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We investigate the generation of quantum correlations between mechanical modes and optical modes in an optome-
chanical system, using the rotating wave approximation. The system is composed of two Fabry—Pérot cavities separated in
space; each of the two cavities has a movable end-mirror. Our aim is the evaluation of entanglement between mechanical
modes and optical modes, generated by correlations transfer from the squeezed light to the system, using Gaussian intrinsic
entanglement as a witness of entanglement in continuous variables Gaussian states, and the quantification of the degree of
mixedness of the Gaussian states using the purity. Then, we quantify nonclassical correlations between mechanical modes
and optical modes even beyond entanglement by considering Gaussian geometric discord via the Hellinger distance. In-
deed, entanglement, mixdness, and quantum discord are analyzed as a function of the parameters characterizing the system
(thermal bath temperature, squeezing parameter, and optomechanical cooperativity). We find that, under thermal effect,
when entanglement vanishes, purity and quantum discord remain nonzero. Remarkably, the Gaussian Hellinger discord is
more robust than entanglement. The effects of the other parameters are discussed in detail.
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Hellinger discord, Gaussian geometric discord
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1. Introduction

Entanglement!! ) is a fundamental feature of quantum
mechanics, which plays a crucial role in different appli-
cations of quantum information processing, such as quan-
tum teleportation, superdense coding,! telecloning,!®! and
quantum cryptography.!’! In optomechanical systems, entan-
glement is due to the interaction between the movable mir-
ror and the radiation field via the radiation pressure. 8101
Recently, several studies have been conducted to investigate
entanglement and quantum correlations in optomechanical
systems.[!1=17] But the entanglement is very fragile under the
thermal effect when the quantum system interacts with its en-
vironment; it is a decoherence phenomenon.[lgl Moreover, in
optomechanical systems, it has been found that the entangle-
ment disappears rapidly under the effect of certain parameters;
it is the entanglement sudden death (ESD) phenomenon. "]
This phenomenon occurs when the entangled multipartite
quantum system is placed in Markovian environments. 20-24]

In this paper, we use a system consisting of two spatially
separated Fabry—Pérot cavities, each cavity having a movable
end-mirror (as shown in Fig. 1). Our objective is to study
the quantum correlations between mirror 1-mirror 2 and op-

tical 1-optical 2 modes in this system, by making use of the
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rotating wave approximation. Thus, after derivations of the
steady state of the mechanical and optical modes of two-mode
continuous variables Gaussian states, we will analyze Gaus-
sian intrinsic entanglement and Gaussian geometric discord in
terms of Hellinger distance to quantify quantum correlations,
while as the purity to quantify the mixedness between mechan-
ical and optical modes.

The rest of the present article is organized as follows. In
Section 2, we describe the model and the system under in-
vestigations, we also give the expression of the Hamiltonian
and the quantum nonlinear Langevin equations (QLEs) for the
mechanical and optical modes. In Section 3, we linearize the
QLEs and derive the quantum equations that govern the dy-
namics of the system. In Section 4, in Gaussian state of con-
tinuous variables we calculate the covariance matrix of the
system in the steady state. Then, we study the Gaussian in-
trinsic entanglement!>! to measure the quantum correlations
between mechanical and optical modes, and the purity to mea-

sure the mixedness!23-26

I (Section 5). Finally, we use also the
Gaussian geometric discord in terms of the Hellinger distance
to characterize the quantum correlations beyond the entangle-
ment between mechanical and optical modes!?¥! (Section 6).

Conclusions close the paper.
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2. Model

We consider two Fabry—Pérot cavities composed of a
fixed mirror (spatially transmitting) and a movable mirror M,
(p = 1,2) (perfectly reflecting). The mass and the frequency

of the p movable mirror are respectively my, and @y,. As

illustrated in Fig. 1, the cavities are coupled to a common two-
mode squeezed light from the output of the parametric down
conversion, and are pumped by coherent laser field which is
coupled to the movable mirror My (M) via radiation pressure

[10

with the coupling rate g, = (04, /Lp)/n/m,®p,.!"" where

L, is the p™ cavity length.

movable mirror 1

two-mode squeezed

movable mirror 2

light source H
——l @

laser coherent
sources

Fig. 1. The schematic diagram of two identical Fabry—Pérot cavities coupled to a two-mode squeezed light from spontaneous parametric down-conversion
and driven by coherent laser sources with amplitude €, and the squeezed vacuum.

The system Hamiltonian in frame rotating with @, is given by!

