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We prove feasibility of high-fidelity pulsed optomechanical interface based on all-optical pre-
squeezing of non-Gaussian quantum states of light before they enter the optomechanical system. We
demonstrate that feasible pre-squeezing of optical states effectively increases the low noise transfer of
them to mechanical oscillator. It allows to surpass the limit necessary to transfer highly nonclassical
states with negative Wigner function. In particular, we verify that with this help single photon
states of light can be efficiently turned to single phonon states of mechanical oscillator, keeping the
negativity of the Wigner function. It opens the possibility to merge quantum optomechanics with
the recent methods of quantum optics.
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I. INTRODUCTION

Recent development of continuous-variable tools of
quantum optics [1] and quantum optomechanics [2–4]
merges these two disciplines in one unique platform. Ad-
vantageously, both these fields can mutually benefit. A
necessary step for their complete merger is the high fi-
delity transfer of nonclassical states of light to mechan-
ical systems. Such quantum interface should be able to
transfer a broad class of highly nonclassical states of light,
for example, exhibiting negative Wigner function [5–13].
It is known that negative values of Wigner function are
very fragile [14–17], they can quickly disappear under
influence of damping and noise, but also vanish in an
inefficient interface.

Recently, entanglement between pulsed radiation and
mechanical oscillator has been demonstrated [18]. It can
be used to teleport quantum state of pulsed light in cav-
ity optomechanical systems [19]. However, teleportation
strategy is not necessary for this purpose, since the state
is not transferred at a distance. Instead of generating
continuous-variable entanglement that is fragile under
loss, we can directly use basic coupling between light and
mechanical oscillator caused by a pressure of light. Ad-
vantageously, this coupling provides a basic continuous
variable gate – quantum non-demolition (QND) interac-
tion, when quantum states are strongly displaced before
they start to interact with a mechanical system [4].

This non-demolition interaction in optomechanics has
been already exploited in the regime of very short and
intensive pulses to manipulate mechanical system with-
out the cavity [20–23]. Very recently, the pulsed interface
without the cavity based on multiple QND interactions
has been proposed [24]. This platform exploits very short
intensive pulses of light to reach sufficiently large op-
tomechanical QND coupling existing beyond side-band
resolved regime. However, the QND interaction in the
side-band resolve regime exhibits generally attractive po-
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tential of basic continuous variable gate with the non-
demolition variables. From this reason, also the pulsed
cavity optomechanics [19] can advantageously use this
type of interaction. Moreover, it can be simultaneously
merged with cavity quantum optics, capable to produce
and operate various non-Gaussian states of light [1].

The strong and coherent displacement of a quantum
state, achieved from long pumping pulses, is however not
sufficient for its perfect upload as the pulse containing
quantum state of light cannot be arbitrarily long. Con-
sequently the quantum interface is seriously limited by
weak and slow coupling of light pulse to mechanical ob-
ject. Moreover, the interface suffers from residual ther-
mal noise of mechanical oscillator, and additional techni-
cal noise and damping in the direct interface. Although
this interface does not necessarily break entanglement,
it can be very limiting for a transmission of highly non-
classical quantum states of light. In general, quantum
entanglement propagating through the interface can be
enhanced by quantum distillation. Quantum distillation
of entanglement is only probabilistic, moreover, very de-
manding and practically requires quantum memories to
improve the transfer of quantum states. For the con-
tinuous variable states, it moreover requires a venture
beyond Gaussian operations and hence cannot be well
applied here [25–27].

It was already principally recognized that QND cou-
pling between light and matter oscillator can be enhanced
by a local pre-squeezing of quantum states of light before
the coupling [28]. Interestingly, the mutual coupling to
matter is enhanced purely by a local Gaussian opera-
tion on light. In a fruitful combination with high-fidelity
measurement of light and feed-forward control of the os-
cillator, this allows to achieve the optimal transfer of
any, even non-Gaussian, state of light to matter oscil-
lator. The transfer is suffering only from residual pure
damping and all excess noise is in principle eliminated.
Moreover, the residual damping can be made arbitrarily
small as the pre-squeezing increases.

