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Abstract: The polarizations of optical fields, besides field
intensities, provide more degrees of freedom to manip-
ulate coherent light–matter interactions. Here, we pro-
pose how to achieve a coherent switch of optomechanical
entanglement in a polarized-light-driven cavity system.We
show that by tuning the polarizations of the driving field,
the effective optomechanical coupling can be well con-
trolled and, as a result, quantum entanglement between
the mechanical oscillator and the optical transverse elec-
tric mode can be coherently and reversibly switched to
that between the same phonon mode and the optical
transverse magnetic mode. This ability to switch optome-
chanical entanglement with such a vectorial device can
be important for building a quantum network being capa-
ble of efficient quantum information interchangesbetween
processing nodes and flying photons.

Keywords: cavity optomechanics; polarization; quantum
entanglement.

1 Introduction
Vector beams, characterized by the ability to tailor light
by polarization control, are important for both fundamen-
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tal types of research and practical applications in optics
and photonics [1–3]. Manipulating the polarization of vec-
tor beams, for example, provides efficient ways to realize
optical trapping or imaging [4–6], material processing
[7, 8], optical data storage [9], sensing [10], and nonlinear-
ity enhancement [11]. Compared with conventional scalar
light sources, vector beams provide more degrees of free-
dom to regulate coherent light–matter interactions, that
is, manipulating the coupling intensity by tuning spatial
polarization distributions of an optical field [12–15]. Thus,
vector beams have been used in a variety of powerful
devices, such as optoelectrical [16, 17] or optomechani-
cal systems [18, 19], metamaterial structures [20, 21], and
atomic gases [22]. In a recent experiment, through vec-
torial polarization control, coherent information transfer
from photons to electrons was demonstrated [16]. In the
quantum domain, mature techniques have been devel-
oped for creating entangled photons with vector beams
[23, 24], andbyusing thedestructive interferenceof the two
excitation pathways of a polarized quantum-dot cavity, an
unconventional photon blockade effect was observed very
recently [25].Wealsonote that thesingle- andmulti-photon
resourceswithwell-defined polarization properties, which
are at the core of chiral quantum optics, have also been
addressed via metasurfaces [26, 27]. In addition, a recent
experiment shows that the hybrid light–mechanical states
with a vectorial nature could also be achieved by using
levitated optomechanical system [28]. However, as far
as we know, the possibility of generating and switching
macroscopic entanglement between light and motion via
polarization control has not yet been explored.

A peculiar property of quantum entanglement, that
measuring one part of the entangled elements allows to
determine the state of the other, makes it a key resource
for quantum technologies, ranging from quantum infor-
mation processing [29, 30] to quantum sensing [31, 32].
Recently, entanglement-based secure quantum cryptogra-
phy has also been achieved at a distance of over 1120 km
[33]. So far, quantum entanglement has been observed in
diverse systems involvingphotons, ions, atoms, and super-
conducting qubits [34, 35]. Quantum effects such as entan-
glement have also been studied at macroscopic scales and
even in biological systems [36]. In parallel, the rapidly
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emerging field of cavity optomechanics (COM), featuring
coherent coupling of motion and light [37, 38], has pro-
vided a vital platform for engineering macroscopic quan-
tumobjects [39–41].Very recently, quantumcorrelationsat
room temperature were even demonstrated between light
and a 40 kg mirror, circumventing the standard quan-
tum limit of measurement [42]. Quantum entanglement
between propagating optical modes, between optical and
mechanical modes, or between massive mechanical oscil-
lators have all been realized in COM systems [43–53]. In
view of these rapid advances, COM devices have become
one of the promising candidates to operate as versatile
quantum nodes processing or interchanging information
with flying photons in a hybrid quantum network.