12]

M=) {thpd;dl’ +h(@a, — wLp)a;aP +hgﬁa;aﬁ(d; +dp) +h(‘1j¢£ﬂ€i¢’) +a,,e,,e_i¢p)} ; (H

p=1

where @,, is the p cavity frequency, ¢p and g, =
\/W (p = 1,2) are respectively the phase and the
input coherent field. «x, is the cavity damping rate, P, is
the driving pump power, @, is the frequency of the p™M in-
put field. The mechanical modes are considered as quantum
harmonic oscillators, with annihilation and creation operators
d, and d; satisfying the commutation relations [dp,d;} =1
(r=1,2). ap and a}; are the annihilation and creation opera-
tors of the p™ cavity mode, with [ap,a;',] =1(p=12).

Considering the Hamiltonian Eq. (1), the nonlinear quan-
tum Langevin equations, describing the dynamics of the mov-
able mirrors and optical modes are written by?°-3!]

dp =~ (ion, + @) dy —igpaba, + VTpd?, ()

2
. K, . . +
ay,=— (717 - 1A,,) ap—igpap(d,+d,)
—ig,e' % 4\ /ia) 3)

with ¥, and A, = @, — @,, are respectively the mechanical
damping rate and laser detuning (p = 1,2), d},“ is the p™ noise
operator describing the coupling between mechanical mode
and its own environment and ai[? is the squeezed vacuum oper-
ator.

For a large value of the mechanical quality factor, it can be
assumed that the mechanical baths are Markovian. The non-
zero correlation function*233 is given by

(dy D)y (1)) = (ny, +1)8 (1 —1"), )
(dy T () (")) = nn, (1 —1"), (5)

where the thermal baths photons numbers in the p cavity is

haoy -1
o1

with kg being the Boltzmann constant.
The squeezed vacuum operators a)) and aiﬂ have nonzero
correlation properties>*

(ay (ay (1) = (N +1)8(t 1), (6)
(ay (Dap (1) = N8 —1'), o

O = Me TS, akp,  ®)
(@ (O)ap (1) = M S (1 ~1). q#p, O
where N = sinh?r and M = \/N(N +1) with r being the

squeezing parameter characterizing the squeezed light (we
consider Wy = Wy, = Wyy,).

3. Linearization of quantum Langevin equa-
tions

The nonlinear quantum Langevin equations are in general
non-solvable analytically. In this way, we use the scheme of
linearization given in Ref. [35]

d,=d,+8d,, a, =d,+0ap, (10)

where 8d, and Sa,, are the operators of fluctuations. d, and

dp are respectively the mean values of the operators dj, and a,.

Considering Egs. (2) and (3) in its steady state, one can obtain
—ig,el%

i, = e ™ 11
@ 2—iAy an
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7 —igpla, ?

12
P24 10y, (12)

where A, = A,
tive cavity detuning which depends on the displacement of

— gp(d, +d},), is considered as the effec-

the mirrors due to the radiation pressure force. Replacing
d, =d,+ 8d, and a, = a, + 8a, in Eqs. (2) and (3), thus

8dp = — (10w, + %) 5d,

+Gp(8ap—8al) + /Tpdy, (13)
S, = — (% ~i4;)8a

—Gp(8d) + 8dp) + \/Kpay, (14)

where G, = g, | @, | is the many-photon optomechanical cou-
pling inside the p™ cavity, ¢p is the arbitrary phase of ph

put laser ¢, = —arctan(24,/x,) and @, = —i | G, |. Using
the notations 8a,,(t) = 8a,(t) e, 8d,(1) = 8d,(1)e 1M,
Gn = e 4140 and dln = lePldIi,n, equations (13) and (14)

P p’

became

&i,,:-ﬁ&i +Gy (8ayelGrram ) gat e ia-ou))
+ VT, (15)

8ip = —=2-8ay Gy (84 M) 4 8,014 o))

_"_\/iﬂn (16)

Using the rotating wave approximation (RWA)[19361 (i e,
O, > K, with p = 1,2), the effective cavity detuning is re-
duced to A[’, ~ Ap, and one can neglect the terms rotating
at £2wy,. When the cavity is driven at the red sideband
(Az/v =—0uy, with p = 1,2), equations (15) and (16) become

day —%p/2 =Gp ) \bdp V&)

4. Steady state covariance matrix

The linear quantum Langevin equations allow us to de-
duce the covariance matrix (CM) that describes the evolution

of the steady state of the system, then to characterize pu-
rity, entanglement, and beyond entanglement between various
modes by making use of different criteria and quantifiers of
correlations.

