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Generating quantum entanglement between macroscopic objects
with continuous measurement and feedback control
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This paper is aimed at investigating the feasibility of generating quantum conditional entanglement between
macroscopic mechanical mirrors in optomechanical systems while under continuous measurement and feedback
control. We consider the squeezing of the states of the mechanical common and the differential motions of
the mirrors by the action of measuring the common and the differential output light beams in the Fabry-Pérot-
Michelson interferometer. We carefully derive a covariance matrix for the mechanical mirrors in a steady state,
employing the Kalman filtering problem with dissipative cavities. We demonstrate that Gaussian entanglement
between the mechanical mirrors is generated when the states of the mechanical common and differential modes
of the mirrors are squeezed with high purity in an asymmetric manner. Our results also show that quantum
entanglement between 7-mg mirrors is achievable in the short term.
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I. INTRODUCTION

Cavity optomechanics deals with the coupled dynam-
ics of the oscillating end mirrors of cavities (mechanical
oscillators) and the optical mode therein. This field has
the potential to reveal the boundary between the classi-
cal and the quantum world [1-6]. The quantum states of
mechanical oscillators can be achieved by quantum con-
trol through interaction with optical cavity modes, whereas
mechanical oscillators lose quantum coherence owing to
thermal fluctuations. The technique of continuous measure-
ment cooling shows the potential to achieve the quantum
states of macroscopic mechanical oscillators [4,6,7]. Ref-
erence [8] demonstrated cooling a mechanical oscillator
to the ground state through cavity detuning and feedback
control. Moreover, optomechanical systems are helpful in
generating entanglements. Reference [9] discussed the role
of feedback cooling; the authors showed that the entangle-
ment between two levitated nanospheres due to the Coulomb
force could be measured experimentally with the feedback-
based setup. The authors in Refs. [10,11] considered the
detectability of entanglement between the optical cavity mode
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and the mechanical oscillator in the ground state. References
[12—14] showed that the generation of quantum entanglement
between nanoscale objects was realized experimentally. Re-
cently, cavity optomechanics has attracted significant interest
as a possible field for investigating the quantum nature of
gravity through tabletop experiments [15-21]. Entanglement
generation due to gravitational interaction can be considered
as evidence of the quantum nature of gravity [22,23], which
has sparked several investigations [24—30]. Moreover, related
to gravitational entanglement, the quantum nature of gravity
has been discussed in gravitons and quantum field theory
[31-38]. However, verifying the quantum nature of gravity
requires entanglement between heavier objects [16,19]. The
realization of macroscopic quantum systems is pivotal for
investigating the unexplored areas between the quantum world
and gravity.

In this paper, we consider the feasibility of realizing
Gaussian entanglement between macroscopic oscillators via
optomechanical coupling. It is known that entanglement
between two squeezed light beams with different squeez-
ing angles is generated by passing them through the beam
splitter (e.g., Ref. [39]). The authors of Ref. [40] ana-
lyzed the entanglement in a comparable situation where the
power-recycled mirror squeezed the oscillators’ common and
differential modes asymmetrically. However, their analysis
was limited to high-frequency regions, where the oscillators
were regarded as free mass. Namely, they only demon-
strated entanglement generation between Fourier modes of
the macroscopic oscillator’s motions in high-frequency re-
gions. Therefore the previous work is not enough to include
the analysis around resonant frequencies. Quantum control of
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macroscopic oscillators around resonant frequencies is impor-
tant for entanglement generation (e.g., Refs. [16,19]). Then,
our analysis here is not limited to high-frequency regions.

We revisit the realization of entanglement between macro-
scopic oscillators with the Kalman filter’s formalism in a
wide range of parameter spaces. We employ feedback con-
trol, which decreases the effective temperature, and detunes,
enabling us to trap the mechanical oscillator stably with the
optical spring, as discussed in Ref. [6]. To clarify the differ-
ence between the previous [40] and present paper, we note
that the detuning was not considered in the previous work
[40]. By using these quantum controls in an optomechanical
system with a power-recycled mirror, we clarified the rela-
tionship between the entanglement and squeezing of states.
Our results show that quantum cooperativity and detuning
characterize the entanglement behavior, quantum squeezing,
and purity. The entanglement generation requires quantum
squeezing of both the common and differential modes of the
oscillators. Squeezing, however, does not always result in en-
tanglement generation, as high-purity squeezed states are also
required. We demonstrate that the entanglement occurs for the
quantum cooperativity Cy /ntjth 2 3 with the experimentally
achievable parameters in amplitude quadrature measurement
(X measurement).

The remainder of this paper is organized as follows: In
Sec. II, we present a brief review of optomechanical systems
while under continuous measurement and feedback control.
In Sec. I1I, we provide a mathematical formula for the Riccati
equation to describe the covariance matrix using a quantum
Kalman filter to minimize the correlation. In Sec. IV, we
extended the formulations in the previous sections to those
with two optomechanical systems, in which we consider the
entanglement between them through a beam splitter in a
power-recycled interferometer. We determined the feasibility
of preparing entanglements between the mirror oscillators in
the space of the model parameter, depending on the ampli-
tude quadrature measurement (X measurement) and phase
quadrature measurement (¥ measurement), respectively. Fi-
nally, Sec. V presents our conclusions. The derivation of
the input-output relation in the interferometer is presented
in Appendix A. In Appendix B, we describe the details of
logarithmic negativity for estimating the entanglement devel-
oped in this paper. In Appendix C, we describe the details of
computing the squeezing angle.