Here, based on a COM system, we propose how to
achieve a coherent switch of quantum entanglement of
photons and phonons through polarization control. We
show that the intracavity field intensity and the associ-
ated COMentanglement can be coherentlymanipulated by
adjusting the polarization of a driving laser. This provides
an efficient way to manipulate the light-motion coupling,
which is at the core of COM-based quantum technologies.
Besides the specific example of COMentanglement switch,
ourwork can also serve as the first step towardmaking vec-
torial COM devices with various structured lights, such as
Bessel–Gauss beams, cylindrical beams, or the Poincaré
beams [1, 54, 55], where the optical polarization distri-
bution is spatially inhomogeneous. Our work can also
be extended to various COM systems realized with e.g.,
cold atoms, magnomechanical devices, and optoelectrical
circuits [56, 57].

2 Vectorial quantum dynamics
As shown in Figure 1, we consider a polarized-light-driven
optomechanical system,whichconsists of anoptical polar-
izer and a Fabry–Pérot cavity with one movable mir-
ror. Exploiting the polarization of photons rather than
solely their intensity has additional advantages for con-
trolling light–matter interactions. Here, to describe the
polarization of an optical field, it is convenient to intro-
duce a set of orthogonal basis vectors, i.e., |e⃗↕⟩ and |e⃗↔⟩,
which correspond to the vertical (transverse electric [TE])
and horizontal (transverse magnetic [TM]) modes of the
Fabry–Pérot cavity [58]. Therefore, an arbitrary linearly
polarized light can be thought as a superposition of these
orthogonal patterns, i.e., whose unit vector is represented
by |e⃗⟩ = cos 𝜃|e⃗↕⟩+ sin 𝜃|e⃗↔⟩, with 𝜃 being the angle
between the polarization of the linearly polarized light
and the vertical mode [see Figure 1(b)]. In this situation,

Figure 1: Vector optomechanical entanglement in a polarized-
light-driven COM resonator.
(a) Schematic diagram of a polarized-light-driven optomechanical
system, which consists of an optical polarizer and a Fabry–Pérot
cavity with a movable mirror. (b) Frequency spectrogram of a vector
optomechanical system in panel (a), with 𝜃 being the angle between
the polarization of the linearly polarized light and the vertical mode.
The orthogonal cavity modes with degenerate resonance frequency
𝜔c and decay rate 𝜅; the frequency of the mirror is 𝜔m; the driving
frequency is 𝜔L, andΔc = 𝜔c −𝜔L is optical detuning between the
cavity mode and the driving field.

by adjusting the polarization angle 𝜃, one can coherently
manipulate the spatial distribution of a linearly polarized
optical field. In addition, because light could exert radia-
tion pressure on the movable mirror, both spatial compo-
nents of the linearly polarized light would experience an
optomechanical interaction. Then, in a rotating framewith
respect to Ĥ0 = ℏ𝜔L(â

†
↕
â↕ + â†↔â↔), theHamiltonianof the

polarized-light-driven optomechanical system is given by

Ĥ = ℏ𝜔m
2 (p̂2+q̂2)+ ℏ

∑

j=↕,↔

(
Δcâ

†
j â j−g0â

†
j â jq̂

)

+ Ĥdr,

Ĥdr = iℏ
√
2𝜅

∑

j=↕,↔

(
â†j S j − â jS∗j

)
,

(1)

where â j (â
†
j ) is the annihilation (creation) operator of the

orthogonal cavity modes with degenerate resonance fre-
quency 𝜔c and decay rate 𝜅; p̂ and q̂ are, respectively, the
dimensionless momentum and position operators of the
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mirror with mass m and frequency 𝜔m; Δc = 𝜔c −𝜔L is
optical detuning between the cavity mode and the driving
field; and g0 is the single-photon optomechanical coupling
coefficient for both orthogonal cavity modes. The frame
rotating with driving frequency 𝜔L is obtained by apply-
ing the unitary transformation Û = exp[iĤ0t∕ℏ] (see, e.g.,
Ref. [37]). S = |S↕|2 + |S↔|2 =

√
P∕ℏ𝜔L denotes the ampli-

tude of a linearly polarized driving field with an input
laser power P, where S↕ = S cos 𝜃 and S↔ = S sin 𝜃 are the
projections of S onto the vertical and horizontal modes,
respectively.