The squeezer-based QND interface can universally and
deterministically transfer any state of light to mechani-
cal oscillator. It is therefore different from conditional
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methods of preparation of non-Gaussian quantum states
of mechanical systems [29–32]. Furthermore, the pro-
posed interface is capable of transferring of arbitrary
states of light, without any prior knowledge about that
state, which distinguishes it from recent proposals for
preparation of mechanical oscillator in nonclassical states
(see [33] and references therein, and [34–36]). The ability
to enhance the transfer by pre-squeezing makes the inter-
face stand out from the ones relying on the beamsplitter-
type optomechanical interaction [37, 38].

Such the method can be extended to advanced QND
scheme, which does not require the sophisticated cooling
of the mechanical oscillator [39]. These extensions are
advantageous, because the procedures leading to better
interface are fully deterministic and require only feasi-
ble Gaussian all-optical operations. Squeezing of single
photon states and superposition of coherent states, both
exhibiting negative Wigner function, have been already
experimentally demonstrated [40, 41].

In this paper, we investigate the application of this
proof-of-principle approach to pulsed quantum optome-
chanics which is suitable for a merger with current op-
tomechanical methods [19] with already demonstrated
online optical squeezer operating on the non-Gaussian
states of light [41]. We analyze the method beyond adi-
abatic elimination of the cavity mode and under the me-
chanical decoherence. We confirm that proof-of-principle
idea can be applied to pulsed optomechanical systems.
The squeezing is capable to obtain transmission of non-
Gaussian states with negative Wigner function, when
commonly used prolongation of coherent pulse is not
helpful. We demonstrate this on feasible example of
squeezed single photon state transferred to the mechani-
cal oscillator [42]. This study certifies feasibility of merge
of current quantum optics technology [1] and developing
quantum optomechanics.

II. QUANTUM NON-DEMOLITION
OPTOMECHANICAL COUPLING

We consider an interface allowing to transfer quantum
state encoded in an optical pulse to the mechanical os-
cillator of an optomechanical system. The scheme of the
interface is sketched at Fig. 1 and mainly relies on the
QND interaction in a cavity optomechanical system be-
tween the optical and mechanical modes comprising the
system. The interaction is followed by detection on the
optical side and consequent displacement of the mechan-
ical mode based on the outcome of the detection.

The QND interaction with a macroscopic mechanical
object was first proposed [43, 44] to circumvent the stan-
dard quantum limit [45] of sensitivity of gravitational-
wave detectors. This method was later revisited under
the title of back-action evading measurement [46] and
has been recently realized experimentally [47, 48].

The QND interaction between the two oscillators I
and II is described by the Hamiltonian of the form:
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FIG. 1. (a) Simplified scheme of the interface The optical
mode (O) is prepared in the desired state, passes the squeez-
ing operation (S) and is coupled via the QND interaction
with the mechanical mode (M). The optical mode is then de-
tected (D) and the outcome of the measurement is used to
displace M. (b) A sketch of optomechanical implementation,
C — circulator. (c) Principal scheme of squeezing operation
(see sec. III), OPO — optical parametric oscillator.

Hqnd ∝ gQIQII, with Q denoting quadrature amplitudes
of different oscillators, and g, coupling. In the rotat-
ing frame where the quadratures Q are constants of mo-
tion the interaction of this type does not disturb them,
but instead displaces the conjugate quadratures P by an
amount proportional to gQ. Consequently, prior squeez-
ing of a mode that results in expansion of Q is formally
equivalent to an increase of the interaction strength. Us-
ing post-squeezing of the mode after the interaction, we
can simply recover the QND with the increased interac-
tion strength.