For the sake of simplicity, we consider that the two co-
herent sources have identical strength, and the thermal baths
of two mechanical mirrors are at the same temperature 77 =
T, =T (nn, = ne, = nyp). Furthermore, my = my =m, ®, =
W, =0, O, =00, = OM, Kl =K =K,and y; = =7.

To derive the explicit formula of the CM for continuous
variables, we consider the EPR-type quadrature operators for
the two subsystems

. 8d}+4d, 8d, — 8d}
80, =—+2 "t §p, =""L P 5—12 (18
Qa, NG dp A p (18)
. dal+da da, —8d,
80, =—2 L §p, ="L P 5—12 (19
Qap \/Q dap 1\/§ p ( )
Equation (17) becomes in terms of quadrature operators!!'#!
604, = ~2804, +G80u, + 10, p=12, (0)
58, :—Zéﬁd +G8B, +VIPD,  p=12, QD)
604, = 5804, ~ G804, + VKO, p=12, (2
X K
8P, =3 8P, —G8Py +VKB:,  p=12 (23)
with
. JinT+d’in ) d"'inijinT
in P P Bin P p
= , =+ £ =1,2, (24
de V2 dp i\ﬁ p (24)
~1r1T ~1n ~in ~in¥t
+a o a, —a
=L L pr=_r__Pr  p=12 (5
O =" =T P (25)
Equations (20)—(23) are given in a compact matrix 3’}
u(t) = Au(t) + A (1) (26)

with the following form of

MT(t) = (6Qd|aépaﬁa5Q~d276pd276Q¢1176Pa1a5Q~0276pa2)
() (\/,}7lev\/’}7 d17\/7Qd27\/77 dzvaa17f al’anZ’ﬁ~;;)’

where
—-y/2 0 0 0 g 0 0 0
0 —vy/2 0 0 0 g 0 0
0 0 —-y/2 0 0 0 g 0
A— 0 0 0 —-vy/2 0 0 0 g
| -G 0 0 0 —-x/2 0 0 0
0 -G 0 0 0 —-x/2 0 0
0 0 -G 0 0 0 —-x/2 0
0 0 0 -G 0 0 0 -—x/2

27

Since all eigenvalues of the drift matrix .4 are negative (for
G > K,7, i.e., 2G > K+ 7), the system under study is stable.[*8]
The steady state of the system can be described by the co-
variance matrix whose form is V;; = (1/2)((u;(t)u;(t") +
uj(t")ui(t))). Then, the covariance matrix in steady state can

be derived by considering Lyapunov equation, given by 3%40]

AV4+vAT = — (28)
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with © being the matrix of stationary noise correlations,
whose elements are ©,,,6(t — ') = (1/2)({Am(t)An(t") +
An(t) Am(2))), the explicit expression of D is

Y 0 0 0 O 0 0 0
0Oy 0 0 O 0 0 0
0 0 vy 0 o0 0 0 0
D_ 0 0 0 Y o 0 0 0
o 0o 0o o0 « 0 Mx 0 ’
0 0 0 0 O K’ 0 —-Mx
0 0 0 0 Mk 0 K 0
0o 0 0 0 0 -Mx O K
(29)
where ¥ = y(ng, +1/2) and ¥’ = k(N +1/2).
The covariance matrix in steady state is given by
Vl 0 V13 0 V15 0 V17 0
0 Y 0 —Vi3 0 V5 0 —Vyy
Viz 0 Vi 0 Vi 0 V5 0
0 -Vi3 0 Vi 0 =Vy7 0 V5
V= Vis 0 Vi 0 V, 0 Vs; O - 30
0 V15 0 -Vy7 O V> 0 7V57
V17 0 V]5 0 V57 0 Vz 0
0 -Vi7 0 Vis 0 —Vs; 0 WV,

For the two-mode symmetric squeezed thermal states, the co-
variance matrix for each subsystem (mirror 1-mirror 2 and
optic 1-optic 2), can be derived considering the global covari-
ance matrix Eq. (30)

The covariance matrices given in Eq. (31) can also be written,
for the two-mode symmetric squeezed thermal states, in the
following compact matrix form

s 0 k 0

0 s 0 —k|_(8 K
Yo=1lk o s o :<ICT S)' (3)

0 —k 0 s

In Eq. (35), the index j represents a subsystem mmy
(mirror 1 and mirror 2 modes) or o0, (optic 1 and op-
tic 2 modes) and the matrix blocks S = diag(s,s) and K =
diag (k, —k) are the covariance matrix 2 x 2 respectively de-
scribing the single mode and the nonclassical correlations be-
tween the mechanical and optical modes. For subsystem mm,
(s =V and k = Vi3) and for subsystem 0j0, (s =V, and
k=Vs7).