II. FORMULAS

In this section, we consider a driven optical cavity mode
that interacts with an oscillating mirror, which is regarded
as a mechanical harmonic oscillator. The Hamiltonian of our
system is as follows:

P2 1 2
H=— 4+ -—-mQ?0* + hw.a'a+ hw—QaTa
2m 2 12
+ iRE(a'e ' — g, (1)

where Q and P are the canonical position and momentum
operators of the oscillator, satisfying the commutation rela-
tion [Q, P] = ih, while m and 2 are the mass and resonance
frequency of the oscillator, respectively; a and a’ are the

annihilation and creation operators of the optical modes in the
cavity, £ is the cavity length, and w, is the cavity frequency.
The last term describes the input laser with frequency w,
and amplitude E = /Py« /hw,, where Py, is the input laser
power and k is the optical decay rate. Here, we introduce
nondimensional variables

_ o, 2, o
T=N"T % P=V e

that satisfy the commutation relation [¢q, p] = 2i.
The Langevin equations are given by

q=Qp,
p=—Qq—2Gd"d —Tp+~2Tpp, 3)
d =i(lwp —w.)a —iGga + E — %a’ + JKap,

where @' = ¢/“*'a denotes the redefined annihilation operator
and G = (w./€)/li/2mS2 is the optomechanical coupling. I"
denotes the mechanical decay rate and pj, is the mechanical
noise input with a variance of <P12n> = 2kgT /h2 + 1. Simi-
larly, aj, is the optical noise input specified by (aizn) = (2Np +
1)/2 with thermal photon occupation number Ny. Consid-
ering the linearization ¢ — g+ 8q, p — p+dp, and d —
a + 8a’, we derive the following equations for the steady
state:

q = Qp,
—Qg —2G|@d|* - T'p, “4)

b
) . -\ = K—/
a :l(a)L—wC—Gq)a—i—E—Ea.

Here, considering g = p = a’ = 0, we have

— G-/2
q= —2§|a| ,
p=0, ()
2
Tk —2iA°

where we define the detuning A = wp — o, + 2(G|Ez/|)2/Q.
The perturbation equations are as follows:

8q = Qp, (6)
Sp = —Q8g — 2g(e *8d’ + €?8a") — I'Sp + /2T pin

—/ dsgrp(t — $)X (), )

)
8d = iANSd — ige'8q — gﬁa’ + JKain, 8

where @ = ¢|@'| and g = (|@|w./£)//2mS2 denotes the
redefined optomechanical coupling. We add that the last
term in Eq. (7) described the feedback effects [2,6] and we
henceforth simply represent (8¢, 8p, 8a’) as (g, p, @'). By in-
troducing the amplitude quadrature x = ¢ %d’ + ¢®a’" and
the phase quadrature y = (¢e7d’ — ¢a’")/i, Eq. (8) yields

§ = =Zx— Ay + Vi, ©)
K
y=—Sy+Ax VEyin — 284, (10)
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where x;, and y;, are the corresponding input noises similarly
defined as a;,, whose variance is specified by (x2) = (y2) =
2Ny + 1.

Here, we consider the adiabatic limit « > €2, which allows
the continuous measurement of the oscillator position because
the cavity photon dissipation is sufficiently larger than the
frequency of the oscillator. The adiabatic limit is rephrased as
the limit of the dissipation dominant regime where the time
derivative term of the optical field @ is much smaller than
the terms of the right-hand side of Eq. (8). Then, the time
derivatives of the optical amplitude quadrature x and the phase
quadrature y are also negligible in Egs. (9) and (10), which
leads to the following equations:

8A 2Kk 4A/k
_ 8As L 2V AAVE L
K2+ 4A? K%+ 4A2 K%+ 4A2
dicg 4Nk 2K
V= arand T aanr it o g 12

Introducing the rescaled variables
o _ o [©Dm
q=4q o p=p o’
Wy = \/ Q24+ Q

we rewrite the equation of motion as

16Ag2 Q
75 Y 1
k2 ranz SmTE (13)

q = wnp, (14)
p/ = - wmq/ - Vmp/ + A% 27/m /in
4gmk /K 88m ALK
- P zxin 2 Zyins (15)
k% +4A k% +4A
8Agm 2k A/K ANk
X = q + Xin — Yins (16)
K2 +4A2 K2 +4A2 K2 +4A2
degn , AAJK 268K
y=-= 54 +— > Xin + — Vi, (17)
k* +4A k* 4+ 4A k* 4+ 4A

where y,, is the effective mechanical decay rate under feed-
back control, and the thermal noise input changes to ( pﬁ) =
2ny, + 1 with ny, = kgT T/ hymwy,.

The quadratures of the optical cavity modes x and y con-
tain information regarding the position of the mechanical
oscillator ¢’ in Eqgs. (49) and (50). To estimate the oscil-
lator position, we either consider the measurement of the
amplitude quadrature x, or the measurement of the phase
quadrature y. The amplitude quadrature of the output optical
field is obtained by the input-output relation xou = Xin — +/kx
[2,41]. However, we need to consider the additional noise
input due to the imperfect measurement. Thus, the observation
signal of amplitude quadrature x is described by the following
equation:

X = /Mxou + /1 = 0, (18)

where 7 € [0, 1] is the detection efficiency and x{, is the ad-
ditional vacuum noise for the imperfect measurement, which

satisfies (x;,/2) = 1. Under the limit of the dissipation domi-
nation, we have

ngA‘/r;/c k2 —4A? KA
W2+ ant ~ T 2+4A2x‘“+*/ﬁ 2+4A2y‘“
+ 1 —nxj,. (19)

On the other hand, the observation signal of the phase quadra-
ture y is also described by the output equation

Y = \/ﬁ})out + 1 - nyi/n, with Yout = Yin — \/Ey’ (20)
which reduces to
4guk /1K 4 A K2 — 4A?
= 2 zq/_\/ﬁ 2 zxin_\/ﬁ 2 2)’in
Kk*+4A Kk*+4A Kk?+4A

I 1)

III. RICCATI EQUATION

Because the observation signals in Egs. (19) and (21)
include noise information, we employed the quantum fil-
ter for optimal estimation. Here, we consider the quantum
Kalman filter, which allows us to minimize the mean-
squared error between the canonical operators r = (¢q', p/)T
and the estimated values # = (§, p)7, i.e., each component of
the covariance matrix V = ({r — 7, r — #)"}) is minimized.
The quantum filter is essential to reduce the thermal fluctu-
ations and increase the squeezing level. With the quantum
Kalman filter, we can track the behavior of r conditioned
on the measurement result, and its fluctuation is represented
by the conditional covariance matrix following the Riccati
equation. On the other hand, without the quantum filter, we
only have the average behavior of r. Importantly, the co-
variance matrix without the filter is always larger than the
covariance matrix conditioned on the measurement. Hence,
in the absence of the filter, the squeezing level and, accord-
ingly, the entanglement level must decrease. This is essential
for the entanglement between mechanical mirrors in the next
section.