By considering the damping and the corresponding
noise term of both optical and mechanical modes, the
quantum Langevin equations (QLEs) of motion describing
the dynamics of this system are obtained as

̇̂aj = (−iΔc + ig0q̂− 𝜅)â j +
√
2𝜅S j +

√
2𝜅âinj ,

̇̂q = 𝜔mp̂,

̇̂p = −𝜔mq̂− 𝛾mp̂+ g0
∑

j=↕,↔
â†j â j + 𝜉,

(2)

where j =↕,↔, 𝛾m = 𝜔m∕Qm is the mechanical damping
rate with Qm the quality factor of the movable mirror; âinj
are the zero-mean input vacuum noise operators for the
orthogonal cavity modes, and they satisfy the following
correlation functions [59]

⟨âin,†j (t)âinj (t
′)⟩ = 0,

⟨âinj (t)â
in,†
j (t′)⟩ = 𝛿(t − t′).

(3)

Moreover, 𝜉 denotes the Brownian noise operator for
the mechanical mode, resulting from the coupling of the
mechanical mode with the corresponding thermal envi-
ronment. It satisfies the following correlation function [60]

⟨𝜉(t)𝜉(t′)⟩ = 𝛾m
𝜔m ∫

d𝜔
2𝜋 e−i𝜔(t−t′)

[

coth
(

ℏ𝜔

2kBT

)

+ 1
]

,

(4)
where kB is the Boltzmann constant and T is the envi-
ronment temperature of the mechanical mode. The noise
operator 𝜉(t) models the mechanical Brownian motion as,
in general, a non-Markovian process. However, in the limit
ofahighmechanicalquality factorQm≫ 1,𝜉(t) canbe faith-
fully considered as Markovian, and, then, its correlation
function is reduced to

⟨𝜉(t)𝜉(t′)⟩ ≃ 𝛾m(2nm + 1)𝛿(t − t′), (5)

where nm = [exp[(ℏ𝜔m∕kBT)] − 1]−1 is the mean thermal
phonon number.

Setting all the derivatives in QLEs (2) as zero leads
to the steady-state mean values of the optical and the
mechanical modes

𝛼 j =
√
2𝜅

iΔ+ 𝜅
S j ( j = ↕,↔),

qs =
g0
𝜔m

(
|𝛼↕|

2 + |𝛼↔|2
)
, ps = 0,

(6)

where Δ = Δc − g0qs is the effective optical detuning.
Under the condition of intense optical driving, one can
expand each operator as a sum of its steady-state mean
value and a small quantum fluctuation around it, i.e.,
â j = 𝛼 j + 𝛿â j, q̂ = qs + 𝛿q̂, p̂ = ps + 𝛿p̂. Then, by defin-
ing the following vectors of quadrature fluctuations and
corresponding input noises: u(t) = (𝛿X̂↕, 𝛿Ŷ↕, 𝛿X̂↔, 𝛿Ŷ↔,

𝛿q̂, 𝛿p̂)T,𝑣(t) = (
√
2𝜅X̂in

↕
,
√
2𝜅Ŷ in

↕
,
√
2𝜅X̂in

↔,
√
2𝜅Ŷ in

↔,0, 𝜉)T,
with the components:

𝛿X̂ j =
1

√
2
(𝛿â†j + 𝛿â j), 𝛿Ŷ j =

i
√
2
(𝛿â†j − 𝛿â j),

X̂in
j = 1

√
2
(âin†j + âinj ), Ŷ in

j = i
√
2
(âin†j − âinj ),

(7)

one can obtain a set of linearized QLEs, which can be
written in a compact form as

u̇(t) = Au(t)+ 𝑣(t), (8)

where

A =

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

−𝜅 Δ 0 0 −Gy
↕

0
−Δ −𝜅 0 0 Gx

↕
0

0 0 −𝜅 Δ −Gy
↔ 0

0 0 −Δ −𝜅 Gx
↔ 0

0 0 0 0 0 𝜔m
Gx
↕

Gy
↕

Gx
↔ Gy

↔ −𝜔m −𝛾m

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

. (9)