An optomechanical cavity can be thought of as
a Fabry-Perot resonator pumped through a semi-
transparent stationary mirror with another mirror being
movable and perfectly reflective. The system thus com-
prises two harmonic oscillators (optical and mechanical
modes) coupled via the radiation pressure. The Hamil-
tonian of the system reads [49]:

H = ~ωca†a+ ~ωmb†b− ~g0a†a(b† + b),

with a (b) standing for annihilation operator of the op-
tical (mechanical) mode with eigenfrequency ωc (ωm).
The optomechanical coupling is inherently nonlinear, but
typically the single-photon coupling strength g0 is small
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and the interaction is thus very weak. In order to ob-
serve it usually the system is considered in presence of
a strong classical pump. This allows to linearize the dy-
namics of the system and consider quantum fluctuations
near the classical mean values. The Hamiltonian of the
system is then written in the rotating frame defined by
Hrf = ~ωca†a+ ~ωmb†b as follows:

H = ~g0
√
ncav(a†e−iψ + aeiψ)(be−iωmt + b†eiωmt),

where we assumed the pump to be resonant with the
cavity. The phase ψ is defined by the phase of the pump.
The optomechanical coupling is enhanced by the mean
optical amplitude proportional to the mean intracavity
photon number ncav.

Assuming that the optical pump is modulated in such
a way that

√
ncav →

√
ncav cos(ωmt+φ), we apply rotat-

ing wave approximation (RWA) omitting terms rapidly
oscillating at frequencies ∼ 2ωm and obtain the following
Hamiltonian

H = ~g(X cosψ − Y sinψ)(q cosφ− p sinφ), (1)

where we defined the enhanced optomechanical coupling
g ≡ g0

√
ncav and the optical and mechanical quadratures

X = (a† + a), Y = i(a† − a), q = (b† + b), p = i(b† − b).
A proper choice of phases φ and ψ transforms (1) into

a particular Hamiltonian corresponding to the QND in-
teraction, for instance putting ψ = 0, φ = π yields
HI = −~gXq.

Finally to account for coupling to the environment we
include viscous damping of the mechanical mode at rate
γ, optical damping at rate κ and noise terms [50] and
write the Heisenberg-Langevin equations:

q̇ = −γ
2
q +
√
γξq, (2)

ṗ = −γ
2
p+ gX +

√
γξp,

Ẋ = −κX +
√

2κX in,

Ẏ = −κY + gq +
√

2κY in.

Here X in, Y in are the quadratures of the optical input
mode, ξ is the mechanical damping force with quadra-
tures ξq,p which we assume to be Markovian and satisfy
usual commutation relations [ξq(t), ξp(t

′)] = 2iδ(t− t′).
Note that to write (1) we applied RWA at the mechan-

ical frequency ωm which requires the latter to exceed the
rates of all the other processes taking place in the system,
i.e., ωm � κ, g, γ. In practice it is sufficient to ensure the
so-called resolved side-band regime, ωm � κ. The experi-
mental platform discussed here is therefore different from
that one used in the Ref. [24]

The system thus effectively comprises three modes: the
input optical mode that encodes the target state, the in-
tracavity optical mode and the mechanical mode. The
former two are coupled at rate κ and the latter two are
coupled at rate g. The intracavity mode thus serves as a
transducer between the input optical and the mechanical

modes. Under certain conditions the intracavity mode
can be eliminated. In Sec. IV this elimination is per-
formed to consider the system in a simple approxima-
tion. The system is considered without this elimination
in Sec. V and the account of the mechanical bath is ex-
amined in Sec. VI.

III. PRE-SQUEEZING OF NON-GAUSSIAN
STATES OF LIGHT

During the last decade, quantum optics has progressed
in the implementation of squeezing operation on quan-
tum states of light. It was mainly due to development
of the measurement-induced operations [40], which do
squeeze any quantum state of light without injecting it
into the cavity-based degenerate optical parametric am-
plifier. The basic scheme is depicted in Fig.1(c). The
input state of light is mixed with squeezed vacuum from
OPO at the variable beam splitter with transmittivity T
and one output is measured by a high efficiency and low-
noise homodyne detection HD1. The electric signal from
the detector is amplified in the electronic amplifier EA
with the variable gain G. It can be used to directly mod-
ulate (D) the undetected output from the beam splitter
in suitable optical quadrature. After optimization of G to
eliminate noise of the non-squeezed variable from OPO,
we can reach the transformation