We rewrite the Langevin equation in matrix form as fol-

lows:
F=Ar+ (3}) (22)
X = Cxr+ vy, (23)
Y =Cyr+vy, (24)
where

A — < 0 w’n )’
—Wn —Vm

32 8 12 A
/ 4g K’ g&mKk
- 2 m - 5 > m 5 . 4 A Jins 25
8gm K
CX = <_ fzfﬂ O)a
K2 —4A? ,
W= Y 2+4Az«/_ym+ = Min>
(26)
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K24+4A2

Cy = <4ngJn7 0),

4 A K2 —
= _K2+4A2\/_xm_ 2+4A

2\/_ym+ \/ ym
27

We use Eqgs. (23) and (24) for the optical amplitude measure-
ment and the phase measurement, respectively.

For the Kalman filter [42,43], we obtained the time evo-
lution of the optimized covariance matrix as the following
Riccati equation:

V=AV+VAT 4N — (VCT +L)M ' (VCT + L))" (28)
where =X orY, M = (v)z() = (vlz,) = (2nNm + 1), F is the
best estimated value to optimized the covariance matrix based
on the observation X or Y, which follows

F=AF+ (VC] + L))M~'(I — Ci#y), (29)

and each matrix is given by
Vit Vi 0 o0
V= , N= , 30
<V12 sz) (O (w2)> 50

0 0
Ly = ((wvx))’ Ly = <<wvy>>’ 3D

16g2 Kk

with

(W?) =29, + 1) + —2— Ny + D =0, (32)

K2+ 4A2
Adgmic \Jx
(wux) = 3 AN BTNV (N + 1),
8gmA /KT
(woy) = W(ZNth +1). (33)

In the absence of the quantum filter, the covariance matrix
follows the Lyapunov equation V = AV + VAT + N, whose
components are always larger than those with the filter. Hence,
we need the quantum filter to suppress the thermal fluctuation.

Considering the steady state V = 0, the covariance matrix
satisfies the following equation:

2(1)111‘/12 - )\IV121 = 01
Y + AVIDVI2 + Vit — V), + AV =0, (34)

2mVar + 20, V12 + (VAVia 4+ Ar /) =i =0,
where we define

64g%nnKA2
)LX e )
(2NN + D(x? +4A2)2
16 3
Ay = Ll (35)

(20N + 1)(k2 4 4A2)2°
32¢2 nk?A 2Ny + 1
Ay = —Ay = ——5om : 36
X C T T+ 4022 2Ny, + 1 (%6)

The solution of Eq. (34) is derived as follows:

V]] — Y — ym’
A
Vi — Ym)?
Vip= —"——, 37
12 S, (37)
Vi = Ym) Qom(@m + A1) + v — YuWi)
Vo = ,

2)\,1(,()’%1

where we defined

yl = \/yl% - Zwm(wm + Al) + za)m\/a)m(a)m + ZA[) + ﬁ}\.[
(38)

The covariance matrix in Eqs. (37) is also derived using
the Wiener filter for the steady state, and is consistent with
Ref. [6] in relation to the optical amplitude measurement. The
result for the optical phase measurement with A = 0, Ny, = 0,
and with no feedback control is consistent with that reported
in Ref. [7].

IV. ENTANGLEMENT BETWEEN TWO MIRRORS

Here, we consider the entanglement between two oscilla-
tors coupled with optical modes and passing through the beam
splitter in a power-recycled Fabry-Pérot-Michelson interfer-
ometer. We may consider the case using a signal-recycled
mirror (see Refs. [44-46]). However, we only consider the
case with the power-recycled mirror for simplicity. Figure 1
shows a schematic plot of this configuration. In quantum op-
tics, two squeezed beams passing through a half-beam splitter
become entangled as long as the two squeezed states are not
the same (e.g., Ref. [39]). Considering entanglement between
the mechanical mirrors is analogous to this entanglement gen-
eration between the two squeezed beams through a half-beam
splitter because the optical output quadrature is linearly re-
lated to the mechanical mirror position. Reference [40] shows
the entanglement between two oscillators where coupled cav-
ity modes occur by passing the output beams through the
beam splitter. However, the Y measurement is only consid-
ered in the high-frequency region, where the oscillator can
be considered as a free mass. In this paper, however, our
general analysis of the entanglement behavior is not limited
to the free-mass region. This is achieved through detuning and
feedback effects for X and Y measurements, respectively.

We first consider the Fabry-Pérot-Michelson interfer-
ometer without the power-recycled mirror. By introducing
the mechanical common and differential modes g+ = (g1
@2)/V2, pr = (p1 £ p2)/V2, and ax = (a1 £ a2)/v/2, we
derive the Langevin equations of the mechanical common and
differential modes independently as

g4+ = Qpx,

Pr = —Qqs — ZG(aIai|E +da )N2—Tps+ 2T i,
K

~iG(g+d, +q-d )/V2~Zd,

+ Vka! +E, (39)

K
—iG(gd +q-d)/N2 — Ea’,

d, =i(w, — w)d,

CZL = l(wL - (,()C)(,ZL
+ Vicay,,

where we assume that the individual mirror 1 and mirror 2
follow the same dynamics. Next, we consider the interfer-
ometer shown in Fig. 1 with the power-recycled mirror. The
asymmetry between the mechanical common and differential
modes originates from the power-recycled mirror in the com-
mon mode, which is described by the difference in optical
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Detector

Laser Input

Power-
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(o

1 Mirror2

Mirror 1

Detector

FIG. 1. Schematic representation of the power-recycled Fabry-Pérot-Michelson interferometer.

decay rates for each mode «.. The optical decay rates for the
differential mode x_ and common mode k., are introduced
in their Langevin equations and the power-recycled mirror
makes the optical decay rate of the common mode smaller
than that of the differential mode by reflecting only a por-
tion of the common-mode light. Considering the input-output
relation of the optical common mode and differential mode,
we introduce the parameter { > 1 to describe the asymmetry
using

1
Ky = Elc,. 40)

We show the details in Appendix A. Therefore, in our frame-
work, ¢ describes the asymmetry between optical common
and differential modes, which causes entanglement owing to
the half-beam splitter. Then, the Langevin equations (39) are
rewritten as

g+ = Qp+,

+d'd)/N2 - Fpi+~/_pm,

pr = —Qqs —2G(d}d, £

d, =i(wp — o), —iG(qyad, +q_d_ )/N2 — 7a+

+ Jiga +Ey. (41)
d_=ilw, — w)a_ — iG(q+a’_+q_a’+)/x/§ — ’%—a’_

+ Vr—ay,

where E, = \/Pnky/hw; denotes the input-laser ampli-
tude in the common side. Considering the linearization of
the quadratures, we derive the equations for the steady

state as
+=Qpr =0,
pe = —Qgs — V2G@d, +a*a. ') —Tpe =0,

K+/

@, = i(w, — 0)d, —iG(qd, +§-a )/V2 — —a,

+E. =0, 42)

a_ =ilw, — w)a_

—iG(gra_+q_ a+)/«/§—7a =0.