The linearized QLEs indicate that the effective COM
coupling rateGj ≡

√
2g0𝛼 j = Gx

j + iGy
j , canbe significantly

enhancedby increasing the intracavityphotons.Moreover,
the solution of the linearized QLEs (8) is given by

u(t) = M(t)u(0)+
t

∫
0

d𝜏M(𝜏)𝑣(t − 𝜏), (10)

where M(t) = exp(At). When all of the eigenvalues of the
matrix A have negative real parts, the system is stable and
reaches its steady state, leading toM(∞) = 0 and

ui(∞) =
∞

∫
0

d𝜏
∑

k
Mik(𝜏)𝑣k(t − 𝜏). (11)
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The stability conditions can usually be derived by
applying the Routh–Hurwitz criterion [61]. In our follow-
ing numerical simulations, we have confirmed that the
chosen parameters in this paper can keep the COM system
in a stable regime.

Because of the linearized dynamics of the QLEs and
the Gaussian nature of the input noises, the steady state
of the quantum fluctuations, independently of any initial
conditions, can finally evolve into a tripartite continuous
variable (CV) Gaussian state, which is fully characterized
by a 6 × 6 stationary correlation matrix (CM) V with the
components

Vi j =
⟨
ui(∞)uj(∞)+uj(∞)ui(∞)

⟩
∕2. (12)

Using the solution of the steady-state QLEs, we can
obtain the CM

V =
∞

∫
0

d𝜏M(𝜏)DMT(𝜏), (13)

where
D=Diag [𝜅, 𝜅, 𝜅, 𝜅,0, 𝛾m(2nm+1)], (14)

is the diffusion matrix, which is defined through
⟨ni(𝜏)nj(𝜏′)+ nj(𝜏′)ni(𝜏)⟩∕2 = Dij𝛿(𝜏 − 𝜏′). When the sta-
bility condition is fulfilled, thedynamicsof the steady-state
CM is determined by the Lyapunov equation [45]:

AV + VAT = −D. (15)

As seen from Eq. (15), the Lyapunov equation is linear
and can straightforwardly be solved, thus allowing us to
derive the CM V for any values of the relevant parameters.
However, the explicit form of V is complicated and is not
being reported here.

3 Switching optomechanical
entanglement by tuning the
polarization of vector light

To explore the polarization-controlled coherent switch of
the steady-state COMentanglement,we adopt the logarith-
mic negativity, EN , for quantifying the bipartite distillable
entanglement between different degrees of freedom of our
three-mode Gaussian state [62]. In the CV case, EN can be
defined as

EN = max
[
0,− ln (2�̃�−)

]
, (16)

where

�̃�−=2−1∕2
{
Σ(Vbp)−

[
Σ(Vbp)2 − 4 det Vbp

]1∕2}1∕2
, (17)

with
Σ(Vbp) = det A+ det B− 2 det C. (18)

Here �̃�− is the minimum symplectic eigenvalue of the
partial transpose of the reduced 4 × 4 CM Vbp. By tracing
out the rows and columns of the uninteresting mode in V,
the reduced CM Vbp can be given in a 2 × 2 block form

Vbp =
(
A C
CT B

)

. (19)

Equation (16) indicates that the COM entangle-
ment emerges only when �̃�− < 1∕2, which is equiva-
lent to Simon’s necessary and sufficient entanglement
nonpositive partial transpose criterion (or the related
Peres–Horodecki criterion) for certifying bipartite CV dis-
tillable entanglement in Gaussian states [63]. Therefore,
EN , quantifying the amount bywhich thePeres–Horodecki
criterion is violated, is an efficient entanglement measure
that is widely used when studying bipartite entanglement
in a multi-mode system.