X in → 1√
T
X in, Y in →

√
T Y in +

√
1− T Y sq

of the input operators X in, Y in, where Y sq is squeezed
variable at the output of the OPO. In the limit of suf-
ficiently large squeezing produced by OPO, the input
state can be intensively amplified in the variable X in by
the factor S = 1/

√
T , as has been demonstrated for ex-

ample for single photon state [41]. The complementary
variable X in is squeezed by the factor S−1. Recently,
dynamical control of the squeezing operation has been
demonstrated [51]. The purity of squeezed light from
OPO is not limiting, because noise from anti-squeezed
quadrature can be eliminated in the feed-forward loop.
Recently, maximum squeezing from OPO reached −12
dB, which is sufficient to perform high-quality squeez-
ing of non-Gaussian states of light. Moreover, recently
fully optically integrated version of measurement-induced
squeezer can improve phase stability and provide much
higher quality of the squeezing procedure for very non-
classical states [52]. Another improvements can be ex-
pected from the recent control of quantum states in op-
tical cavities [53]. The efficient schemes based on an op-
timal control of injection and extraction of non-Gaussian
states in the cavity of OPO could in future substitute the
measurement induced squeezers.

The feed-forward strategy of all optical pre-squeezing
can be further combined with the feed-forward optome-
chanical interface. Instead to directly modulate light be-
fore it enters the optomechanical cavity, we can combine
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the results from homodyne measurement HD1 with other
results of homodyne detection D of light leaving the op-
tomechanical cavity and apply them together to properly
displace the mechanical state. The situation simplifies
even more for a transfer of given state to mechanical os-
cillator. In this case, it is sufficient to prepare squeezed
version of this state directly, for example using recent
high-fidelity tunable multi-photon subtraction schemes.
The squeezing on the top of non-Gaussian states can be
very large, up to already experimentally generated −12
dB [54]. Although this method is conditional and not uni-
versal, it can be versatile for high-quality preparation of
non-Gaussian quantum state of mechanical system. The
simplest testing situation appears if highly squeezed state
is transferred to the mechanical oscillator. The squeez-
ing is then used to prepare ground state or squeezed state
of mechanical system. It can be done differently, using
the projection by homodyne measurement D, than re-
cently demonstrated squeezing in electromechanical os-
cillators [55].

IV. ADIABATIC ELIMINATION OF
INTRA-CAVITY MODE

Before we present full analysis, we repeat the basic
idea of the squeezer-based interface [28] in the simplest
approximation, where the cavity mode is adiabatically
eliminated and mechanical bath is not very occupied. It
allows us to simply imagine the ideal performance of the
squeezer-based optomechanical interface.

Typically in an optomechanical experiment κ � γ/2
holds, so if the mechanical bath is not very occupied, one
could assume γ = 0. The condition κ � g is commonly
satisfied as well, which means that the optical mode in
the cavity can respond to any changes in the input mode
or the mechanical mode instantaneously (this amounts

to putting Ẋ = Ẏ = 0 in (2)).
Consequently the intracavity mode is removed and in

this simple picture the QND interaction between the in-
put optical and mechanical modes results in exchange of
one of the quadratures

q(τ) = q(0), p(τ) = p(0) +KXin,

Xout = Xin, Yout = Yin +Kq(0),
(3)

with transfer coefficient

K = g
√

2τ/κ (4)

To write the transformations (3) we defined the quadra-
tures of input and output pulses as integral over the rect-
angular pulse

Qk =
1√
τ

∫ τ

0

ds Qk(s), Q = X,Y, k = in,out,

so that [Xk,Yk] = 2i, and used input-output relations

Qout =
√

2κQ−Qin.