Assuming that the individual quadratures are equal to §; =
G2, P1 = P2, and @) = a,, the quadratures of the differential
mode are zero: §_ = p_ = a_ = 0. Hence, Eq. (42) can be
rewritten as

_ _ V2Gla P
q+:\/§q1: Q+ s q_:O7
P+ =0, (43)
2E
= ﬁ-/ — + 5 — 0
ENS T T A T
where we define the detuning as
G G?
A=w,—w.— ﬁ‘h =w, —w.+ 25|a1|2. (44)
Then, the perturbation equations are
g+ = Qpx,
pr = —Qq+ —2g(e %ay + e%a i —Fpi-l-\/Zprl,
(45)
Ay ) Kt +
ay =iAay —igeqy — Tai + JKxai,
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where we denote the quadratures (8q4,d8ps,dal) as
(g+, p+. d/.). The optomechanical coupling is

g=1a,1G/V2

anda, = |a |e".
Considering the adiabatic limit «+ > 2, we derive the

= |a||G, (40)

Due to the imperfect detection, the output quadratures are

Xi:\/ﬁx(it+ 1-—

where 1 € [0, 1] is the detection efficiency and the additional
vacuum noise is ((xi’)z) = 1. Under the adiabatic limit, we
have

), (52)

equation of motions in the same form of Sec. II as X - 8gi A «/’W‘_i Y Skl K2 — 4A? -
iy = onpl, @7) a2 ant ! < anr
. 48,,,’&«//& MDA s T
p;:—wiq/i—ymp/i—i-\ﬂym i 5 —|—4A2 i +.n 2 +4A2ym+ 1 77x (53)
8 gm AR For the optical phase quadratures measurement, we similarly
oYy (48)  obtain
k3 + 4nz”
4gmks/TiCE 4L A
I P SV, S N Yi—m/ VI aar
FT O paneET 2 At T 2 g @
= dicgt J 4N [kt o 2k /K - n 2 +4A2yln + 1=y (54)
KL HAA2TE T K2 4N T 2 42T
(50) Then, we consider the Kalman filter to optimize the covari-
ance matrix of the mechanical common mode and differential
where mode. Here, there is no correlation between the mechanical
Q I common mode and differential mode since the common mode
g+ =4, /_i, Pr =P 2=, is commutative with the differential mode. Using the Riccati
Wi Q2 equation (28) for the steady state, we obtain the components
of the mechanical covariance matrices V . as follows:
0?4+ 16Ag? + Q 51 N
wm— + w’ 8n =28 o (51) Vi—yl — Vm
m =",
A
x+ and yy are the optical amplitude and phase quadratures. il )
vm 1S the effective mechanical decay rate under feedback con- Vi = = vm) (55)
trol, the optical noise input is ((x$)2) = ((yiin)z) = 2Ny + 1, 12 2Aia)i ’
and the thermal noise input is ((p/i)z) 2”:7: + 1 with ntih = N ()/ — V) QuE (0 + Ai) + (yli)z _ ym)/[i)
kgTT /liyno,, Vi = 22E (@ )2 ’
We consider the measurement of the optical amplitude L3 m
quadratures of the common mode and the differential mode. where
|
a4 kA L 16(g5)*kin 56)
X @Ne + D +4A227 7T QN + D + 4422
. L 32g)’kiAn 2Np + 1
Ay =—Ay =—— , (57)
(k3 +4A2)2 20N + 1
16(gE) ks kgTT
- + m + _
iy = 2yu(2ny + 1) + m(m +1), ng= T (58)
v = \/y,g — 20k (0 + A) + Zw,ﬂ;\/w,ﬂ,j(w,ﬂ,f +2A7) + Azh (59)

Then, we obtain the solution for each oscillator’s canonical
operator with a transformation operation using the half-beam
splitter:

Q) o 1 0 1 0
Pl _ ol P+ _L 0O 1 o0 1
ol=s1a ] 5=l 0 & o @
P> P_ o 1 0 -1

(

where Q; and P; with j = 1, 2 denote the dimensional posi-
tion operator and momentum operator for each mirror, and Q.
and P, (Q_ and P_) denote the dimensional position operator
and momentum operator for the common mode (the differen-
tial mode), satisfying [Q4, P+] = ifi. The covariance matrix
with the basis of the individual mirror (Q;, P1, @, P>) is

given by
_ofV+ O N\e_ (Vi Vi
V= S< 0 V_>S - <V12 Vz)’ ©D)
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TABLE I. Parameters employed in Refs. [5,6] and expected from the state-of-art technique. The detuning for the optical common mode is
6y =¢6_,and Q, C,, and ntt are decided in Egs. (68)—(70).

Symbol Name Value Reference
Q Mechanical frequency 2w x 2.2Hz [5,6]
') Mechanical decay rate 2w x 107°Hz [5]
T Bath temperature 300K [5,6]
n Detection efficiency 0.92 [5,6]
m Mirror mass 7.71 x 10~%kg [5,6]
l Cavity length 107'm [5.6]
oL (= o) Laser frequency 27 x 300 x 10> Hz [5,6]
K Optical decay rate 27 x 1.64 x 10°Hz [5,6]
F =2mc/lk_ Finesse 1.8 x 10° [5.6]
P Input laser power 30 mW [5,6]
Vin Effective mechanical decay rate under feedback control 27 x 6.9 x 1073 Hz