In Figure 2, the logarithmic negativity EN,j and the
associated effective COM coupling rate Gj with the intra-
cavity field are shown as a function of the optical detuning
Δc with respect to different polarization angle 𝜃. Here,
EN,↕ and EN,↔ are used to denote the case of the COM
entanglementwith respect to theTEandTMmodes, respec-
tively. For ensuring the stability and experimental feasi-
bility, the parameters are moderately chosen as follows:
m = 50 ng, 𝜆 = 810 nm, 𝜔m∕2𝜋 = 10 MHz, g0∕2𝜋 = 68.5
Hz,Qc = 𝜔c∕𝜅 = 4.94 × 107,Qm = 𝜔m∕𝛾m = 105,T = 400
mK, and P = 30mW. Note thatQc is typically 105–1010 [37,
64], and Qm is typically 105–106 [65] in Fabry–Pérot cavi-
ties.Usingawhispering-gallery-modeCOMsystem,amuch
higher value of Qc is achievable, reaching even up to 1012
[66]. The polarization angle 𝜃, which can be tuned by rotat-
ing the orientations of the optical polarizer, is usually used
to control the spatial amplitude and phase of a linearly
polarizeddrivingfield,withvalues inaperiod ranging from
0 to 2𝜋 [67]. In particular, 𝜃 = 0 (𝜃 = 𝜋∕2) corresponds to
the case with a vertically (horizontally) polarized pump
field applied to drive the TE (TM) optical mode.

Specifically, as shown in Figure 2(a)–(c), the COM
entanglement is present only within a finite interval of
the values of Δc around Δc ≃ 𝜔m, and the spectral offset
of the logarithmic negativity peak is due to the radiation
pressure-induced redshift of the cavity mode (see, e.g.,
Ref. [45, 68]). In fact, the COM entanglement survives
only with tiny thermal noise occupancy. Therefore, at the
light-motion resonance Δ∕𝜔m ≃ 1, the COM interaction
could significantly cool the mechanical mode and, simul-
taneously, leads to a considerable COM entanglement.
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Figure 2: Polarization-controlled optomechanical entanglement switch within the intracavity mode.
(a) The logarithmic negativity EN, j of the TE and TM modes versus the scaled optical detuningΔc for different values of the polarization angle
𝜃. (b) The logarithmic negativity EN, j of the TE and TM modes versus the polarization angle 𝜃 in polar coordinates, with the optical detuning
Δc∕𝜔m = 1. EN,↕ and EN,↔ demonstrate a complementary distribution with the variation of the polarization angle 𝜃. (c) Density plot of EN, j as a
function of the scaled optical detuningΔc and the polarization angle 𝜃. By tuning the polarization angle, an adjustable coherent COM
entanglement switch between the TE and TM modes could be achieved. (d) The effective COM coupling |G↕| of the TE mode versus the scaled
optical detuningΔc and the polarization angle 𝜃.

In addition, the logarithmic negativities EN,↔ and EN,↕
always demonstrate a complementary distribution with
the variation of the polarization angle 𝜃, indicating that
an adjustable COM entanglement conversion between
the TE and the TM modes would be implemented by
coherent polarization control. The underlying physics of
this phenomenon can be understood as follows. In the
polarization-controlled COM system, the field intensity of
the TE and TM modes is dependent on the spatial distri-
bution of the linearly polarized driving field [15]. Corre-
spondingly, the strength of the effective COM coupling rate
|Gj| now also relies on polarization angle 𝜃. As shown in
Figure 2(c) and (d), it can be clearly seen that EN,↕ achieves
itsmaximumvalue for the optimal value of |G↕|. Therefore,
the distribution of the COM entanglement with respect to
the TE and TMmodes could be manipulated by tuning the
polarization angle. In the practical aspect, the ability to
generate an adjustable entanglement conversion between
subsystems of a compound COM system would provide
another degree of freedom for quantum optomechanical
information processing.

For practical applications, the COM entanglement
with the intracavity field is hard to be directly accessed
and utilized. In order to verify the generated COM entan-
glement, an essential step is to perform homodyne or

heterodyne detections to the cavity output field, which
allows measuring the corresponding CM Vout. Specifically,
the quantum correlations in Vout, which involve optical
quadratures, can be directly read out by homodyning the
cavity output. However, accessing themechanical quadra-
tures typically requires mapping the mechanical motion
to a weak probe field first, which then can be read out by
applying a similar homodyne procedure of the probe field.