To complete the state transfer to the mechanical mode
we need to upload Yin to the mechanical quadrature q.
This can be achieved by a feedforward displacing the
mechanical mode by amount equal to −K ′Yout. The
feedforward can in principle be implemented by a QND
interaction with the second pulse via the Hamiltonian
HII = −~g′Y p. If the duration of the second pulse equals
τ ′, the coupling will be analogous to (3) with transfer co-

efficient K ′ = g′
√

2τ ′/κ. After this procedure the two
quadratures of the input optical mode are written to the
quadratures of the mechanical mode

q′ = q(0)(1−KK ′)−K ′Yin,

p′ = p(0) +KXin.

The quadratures of the optical pulse are transferred
to the mechanical mode in two steps, one quadrature at
time. Therefore, squeezing of the pulse that amplifies one
of the quadratures at cost of reduction of the other one
can help to transfer the amplified quadrature. Indeed,
squeezing of the pulse amounts to substitution Xin →
SXin; Yin → S−1Yin in (3) and this is equivalent to
replacement K → SK.

The other quadrature transfer can be enhanced by in-
creasing the feedforward gain. Or, if we think of the
feedforward as of another QND interaction with lim-
ited strength, by appropriate amplification of the optical
mode. Note, that the squeezing of the first pulse weakens
the quadrature Yin that should be transfered in the sec-
ond step, so the amplification should account for it, which
means, the gain of the feedforward should be replaced as
K ′ → K ′S. However, since the other quadrature Xout is
no longer of our interest, the amplification needs not to
be noiseless as long as the noises are concentrated in this
other quadrature.

After the feedforward the mechanical mode contains
the squeezed target state:

qf =

√
K ′

KS

[
q(0)
√

1− T −
√
TYin

]
;

pf =

√
KS

K ′

[
p(0)
√

1− T +
√
TXin

]
,

(5)

with transmittivity

T =
(KS)2

1 + (KS)2
,

provided that K ′ = KS
1+(KS)2 .

The transfer coefficient thus depends only on the prod-
uct KS and increasing this product allows to approach
an ideal transfer with T = 1. From the definition (4) of
K it follows that for a given κ the same increase in the
product KS can be provided by means of equal increase
of either S, g or

√
τ . Increasing coupling strength or du-

ration of the pulse can impose difficulties in experimental
optomechanical realization. At the same time stronger
presqueezing of the optical pulse helps to improve the
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transfer by cost of additional resource of external quan-
tum optical tools.

The equations (5) can be recast in terms of target state
and added noise (we formally consider squeezing of the
mechanical state to symmetrize the expressions)

qf = −
√
TYin +

√
1− TXN , pf =

√
TXin +

√
1− TYN

(6)
The transformation is effectively combining the target
state with quadratures Xin,Yin and a noisy mode with
quadratures XN , YN on a beam-splitter with the trans-
mittivity T .

The variance of the added noise is defined as the prod-
uct of the variances of quadratures of the noisy mode

VN ≡
√
VXN

VYN
(7)

and is limited (see [56]) from below by the shot noise
level: VN > 1. Protocol that saturates the inequality
is said to realize the excess-noise-free upload [28]. This
excess-noise-free is very advantageous for transmission of
nonclassical features of non-Gaussian states, like transfer
of single photon states to single phonon state. It is due
to much higher robustness of quantum non-Gaussianity
to loss than to the phase-insensitive noise.

The transfer defined by (5) represents mixture of the
target state with the initial state of the mechanical mode
and is excess-noise-free, provided the mechanical mode is
initially in the ground state.

V. BEYOND ADIABATIC APPROXIMATION
OF OPTOMECHANICAL COUPLING

In the previous section we demonstrated the principal
possibility of an excess-noise-free transfer of a quantum
state of light to mechanics that can be enhanced by opti-
cal presqueezing. The necessary condition of the transfer
was the instantaneous reaction of the cavity mode to any
changes. In this section we perform analysis showing that
the cavity memory effects caused by the finite cavity re-
action time do not limit the interface performance. We
first analyze the system assuming no mechanical deco-
herence (γ = 0) and then carry out the full analysis in
the Sec. VI.

After interacting with a presqueezed pulse, the me-
chanical system has quadratures

q(τ) = q(0),

p(τ) = p(0) +KSXin

+
g

κ
(1− e−κτ )X(0)− gS

κ

√
1− e−2κτXin

δ .