N Thermal photon number 0

6 =A/k_ (Normalized) detuning 0.2

¢ Normalized detuning ratio of differential mode to common mode 3

|a| Expectation value of cavity photon quadrature 1.27 x 10°

g = |al(w./0)NT2me Optomechanical coupling 27 x 2.68 x 103 Hz

O_=w,,/Vn Quality factor 7.5 x 10*

Q. is defined by Eq. (68) 1.6 x 10°

C_ = 4(g,)*/ Ymk— Cooperativity 1.1 x10°

C, is defined by Eq. (69) 1.6 x 10°

ny, Thermal phonon number 7.5 x 10°

n; is defined by Eq. (70) 1.8 x 103

where V. is the covariance matrix with the basis (Q4, P+)

defined as
Byt Ayt
V <2mw; Vi Vi ) ©2)
i = ﬁ 2 b
2 Vlj2: mhwk V2j2:

and V1, V12, and V; are 2 x 2 component matrices. To ana-
lyze the entanglement behavior between the individual mirror
1 and mirror 2 in Fig. 1, we introduce logarithmic negativity
[18,44] with the basis (91, P, O, P») as

_J3r
EN:max{O,—logz (%\/Z 22 4detv>}’ (63)

where X = detV; + detV, — 2detV,. For a two-mode
Gaussian state, the system is only entangled if the logarithmic
negativity is positive: Ey > 0. The critical value €, is defined
as the second part of the brace in Eq. (63),

2 |2 — /%% — 4detV
€cr = — 10g2 = s (64)

h 2

and €. > 0 shows that the state is entangled. Using the
steady-state covariance matrix for the mechanical common
and differential modes, we have

s - Pl =y -
8 A
A+ o) +2A; +a))

— +
a)Wl wm

Y) (VEHVE—vav- — V2
W,

+2 (65)

h%V+-—7mXV—-—ym))2<yf—-%ﬁ

At
detY = ( 4L 4 4)
oy,

16274 (o;h)?
2 2 +
- A
s m 420 g, (66)
() o
We introduce the quality factor Q. and cooperativity Cy. as
w:l: 4( g:t )2
Qr=—", Co=-—""4 (67)
Vm Vmk+

We can derive logarithmic negativity as a function of Q.+, Cy,
nfﬁ, Nn, A/ky, and 1 (see Appendix B). Additionally, our
results are not limited to the free-mass region. By introducing
the normalized detuning §+ = A/ky, the relation (40) leads
to

B 4C_5_(Z* - 1) 172
Or = Q‘<1 o (4 +4;252)) oY
B 4C.8_(2—1) -1z
C*_§a<l+gu+4¥x1+4yﬁ)) -

Whereas the resonance frequency is written as Q/y, =
\/Q(Q —4C8 + 408%)/(1 + 48%), the stability condition
0+(1+ 481) > 4Cy 4y is always satisfied for §1 > 0 from the
definition (67). As a result, we note that the stability condition
is satisfied for any (Cy, Q4+, §+) as long as 6+ > O.

Next, we discuss the entanglement behavior of our re-
sults. We adopt the parameters in Table I, some of which
have already been achieved [5,6], whereas others are conser-
vative parameters expected in the midterm future. Here we
assume the structural damping F(wi) =T'(Q)Q/ wnﬂ;, which
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104
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L
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5. 5.

FIG. 2. Upper panels: The critical value €., as a function of C_/ny and §_ is shown in the upper left panel, while the same is shown as
a function of I'(€2)/27 and 6_ in the upper right panel. We consider the X measurement of both the optical amplitude quadratures of the
common and differential modes X... We assumed the structural damping I'(w®) = T'(2)Q/w?, which leads to nf = kzTT(Q)Q/AT,, (01)2.
We also assumed that the environmental temperature 7', effective mechanical decay rate y,,, mechanical frequency €2, and optical decay rate
k4 are fixed, which are given in Table I. The entanglement generation between two oscillators is achieved for the region in dark brown €, > 0
in the left and right panels, including black circles. We also show the entanglement behavior of each point as a function ¢ in Fig. 9 with the
same color curve. Lower panels: The lower left and right panels show o and w;, as functions of 5_, respectively.

leads to
kgTT(Q2)Q2
Ry (wi )2 ’

The environmental temperature is effectively lowered by the
feedback control as T — T = TT'/y,,, which reduces the
thermal noise as in Eq. (70).

We now consider the tabletop experiments with mg
scale mirrors, so assume that the mechanical frequency €2,

ng = (70)

X measurement In[Ein]

0.6
L4 0.4
0.2
=0
—-02
— 04

[) —-0.6
0 — I_O-8
00 02 04 06 08 1.0

o

FIG. 3. The natural logarithm of the minimum eigenvalue for the differential mode covariance matrix of the mechanical mirrors

effective mechanical decay rate y,,, bath temperature 7', op-
tical decay rate x4, and ratio of the optical decay rate ¢
are fixed as those in Table I; the variable parameters are
the bare mechanical decay rate I' and the detuning A. In
these parameter regions, the measurement of the optical
phase quadrature is experimentally difficult. Thus, we primar-
ily consider the measurement of both the optical amplitude
quadratures of the common mode X; and the differential
mode X_.

X measurement |n[E;;]in]
20
1.5
15 )
1.0
C_Ing, 10 05
=0
5 -0.5
°
L / -1.0
0 I\ oo

00 02 04 06 08 1.0

o
E_ is

min

shown in the upper panel, while the same operation for the mechanical common mode E, is shown in the lower panel. Here, the covariance

matrix is normalized at the frequency w and each component is given by (55) (also see Appendix C). When EX_

is less than the vacuum fluctuation.

< 1, the squeezed uncertainty
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The upper left panel of Fig. 2 plots €, for the X mea-
surement of both the optical amplitude quadratures Xy as a
function of the quantum cooperativity C_ /n,, and the normal-
ized detuning §_. Here, the quantum cooperativity depends on
both I and ., and the upper right panel of Fig. 2 shows the
same plot as a function of I' and §_. Entanglement appears
for €. > 0, which is achieved for the dark brown regions in
the upper left and right panels. The minimum quantum coop-
erativity required to generate the entanglement is C_ /n, >~ 3,
and §_ ~ 0.1-0.2 is advantageous in generating entanglement
for the X measurement. The lower panels of Fig. 2 show the
behavior of the frequency w> as a function of the detuning §_.
In the X measurement, the entanglement is optimized near the
peak of the frequency of both modes, 800[Hz] < w /27 <
1.4[kHz] and 400[Hz] S w,, /27 < 500[Hz].