Now, by applying the standard input-output relations,
the output field of this compound COM system is given by

aoutj (t) =
√
2𝛿aj(t)− ainj (t), (20)

where the optical output field has the same nonzero cor-
relation function as the input field 𝛿aj(t), i.e., [aoutj (t),
aoutj (t′)† ] = 𝛿(t − t′). As discussed in detail in Ref. [69],
by selecting different time or frequency intervals from the
continuous output field aoutj (t), one can extract a set of
independent optical modes by means of spectral filters.
Here, for convenience, we consider the case where only
a single output mode of the TE and TM cavity field is
detected. Therefore, in terms of a causal filter function
g(s), the output field can be rewritten as

aout1 j (t) =
t

∫
−∞

ds g j(t − s)aoutj (s). (21)
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In the frequency domain, aout1 j takes the following form

ãout1 j (𝜔) =
∞

∫
−∞

dt
√
2𝜋

aout1 j (t) exp(i𝜔t)

=
√
2𝜋g̃ j(𝜔)aout1 j (𝜔), (22)

where g̃ j(𝜔) is the Fourier transform of the filter function.
An explicit example of an orthonormal set of the causal
filter functions is given by [70]

g j(t) =
Λ(t)−Λ(t − 𝜏)

√
𝜏

exp(−iΩt), (23)

and g j = gxj + igyj ,where g
x
j (g

y
j ) is the real (imaginary)part

of gj,Λ(t) denotes the Heaviside step function, withΩ and
𝜏−1 being the central frequency and the bandwidth of the
causal filter, respectively. Here, g̃(𝜔) is given by

g̃ j(𝜔) =
√

𝜏

2𝜋 exp[i(𝜔−Ω)𝜏∕2]sin[(𝜔−Ω)𝜏∕2]
(𝜔−Ω)𝜏∕2 . (24)

The COM entanglement for the cavity output mode is
verified via the CM defined as follows, i.e.,

Vout
kl (t) = 1

2
⟨
uoutk (t)uoutl (t)+ uoutl (t)uoutk (t)

⟩
, (25)

where uout(t) = (𝛿Xout
↕
, 𝛿Yout

↕
, 𝛿Xout

↔ , 𝛿Yout
↔ , 𝛿q, 𝛿p)T is the

vector form by the mechanical position and momentum
fluctuations and by the (canonical) position quadrature,

Xout
j (t) =

{

aout1 j (t)+
[
aout1 j (t)

]†}

∕
√
2, (26)

and the momentum quadrature,

Yout
j (t) =

{

aout1 j (t)−
[
aout1 j (t)

]†}

∕i
√
2, (27)

of the optical output modes. From the input–output rela-
tion in Eq. (20), one can obtain

uouti (t) =
t

∫
−∞

ds i(t − s)[u(s)− 𝑣′(s)], (28)

where

𝑣′(t) = 1
√
2𝜅

(X↕(t),Y↕(t),X↔(t),Y↔(t),0,0)T, (29)

is analogous to the noise vector 𝑣(t) in Eq. (8) but with-
out noise acting on the mechanical mode. We have also

introduced the matrix,

 (t) =

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

f x
↕

− f y
↕

0 0 0 0
f y
↕

f x
↕

0 0 0 0
0 0 f x↔ − f y↔ 0 0
0 0 f y↔ f x↔ 0 0
0 0 0 0 𝛿(t) 0
0 0 0 0 0 𝛿(t)

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

, (30)

where f xj =
√
2𝜅gxj , f

y
j =

√
2𝜅gyj . Using the Fourier trans-

form and the correlation function of the noises, one can
derive the following general expression for the station-
ary output CM, which is the counterpart of the intracavity
relation of Eq. (13):

Vout =∫ d𝜔 T̃(𝜔)
[

M̃(𝜔)+ Pout
2𝜅

]

× D(𝜔)
[

M̃†(𝜔)+ Pout
2𝜅

]

T̃†(𝜔), (31)

where Pout = Diag[1, 1, 1, 1,0,0] is the projector onto the
two-dimensional space associatedwith theoutput quadra-
tures, and

