t)AAm(t) —B'0hO).  (Allb)

Thus, in the Schrodinger picture, a system initially de-
scribed by a density matrix p;, will evolve according to Py =
U pinU". The initial state of the systems is

Pin = Piy ©10)(0,

where p¥ is the mechanical input state and the cavity is in
the vacuum state (hereafter all bras and kets refer to optical
Hilbert space). In this case, the output state is given by [58,81]

M_zz[

n=0 m=0

(A12)

7t(m n)m/2
( l)ern | tan @ |m+n

me|c059| pm;cos9|”bb'”®|m><n|] (A13)

Conditioned on detection of m output photons, the mechanical
state is reduced in the usual way

ol = —Poul)_ (A14)
tras ((m Pouc|m))
with probability
P(m) = try ((m|pou|m))

oo
=> <n>(sin9)2’"(cos 0" n|pMn).  (A15)
m
Equations (A13), (Al4), and (A15) can be solved for an
arbitrary mechanical input state p}. This has been done
for squeezed vacuum in Ref. [58]. In our work, we solve
numerically for ,?)(()L"[) for a squeezed thermal input state.
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