The quantum-squeezed state does not always mean the
entanglement between the mirrors. Namely, there is no one-to-
one connection between the quantum-squeezed state and the
entanglement, which is demonstrated in Figs. 3 and 4. Figure 3
shows the natural logarithm of the minimum eigenvalue for
the mechanical covariance matrix (55), for X measurement
as a function of C_/n, and §_. When the minimum eigen-
value is less than 1, the state is quantum squeezed because
the squeezed uncertainty is less than that of the vacuum
state. Therefore, the region, C_/ng; < 1 and 0.1 $6_ 0.8
roughly, satisfies the condition of a quantum-squeezed state.

Figure 4 shows the curves as the contour for the Wigner
function satisfying W = e~ W;p.x. The red dashed, blue solid,
and black dotted curves correspond to the Wigner contours
of the mechanical common mode, the mechanical differential
mode, and the ground state. Each panel assumes that the
parameters C_/n, and §_ correspond to the colored circles
in Figs. 2 and 3, respectively. Figure 4(a), which corresponds
to the green circles in Figs. 2 and 3, respectively, shows the
case when neither mode is quantum squeezed and the entan-
glement does not occur. Figures 4(b) and 4(c), corresponding
to the blue and red circles, illustrate the cases in which only
mechanical differential modes are quantum squeezed and both
the mechanical common and differential modes are quantum
squeezed, respectively. However, the entanglement is not gen-
erated in the case for Figs. 4(b) and 4(c). Thus, the behavior of
Figs. 4(b) and 4(c) on the negativity is similar, but the behavior
on the squeezing is different as is shown in Fig. 3. Figure 4(d),
corresponding to the black circle, represents an experimen-
tally feasible parameter expected from the proposed technique
[5,6] by using Co, ntih, and Q4 in Table L. In this case, both
the modes are quantum squeezed and the entanglement is
generated.

Now we discuss the relationship between quantum squeez-
ing and entanglement. The red circle in the upper panels of
Figs. 2 and 3 demonstrates that squeezing does not neces-
sarily imply the generation of entanglement. As shown in
Fig. 4(c), where entanglement is not generated in Fig. 2, we
find that the mechanical differential and common modes are
in a quantum-squeezed state. We infer that purity plays a role
in the generation of entanglement. Figure5 plots the purity as
a function of C_/ny and é_ for the mechanical differential
mode (upper panel) and common mode (lower panel). We
find that the high purity and the quantum squeezing are nec-
essary for generating entanglement. At 6_ = 0.2, we roughly

(a) GREEN

m P
) Pe

2 /mhw,

4/mh(wp,+w,

C./ng, =15 C.ing =15 |
4 6.=0.01 a7 62001 |
- -2 0 2 4 -4 =2 0 2 4
V2mw? /A Q. N m(wpy,+wh) [A Qx
(b) BLUE
4 —_common | 4
— differential | Q!
g 2 e vacuum :?:\E 2
+HE 7 + //
3 I_E
‘g 0 J s 0
= 4 = 2
£
) 1 3 -2
C_Inp =15 | C_Ing, =15
(5_ =0.9 6.=09
-4 3 -4
-4 -2 0 2 4 -4 -2 0 2 4
N2mws /B Qy \m(wy,+wh) /A Qs
(c) RED
4 4r
2 ¢ 2
q 3§ : .
E [ Iy
2 o F 0
e ¢ 3 Y
S T | 4
=2 3 2
' C.ing=3 [ C.Ing=3 |
6.=04 6.=0.4
4! _4 ]
-4 -2 0 2 4 -4 =2 0 2 4
V2mw /A Q. N m(wy+wh) [A Qx
(d) BLACK
4 4f
« 2’
¢ 2 3
WE + [
3 & [
s 0 ) 0f
5 £
-2 3 -2
-4 —al
-4 -2 0 2 4 -4 =2 0 2 4

szw;/h Q. Nm(wp,+wh) /7 Q.

FIG. 4. The Wigner ellipses of the mechanical common mode
(red dashed line), mechanical differential mode (blue solid line), and
ground state (black dotted line). The covariance matrices of common
and differential modes’ mechanical mirrors are normalized with the
frequency Z in the left panels and with (w 4+ ;)/2 in the right
panels. Each panel corresponds to the parameters specified by the
colored circle in Fig. 2: (a) green circle, (b) blue circle, (c) red circle,
and (d) black circle. The circles with the same color in Figs. 2, 3, 5,
6, and 7 assume the same parameters.

need P_ X 0.5 and P, X 0.8 for generating the entanglement
between the two mirrors. The measurement rate in the X
measurement, which is the coefficient of ¢/, in the first term
on the right side of Eq. (53), is maximized around 6_ = 0.2.
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X measurement P_
20f ] 1 ] |
0.8
15 0.7
0.6
C_Iny, 10} ~05
—04
50 =03
0.2

0t 0.1
00 02 04 06 08 1.0

6.

X measurement

P,

20f

0.9
0.8
0.7
= 0.6
—0.5
—04
0.3
0.2
0.1

15

C_Ing, 10}

W

00 02 04 06 08 1.0
o

FIG. 5. The behavior of the purity of differential (upper panel) and common (lower panel) modes. By combining this figure and the upper
panels of Fig. 2, one can roughly read that P~ X 0.5 and P, X 0.8 are necessary at §_ = 0.2 for generating the entanglement.

Thus, the purity required for entanglement increases as 6_
shifts from 0.2.

From an analogy of the entanglement generation by pass-
ing the two squeezed beams through a half-beam splitter, it
is known that the difference in the squeezing angles is an
important factor. This can be read from the right panels of
Fig. 4. We note that this is the property when the Wigner
ellipse is plotted with the variables normalized by the fre-
quency (o, + ®;,,)/2, as is done in Ref. [40]. However, the
left panels of Fig. 4 show the same plots as the right panels
but with the different normalization of the variables with w=.
The common mode and the differential mode are normalized
with wjn' and w,,, respectively, and then the phase diagram of
the vacuum state is the circle with the unit radius. Following
this normalization of the variable, the entanglement can be
generated even for the cases of the small difference of squeez-
ing angle between the mechanical common mode and the
differential mode. Figure 6 plots the difference of squeezing
angle between the common mode and the differential mode as
a function of C_/n, and 6_, where squeezing angle is defined
using the Wigner ellipses normalized with the a)f; as shown

(8,-6.)/7

X measurement

0.07
0.06
B = 0.05
C_/nth 10'
— 0.04
—0.03

0.02

f

b

0
0.0

: : : : 0.01
04 06 08 1.0
o
FIG. 6. The behavior of the difference of two squeezing angles
between the mechanical common mode and differential mode nor-
malized by the frequency w, which is small in our system.

m?>

0.2

in the left panels of Fig. 4. One can see that the difference
of the squeezing angle is quite small in the entire region of
the plot. We note that these differences of the normalization
do not affect the entanglement at all because the entangle-
ment does not depend on the normalization of the Wigner
ellipse.