M̃ext(𝜔) = (i𝜔+ A)−1, (32)

and

D(𝜔) =

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

𝜅 0 0 0 0 0
0 𝜅 0 0 0 0
0 0 𝜅 0 0 0
0 0 0 𝜅 0 0
0 0 0 0 0 0
0 0 0 0 0 Nm

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

, (33)

where Nm = (𝛾m𝜔∕𝜔m) coth(ℏ𝜔∕2kBT). A deeper under-
standing of the general expression for Vout in Eq. (31) is
obtained by multiplying the terms in the integral, one
obtains

Vout = ∫ d𝜔 T̃(𝜔)M̃†(𝜔)D(𝜔)M̃(𝜔)T̃†(𝜔)+ Pout
2

+ ∫ d𝜔 T̃(𝜔)
[
M̃(𝜔)Rout + RoutM̃†(𝜔)

]
T̃†(𝜔),

(34)

where Rout = PoutD(𝜔)∕𝜅 = D(𝜔)Pout∕𝜅, for simplicity, we
have defined [68]

Pout ≡ 2∫
d𝜔
4𝜅2 T̃(𝜔)PoutD(𝜔)PoutT̃

†(𝜔). (35)

Equation (34) clearly shows the quantum correlations
of the quadrature operators in the output field, where
the first integral term stems from the intracavity COM



Y. Li et al.: Vector COM entanglement | 7

interaction, the second term gives the contribution the cor-
relations of the noise operators, and the last termdescribes
the interactions between the intracavity mode and the
optical input field.

Then, by numerically calculating the CM Vout and
the associated logarithmic negativity EN,j, one can detect
and verify the generated intracavity COM entanglement at
the cavity output. Here, as a specific example shown in
Figure 3, we studied the COM entanglement between the
TE outputmode andmechanicalmirror. Also, as discussed
in detail in Ref. [68], the generated intracavity COM entan-
glement is mostly carried by the lower-frequency Stokes
sideband of the output field. Therefore, it would be bet-
ter to choose an input field with the center frequency at
Ω = −𝜔m, which canusually be implemented by using the
filter function of Eq. (23). Specifically, for 𝜀 = 1, as shown
in Figure 3(a), the variation of COM entanglement with the
polarization angle at the cavity output field is similar to

Figure 3: Polarization-controlled optomechanical entanglement
within the cavity output mode.
(a) The logarithmic negativity of the TE mode, EN,↕, as a function of
the polarization angle 𝜃 in polar coordinates for different values of
the inverse bandwidth 𝜀, with the central frequencyΩ∕𝜔m = −1. (b)
EN,↕ versus the central frequency𝛺 and the polarization angle 𝜃 for
different values of 𝜀. There is an optimal value of 𝜃 for achieving the
maximum COM entanglement within the cavity output mode.

that of its intracavity counterpart. However, by optimizing
the value of 𝜀 or, equivalently, the detection bandwidth
𝜏, EN,↕ would achieve a much higher value than that of
the intracavity field, implying a significant enhancement
of COM entanglement at the output field. In addition, for
particular detection bandwidth, there is also an optimal
value of the polarization angle for which the COM entan-
glement of the output field achieves its maximum value
[see Figure 3(b) for more details]. The physical origin of
the enhancement of COM entanglement at cavity output
field results from the formation of quantum correlations
between the intracavity mode and the optical input field
may cancel the destructive effects of the input noises. The
process of detecting entanglement at the output field is
related to entanglement distillation, whose basic idea is
originating from extracting, from an ensemble of pairs
of nonmaximally entangled qubits, a smaller number of
pairs with a higher degree of entanglement [71]. In this
situation, it is possible that one can further manipulate
and optimize the polarization-controlled COM entangle-
ment at the output field, which can be useful for quantum
communications [72, 73], quantum teleportation [74], and
loophole-free Bell test experiment [75].