Due to the cavity memory effect, the simple trans-
formations (3) become disturbed by the quadrature of
the intracavity mode X(0) and an auxiliary asymmetric
mode of input field Xin

δ , defined as

Qin
δ =

√
2κ

1− e−2κτ
∫ τ

0

ds e−κ(τ−s)Qin(s), Q = X,Y,

(8)

in order to satisfy commutations [Xin
δ ,Y

in
δ ] = 2i.

By definition the asymmetric mode is composed pri-
marily of the values of Qin(t) adjacent to the end of the
interval of integration, which is a manifestation of mem-
ory. In the limit where the cavity mode could be elimi-
nated, κ→ +∞ the integration kernel approaches Dirac
delta (e−κ(τ−s) ∼ δ(τ − s)), so Xin

δ ∼ X in(τ) up to nor-
malization. Finally, the prefactor makes contribution of
this term negligible.

The input-output transformation for the optical
quadrature Yout that is of our interest reads

Yout = q(0)K

(
1− 1− e−κτ

κτ

)
+ S−1Yin

+ Y (0)

√
2

κτ
(1− e−κτ )− S−1

√
2

κτ
(1− e−2κτ )Yin

δ .

We would like to note that the cavity memory effect man-
ifests itself differently in the optical output and the me-
chanical modes, which makes introduction of the asym-
metric mode in the form (8) necessary.

After the displacement q(τ) → q(τ) − K ′SYout and

formal postsqueezing with amplitude
√
KS/K ′, the me-

chanical mode has quadratures

qf = −
√
TYin +

√
1− T

[
q(0)

(
1 +

2g2S2

κ2
(1− e−κτ )

)
− Y (0)

2gS2

κ
(1− e−κτ ) + Yin

δ

2gS

κ

√
1− e−2κτ

]
;

pf =
√
TXin +

√
1− T

[
p(0) +X(0)

g

κ
(1− e−κτ )

−Xin
δ

gS

κ

√
1− e−2κτ

]
. (9)

The presqueezing of the incoming pulse is thus not com-
pletely equivalent to increasing coupling strength due to
the fact that the squeezing changes the ratio in Yout of
the uploaded and intracavity modes in favor of the latter.

The added noises in this scheme are provided by the
initial occupation of the optical and mechanical modes
of the optomechanical cavity, and the asymmetric mode
caused by the finite cavity decay κ. Assuming all the
noise modes in ground state, the added noise variance
VN can be approximated by

VN ≈
√

1 + 4g2S4/κ2.

Therefore, for high quality low-noise transfer we need to
secure gS2/κ� 1 that keeps the added noise close to the

vacuum level and gS
√
τ/κ � 1 for high transmittivity.

Both inequalities are satisfied by making pulses longer:
τ � 1/g. This is illustrated at Fig. 2 (a) where we plot
the added noise variance as a function of the transmittiv-
ity of the interface for the cases of increasing squeezing,
coupling or pulse duration. It is evident from the figure
and from (9) that increasing τ allows to increase transfer
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FIG. 2. Added noise variance VN (6,7) as a function of
the transfer coefficient T in case of increase of squeezing S,
coupling g or pulse duration τ . (a): Solution without the me-
chanical bath (Sec. IV), (b): Solution accounting for the me-
chanical bath but with adiabatically eliminated cavity mode,
(c): Full solution (Sec. VI). The point (O) corresponds to the
initial set of parameters (10) with no presqueezing (S = 1).
Markers denote points corresponding to sequential increase of
squeezing with the step 1.5 dB. Dashed line marks the perfect
excess-noise-free transfer VN = 1. Dotted curve indicates the
maximum VN allowing transfer of the negativity of the Wigner
function of a single-photon state for a given transmittivity T
(V 2

N < T/(1− T )).

while adding little excess noise. At the same time in-
creasing coupling or squeezing adds more noise than in-
creasing τ . It is due to intracavity mode which disturbs
ideal dynamics observed in the adiabatic approximation.
The larger τ is however prolonging the interaction which
requires better phase stability of the transfer and, mainly,
smaller decoherence potentially caused by mechanical en-
vironment of the oscillator. To make a proper conclusion
on the choice of the best strategy, therefore, we need to
take into account the mechanical bath.