We next discuss the entanglement behavior and phase dis-
tribution for the ¥ measurement in Figs. 7 and 8, which
are similar to those of the X measurement. Figure 7 shows
that the entanglement is more easily generated for small 61
compared to the case in the X measurement (upper panels
of Fig. 2). The difference is understood by the efficiency of
the measurements, which is described by the first term of the
right-hand side of Egs. (19) and (21). The ellipses in Fig. 8
show the significance of squeezing for the ¥ measurement,
where each panel corresponds to the parameters specified by
the colored circles in Fig. 7. For the free-mass limit with
8+ = 0 and ¢ ~ 70, the squeezing angles looks near orthogo-
nal when the Wigner ellipses are normalized by the common
measurement rate, which is consistent with Ref. [40]. From an
experimental point of view, it should be noted that conducting
the homodyne (Y) measurement assumed in Table I is not
easy due to the problem of detection of such a high-power
laser, which might make entanglement generation with the X
measurement advantageous under the condition of the param-
eters in Table I. Finesse can be enhanced in order to avoid
this difficulty; however, it reduces the linear range of the op-
tical cavity such that cavity length control becomes difficult.
In the above analysis we fixed the parameter ¢ = 3, which
characterizes the asymmetry of the mechanical common and
differential modes. Here we discuss how the entanglement
behavior depends on the parameter ¢{. Figure 9 shows the
logarithmic negativity for the X measurement (left panel) and
the frequency ratio o /w, (right panel) as a function of ¢.
The entanglement with the parameters in Table I, which is the
solid black curve, saturates for ¢ X 10. The green curve in
the left panel of Fig. 9 increases significantly as ¢ increases.
We infer that the joint effect of the mechanical common mode
and the differential mode on the entanglement is important.
Figure 10 plots the purity of the common mode P, as func-
tions of ¢, where the purity of the differential model P_ is
fixed for each curve as P_ = 0.67 (black solid curve), 0.05

032410-10



GENERATING QUANTUM ENTANGLEMENT BETWEEN ...

PHYSICAL REVIEW A 107, 032410 (2023)

Y measurement Ecr

-1.0
—-15
— =20
—-25
—-3.0

C_iIng, 10}

s Wy
00 02 04 06 08 1.0 l
5.

Y measurement

1074

10-¢

Q)2 [Hz]

10784
0.0

FIG. 7. Same as the upper panels of Fig. 2 but for the Y measurement. We consider the Y measurement of both the optical phase quadratures

of the common and differential modes Y.

(green solid curve), 0.81 (blue dashed curve), and 0.60 (red
dash-dotted curve). The green curves in Fig. 10 and the left
panel of Fig. 9 demonstrate that the entanglement appears by
increasing the purity of the common mode when ¢ increases,
even when the purity of the differential mode is small. We note
that this statement relies on the fact that the squeezing level of
the differential mode is fixed. Furthermore, the measurement
efficiency, which is the coefficient of g in the first term of the
right-hand side in Eq. (19), plays an important role for the
squeezing through the detuning parameter when ¢ changes.
Thus ¢ is important for entanglement to control the purity
and the asymmetry of the squeezing between the mechanical
common and the differential modes which is caused by the
asymmetric measurement efficiency.

V. SUMMARY AND CONCLUSIONS

We investigated the feasibility of generating a macroscopic
Gaussian entanglement between mechanical oscillators cou-
pled with cavity optical modes under continuous measurement
and feedback control. The mechanical oscillators are trapped
with an optical spring owing to the detuning and squeezing
achieved by measuring the output light. We considered a
Fabry-Pérot-Michelson interferometer with a power-recycled
mirror to generate asymmetry between the mechanical com-
mon and differential modes. In this system, the two oscillators
are entangled by the optical beams passing through the half-
beam splitter. This follows from the fact that the entangled
beam is generated by squeezed beams passing through a
half-beam splitter. In our optomechanical systems, the
squeezed states of optical beams are produced through
measurement with the Kalman filter, which optimizes the esti-
mation of the oscillator quadratures, whose covariance matrix
is determined by the Riccati equation in a steady state. We
derived the logarithmic negativity for the X and Y measure-
ments in an analytic manner, including detuning and feedback
control, and they are not limited to only the free-mass regions.

We analyzed the logarithmic negativity and phase-space
distribution, assuming tabletop experiments with the ex-
perimentally feasible parameters expected from the present
technique [5,6]. The quantum cooperativity C./nE and the

th
detuning 6 characterize the entanglement behavior. The com-

mon mode and the differential mode of the oscillators are
quantum squeezed for Cy/ nl“T: = 1; however, it is not enough
for entanglement generation. Namely, entanglement does not
occur in the region with low purity even if both mechani-
cal modes are squeezed. Therefore, quantum-squeezed states
with high purity are necessary to generate entanglements. The
required values for generating the entanglement depend on
the detuning and measurement schemes. For the X measure-
ment, the condition of the quantum cooperativity C_/ng < 3
is required, assuming ¢ = 3 and §_ = 0.2. These values will
be achieved in the midterm. The required values for the Y
measurement can be slightly weakened depending on the level
of detuning applied, though the homodyne (Y') measurement
with high-power laser is experimentally difficult to achieve.
Thus, it is possible to experimentally generate quantum entan-
glement between mg-scale objects in the near future. These
predictions of quantum entanglement between macroscopic
objects are not only a first step towards verifying the quantum
nature of gravity but may also assist in verifying quantum
mechanics in the macroscopic world.