Besides, as discussed in detail in Ref. [68], the thermal
phonon excitations could greatly affect the quantum cor-
relations between photons and phonons, and, thus, tend
to destroy the generated COM entanglement. The mean
thermal phonon number, which is monotonically increas-
ing with the environment temperature, is assumed to be
nm ≃ 833 in our former discussions. Here, by computing
EN,↕ as a function of temperature T, as shown in Figure 4,
we confirmed that the conversion of COM entanglement
through polarization control could still exist when consid-
ering larger mean thermal phonon numbers. To clearly see
this phenomenon, we plot the logarithmic EN,↕ of the CV
bipartite system formed by the mechanical mode and the
cavity output mode centered around the Stokes sideband
Ω = −𝜔m versus polarization angle 𝜃 and temperature T
in Figure 4(a) and set 𝜃 = 0. We also consider EN,↕ as a
function of temperature T and the cavity frequency Ω in
Figure 4(b). It is seen that for 𝜀 = 10, the polarization-
controlled COM entanglement can still be observed at the
cavity output field below a critical temperature Tc ≈ 2 K,
corresponding to nm ≃ 4160. Furthermore, the quality
factor Q of the cavity mode could also affect the imple-
mentation of the COM entanglement switch. As shown in
Figure 4(c) and (d), for a certain environment temperature,
e.g., T = 400mK, the degree of COM entanglement is sup-
pressed by decreasing the value of Q, and it is seen that
the minimum Q factor required for the COM entanglement
switch process is approximately Q≃ 3 × 107.
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Figure 4: The role of thermal effects and quality factors on the
generation and manipulation of COM entanglement.
(a) The logarithmic negativity of the TE mode, EN,↕, as a function of
the environment temperature T and the polarization angle 𝜃, with
the central frequencyΩ∕𝜔m = −1 and 𝜀 = 10. (b) EN,↕ versus the
central frequencyΩ and the environment temperature T , with the
polarization angle 𝜃 = 0 and 𝜀 = 10. (c) Density plot of EN,↕ versus
the polarization angle 𝜃 and the quality factor Q, with the optical
detuningΔc∕𝜔m = 0.6. (d) EN,↕ as a function of the scaled optical
detuningΔc and the quality factor Q, with 𝜃 = 0.

Finally, we remark that based on experimentally fea-
sible parameters, not only all bipartite entanglements but
also the genuine tripartite entanglement can be created
and controlled in our system. In fact, we have already con-
firmed that the tripartite entanglement, measured by the
minimum residual contangle [76, 77], can reach its maxi-
mum at the optimal polarization angle 𝜃 = 𝜋∕4. However,
the bipartite purely optical entanglement of TE and TM
modes is typically very weak due to the indirect coupling
of these twoopticalmodes, and thus the resulting tripartite
entanglement is alsoweak in this system.Nevertheless, we
note that the techniques of achieving stationary entangle-
ment between two optical fields and even strong tripartite
entanglement are already well available in current COM
experiments [44, 48–51], and our work here provides a
complementary way to achieve a coherent switch of the
COM entanglement via polarization control.

4 Conclusion
In summary, we have proposed how to manipulate the
light-motion interaction in a COM resonator via polariza-
tion control, which enables the ability to coherently switch
COM entanglement in such a device. We note that the

ability to achieve a coherent switch of COM entanglement
is useful for a wide range of entanglement-based quantum
technologies, such as quantum information processing
[30], quantum routing [78], or quantum networking [79].
Also, our work reveals the potential of engineering var-
ious quantum effects by tuning the optical polarizations,
suchasmechanical squeezing [80], quantumstate transfer
[81], and asymmetric Einstein–Podolsky–Rosen steering
[82]. Although we have considered here a specific case of
the linearly polarized field whose spatial distribution is
homogeneous, we can envision that future developments
with inhomogeneous vector beams can further facilitate
more appealing quantum COM techniques, such as opto-
rotational entanglement [83] or polarization-tuned topo-
logical energy transfer [84]. In a broader view, our findings
shed new lights on the marriage of vectorial control and
quantumengineering, openingup theway to control quan-
tum COM states by utilizing synthetic optical materials
[37, 85].
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