VI. TRANSFER UNDER MECHANICAL
DECOHERENCE

In this section we consider an imperfect QND inter-
action of a pulse with the system during which the me-
chanical mode is affected by its bath. Simultaneously, we
keep the analysis beyond the adiabatic approximation.
We still consider that highly efficient homodyne mea-
surement is followed by a perfect instantaneous electro-
mechanical feedforward. We first present approximate
analysis to get order-of-magnitude estimates, then sketch
the steps to obtain full analytical solution, and provide
its results.

In case of small mechanical damping γ � g, κ the sim-
plest estimates can be easily obtained from equations (9)
by the substitution

Q(0)→ Q(0) +
√

1− e−γτQB , Q = q, p,

whereQB represents effective quadratures of the mechan-
ical bath with variance 2nth +1, with nth being the aver-
age bath occupation. The corresponding contribution of
the thermal noise to the variances of each of the added
noise terms XN , YN is γ2τ2(2nth + 1)/(1− T ).

In the region of parameters where the thermal noise
from the bath dominates making other noises negligible,
the added noise variance can be approximated by VN =
1 + 2γ(gτS)2(2nth + 1)/κ. Despite the fact that g, τ and
S enter this expression equally, we note that T ∝ gS√τ ,
and hence increase in pulse length that produces the same
increase in transmittivity, adds much more thermal noise
then stronger coupling or squeezing.

We therefore can write several asymptotic require-
ments for high-transmittivity low-noise state transfer.
First, to achieve high transfer gain, we need g2S2τ/κ ≡
ε � 1. Second, in order to make cavity mode in-
duced effects negligible, g2S4/κ2 = S2ε/(κτ) � 1. Fi-
nally, to keep the thermal noise influence moderate,
γ(gτS)2nth/κ = γτnthε � 1. The two latter combine
to set the proper range for the available values of τ :

S2ε

κ
� τ � 1

εγnth
.

Along with the simplest estimates one can perform a
full analysis of the system dynamics to properly quantify
the impact of different sources of the noise.

The system of dynamical equations (2) is linear and
therefore has [57] a formal analytical solution that in-
volves exponential of the matrix of its coefficients. The
solution is rather complicated, and so we will present here
only the expression for p(τ)

p(τ) = p(0)e−γτ/2 +

∫ τ

0

dseγ(s−τ)/2
√
γξp(s) + θ(τ)X(0)

+KSXin −
∫ τ

0

ds

[
K√
τ
−
√

2κθ(τ − s)
]
SX in(s),

θ(t) ≡ g

κ− γ
2

(
e−γt/2 − e−κt

)
.
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The last summand in the expression for p(τ) represents
the asymmetric mode modified by mechanical decoher-
ence. In the limit γ → 0 this summand is reduced to
Xin
δ .
Using the formal solution one can write expressions

for q(τ) and Yout and proceed further to obtain the
beamsplitter-like transformations in the form (6). With
this transformations one can analyze the added noise
variance VN (7).

Our result of estimation for the added noise variance
is presented in the Fig. 2 (c). For estimations we used
the following initial set of parameters

κ = 221.5 MHz, g = 1 MHz, γ = 328 Hz, (10)

τ = 4× 10−5 s

of a recent reported experiment with optomechanical
crystal [42]. The mechanical system is very well pre-
cooled in this experiment, however there is intensive heat-
ing of mechanical mode by optical pump already at the
level of circulating power equivalent to a few photons.
We model this by setting initial mechanical occupation
to n0 = 0.01 and mechanical bath occupation to nth = 2.

Starting from the set (10) that is represented by the
pointO in the figure, we continuously increased one of the
parameters S, g or τ . Comparing Fig. 2 (c) with Fig. 2 (a)
allows to conclude that for the parameters we chose the
main source of added noise is indeed the thermal me-
chanical environment. In this case, optical presqueez-
ing is effectively equivalent to increasing the interaction
strength as it follows from the simple estimate. This is as
well seen from Fig. 2 (c) where the curves corresponding
to increase in S and g overlap.