For a realistic experimental setup, there are issues to be
further considered. In the present analysis, coating thermal
noise is ignored. This approximation is typically valid for
the bandwidth around 1 kHz [5], but the influence of such
a noise should be clarified in wide parameter regions. In an
optomechanics with suspended mirrors, there exist additional
mechanical modes other than the pendulum mode, e.g., rota-
tion mode and violin modes [47], which is also left for future
investigations.
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(a) GREEN where we assume that the optical decay rate is the same. Since
4 4 there is no mirror on the differential mode side, we obtain the
¢ I/" output optical quadrature of the differential mode as
o 2 i 3’ 1 2 12
E 0 .", * 1;5 0 X~ = Yout — Xout — Xin — Xin — \/E(-xl - .X2)
£ "., 2 N N
g
-2 I = 2 ] -
C.in, =15 > | Cing,=15 | = X, — VK- (A3)
6.=0.01 v 6.=0.01
-4 -4 . . . . . S
-4 -2 0 2 4 -4 -2 0 2 4 Then, we consider the input-output relationship considering
N2maw? /h Q. Nm (W wi) /7 Q. the power-recycled mirror on the optical common mode side.
(b) BLUE Using the transmissivity 7" and the reflectivity R =1 — T, we
4 4 have
-~ « — + _ + / +
¢ 2 Ve N x 2 /7 \\\ Xout = \/Exin + Tpout’

x
2/ mhwi,
(=)
270N
\\__,/
4/mh(wp,+w,
=)
TN
\\._’/

-2 \\_,// ) \\_///
C.Ing =15 C.ing, =15
_4 6.=0.9 _4 6.=09
-4 -2 0 2 4 -4 -2 0 2 4
\2mws /A Q. A m(wy,+ wh) /A Qs
(c) RED
4 4
¢
&“ 2 :3?5 2 //-N\
ﬁ3s + I/ \\
£ 0 s 0 [ ]
= rY \ /
N g \\_//
) ) 3 -2 ]
C_Ing =3 C_lng=3 |
6.=04 6.=04
-4 -4 .
4 2 0 2 4 4 2 0 2 4
v2mwk [h Q. M (wy+wh) [h Qs
(d) BLACK
4 4
2 ¢ 2
& ) p
5 *
g0 30
— < 4
~ € Z
-2 3F 2
A4 _4 |
4 2 0 2 4 4 2 0 2 4

M (wpy,+wh) [A Qs

FIG. 8. Same as Fig. 4 but for the ¥ measurement, i.e., the
Wigner ellipses in the the phase space for the colored grid points
in Fig. 7.

APPENDIX A: INPUT-OUTPUT RELATION
FOR THE INTERFEROMETER

We consider the input-output relation for the power-
recycled Fabry-Pérot-Michelson interferometer shown in
Fig. 1. The input-output relation of the individual Fabry-Pérot
cavity is obtained by

X = xh = Viexi, (A1)
X2, = x2 — Jkx, (A2)

pif = —/Rpi + VTxi, (Ad)
where pg, and p;' are

Xou + oy
Pou = T (AS)

x! -+ x2

+ in in
O = ——F— (A6)

V2

Hence, the output optical quadrature of the common mode is

o Xy + X5, — vV i;ﬁ’f(xl +x2) o ﬂxx
out ﬁ in 1_'_\/? +-

(AT)

Hence, we derive the relation between the optical decay rates
of common mode and differential mode as

1—+R
KL = ——K_
TTI4 VR

1
—K_. (A8)
¢

APPENDIX B: LOGARITHMIC NEGATIVITY

Using the quality factor Qi = X/, and cooperativity
Cy = 4(gE)? /ymic+, we obtain

3 16C18%n _

Ym Ny + D(1+483)2 — %7

AL 4C

- L (B1)
Y 2nNp 4+ D(1 4 487)?

Ay _ AV 8Cidin 2MNa+l _ o, )

Y Ym (144822 29Ny+1 X7

iy N 4Cy B

S 24— (ONgp+ 1) =i, B3
" nm+ + (a1 +4(Si)( th+ 1) ny (B3)
+ + + = +

A A A

o 1—2Q§E(1+ L [1+2—1L +”§’2>

Yim Ym O+ vmQO+  Vi0%
=y, (B4)
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FIG. 9. The behavior of the logarithmic negativity for the X measurement (left panel) and the ratio of frequency of the mechanical common
mode to that of the differential mode (right panel) as a function of ¢. Each curve in the four colors assumes the same parameters as those of

the circle in the same corresponding color in Fig. 2.

where we define 5+ = A/ky. From Egs. (65) and (66), we exactly derive the critical value as

= — logy| =D D) <(y'+/)2 S /Rt 707 et BNP LV o NP Vs Q‘)
T2 4 0.0 0 0
/ — ’ —/ / — 2
. ((V1+)2+(V1 )2_1)(V1+ — VI )2 +4(A;r + 0+ _ A; +Q)
010% 0- 0.,
— —ry - _ 12
+ 4y1+/(3’1+/ — v A+ 04) 4l 7 =W+ 00) (BS)
0,0* 030-
APPENDIX C: SQUEEZING ANGLE
The covariance matrix of a single mirror is diagonalized as
3V + Ve — \/(Vn — V)2 +4V3) 0

V=pP

where Enyin (Enmax) denotes the minimum (maximum) eigen-
value of the covariance matrix Vi. P is the rotation

1.0p
_
0.8} 1

0.6/ %y
P, <

0.4/

0.2} TR

0.0~

FIG. 10. Purity of the mechanical common mode for the X mea-
surement as a function of ¢. Here P_ is fixed for each curved as
P_ = 0.67 (black solid curve), 0.05 (green solid curve), 0.81 (blue
dashed curve), and 0.60 (red dash-dotted curve).

P

TVii+ Vo + \/(Vn — Vn)? +4V2)

(ChH

(

matrix

Emnax+Emin —2Vi )

iU+ By 1

P i Emax_Emin
1 Emax+Emin—2V) 1 Emax+Emin—2V
_\/E (1 - Emax—Emin “) \/E (1 + Emax—Emin “)
(C2)
and its components are defined as
__ (cos(—=0) —sin(—0)
P= <sin(—9) cos(—6) J° €3
Hence, the squeezing angle can be obtained as follows:
JVm ViR + 43 v - v
0 = arctan
\/(sz — V)2 +4VE — Vi + Vo
Vir — Emin
= arctan MBS (C4)
Emax - Vll
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