The effect of the intracavity optical mode has two con-
tributions. First, this mode itself produces some excess
noise and second, it serves as a memory that enhances
the impact of the thermal noise. To illustrate this we
analyze the transfer under the mechanical decoherence
but adiabatically eliminating the cavity mode. The re-
sult of this analysis is presented at Fig. 2 (b). Although
the mechanical bath is the main source of noise in both
Fig. 2 (b) and (c), it is clearly seen that elimination of
the cavity mode leads to underestimation of the noise
impact.

The dotted lines in the Fig. 2 denote the maximum
variance of added noise for a given transmittivity that al-
lows to transfer negativity of a single-photon state. Our
analysis shows that the interface we consider is capable
of such a transfer. It is due to possitive effect of the pre-
squeezing, which allows to shorten the interaction time.
From this reason, the squeezer-based pulsed optomechan-
ical interfaces in the cavities is a feasible road to achieve
high-fidelity transfer of the non-Gaussian quantum states
of light to mechanical oscillators. Indeed, the Wigner
function of an uploaded state manifests negativity at the
origin. The simplest example is transfer of highly non-
classical single photon state to single phonon state. This
is demonstrated at the Fig. 3, where we compare the

FIG. 3. Wigner function of a Fock state |1〉 transmitted to the
mechanical system using the proposed protocol working in the
regimes, denoted by corresponding named points at Fig. 2.
O, without the presqueezing; A with 6 dB of presqueezing
with intracavity mode formally eliminated; B with 6 dB of
presqueezing, full solution; C, same transmittivity as in A
and B, but no excess noise (VN = 1). The negativity at the
origin is presented at the framed insets.

Wigner functions of a single photon state, transferred
with help of the proposed protocol in regimes, denoted
in the Fig. 2 by the points O, A, B with the state up-
loaded via the excess-noise free protocol (VN = 1, point
C). We clearly observe a detectable preservation of neg-
ativity of the Wigner function of single phonon state.
It witnesses high-fidelity quantum transfer preserving ef-
fects which cannot be explained by stochastic mechanics.
Based on this example, we can conclude that squeezed-
based pulsed optomechanical interface is a feasible road
to single photon-phonon transfer. Moreover, it can be
used more generally to transfer other non-Gaussian states
of light to mechanical systems.

We did not consider mechanical decoherence during
the feedforward control of the mechanical system. This
simplification is not very coarse, even if we consider a
second QND interaction in place of the feedforward. In
our protocol interaction gains K and K ′ relate to each
others as K ′ ∝ K−1. Therefore with increase K � 1
which is a natural condition to achieve T close to 1, the
gain of the second interaction K ′ and consequently its
duration τ ′ decrease. The second interaction therefore
effectively approaches an instantaneous feedforward that
does not suffer much from the thermal noise.

VII. CONCLUSION

We have verified feasibility and performance of the
squeezer-based high-fidelity optomechanical interface for
deterministic transfer of non-Gaussian highly nonclas-
sical quantum states of light to mechanical oscillators.
We observed clearly that interfaces which cannot trans-
fer negativity of Wigner function can be improved by
this method to be able to preserve it. We demonstrated
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importance of verification beyond the adiabatic elimina-
tion. We proved, that squeezer-based interface is espe-
cially useful when the transfer is influenced by mechan-
ical decoherence, which limits time duration of transfer.
We predicted achievable quality of the interface for the
experiment [42]. This interface merges developing pulsed
cavity optomechanics [4] with recent state-of-the-art of
continuous-variable quantum optics [1]. It opens there-
fore new joint direction of cavity-based quantum optome-
chanics and cavity-based quantum optics. In this joint
direction, the fields can be mutually fruitful and produce
united physical platform for new continuous-variable ex-

periments with nonclassical light and mechanical oscilla-
tors.
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