5. Gaussian intrinsic entanglement and purity

In this section, we will study the entanglement of the me-
chanical (m; —my) and optical (0] — 0;) modes in the symmet-
rical state by using the Gaussian intrinsic entanglement (GIE)
and the purity. For the two-mode Gaussian states with continu-
ous variables (CV), the Gaussian intrinsic entanglement is de-

fined in Ref. [25]. For the symmetric squeezed thermal states

Vi 0 Vi3 0 with the covariance matrix given by (Eq. (35)), the Gaussian
v _1 0 Vi 0 Vi intrinsic entanglement is(>"]
(mymy) Vis 0 V; 0 )
0 —Vi3 0 V, 4(s—k)*+1
Ln|——————|, iffs<k+1/2ands < 1.205,
V, 0 Vs 0 ES = [ 4(s—k) } iff s <k+1/2and s
_ |10 Vo 0 -Vgy 0, iffs > k+1/2.
V(()loz) = Vs, 0 Vs 0 ) (31) (36)
0 —Vs7 0 V3 The condition of entanglement of the two modes is Ef > 0,
where therefore if Ef =0, the two modes are separable.
V, — kCcosh(2r) + (1 +2ng)(x + v+ yC) The purity of the two modes is given by[6-27]
- 2(k+7y)(1+C) ’ |
kCsinh(2r) p = 37)
Vi=———+—7—"— 32 ;
BTkt y)(1+0)’ G2 etV
V, = (K + 7+ kC)cosh(2r) + (1 + Z”th)yc’ where the index j represents a subsystem m;m, (mirror 1 and
2(1(—.'— M(1+C) mirror 2 modes) or oj0; (optic 1 and optic 2 modes). The pu-
V7 = (K; vt KC)151nlé(2r) (33) rity u(j) is a witness of the mixedness of the Gaussian state
K .
(k+7)(1+C) with 0 < /,L(/> < 1: the state of the two modes is mixed if
The opto-mechanical cooperativity C is given by!!’] H(j) < 1, and is pure if “(j) - 1.
4G2 82 P The explicit expression of the purity for mechanical and
= vk - myoy o L? [(k/2)2 + 2] (34) optical modes is written respectively
|
'umlmz — (1+C)2(K+,Y)2 (38)
[(1+42n4) (k + y(1+C)) + kCcosh(2r)]? — kK2C2sinh?(2r)’
14+C)*(k +7)?
“0]02 — ( + ) ( +’Y) (39)

(k+7)(k+7+2KC) +C3(k2 + Y2 (1 +2n4)2) +2yC(1 + 2ng, ) (K + ¥+ KC) cosh(2r)

020304-4



Chin. Phys. B Vol. 29, No. 2 (2020) 020304

If » =0 and ng, = 0, equations (38) and (39) lead to the maxi-
mum value of purity, i.e., 4" =1 and u°1°2 = 1.

We consider recent experimental parameters:[*!l The
laser frequency @y /27 = 2.82 x 10'* Hz (A = 1064 nm). The
cavity length and frequency are respectively L = 25 mm and
®,/27 = 5.26 x 10'* Hz. The movable mirrors oscillate with
frequency @y /21 = 947 x 10® Hz, the mechanical damping
rate y/27m = 140 Hz and having the mass m = 145 ng.

In Fig. 2, we show the evolution of GIE of the mechanical
modes (a) and optical modes (b) as a function of the thermal
bath photons number ny, for various values of the squeezing
parameter r with a fixed values of C and y/x. When the GIE
disappears, the two modes are not entangled. It is clear that,
when the parameter r is equal to zero (r = 0), the two sub-
systems remain separable, as shown in Fig. 2. For a fixed
value of photons number ny,, the generation of the entangle-
ment between, on the one hand, the mirror—mirror modes (see
Fig. 2(a)) and, on the other hand, between the optic—optic

(a)
0.4
r=0
0.3 —r=04
m —r=0.5
O 02 — =06
0.1
0
0 2 4 6 8 10
LN
>
e
El
&

modes (see Fig. 2(b)) improves with the increase of the pa-
rameter r (r > 0). This shows the dependence between the
entanglement and the squeezing parameter r, as in Ref. [12].
In addition, figure 2 shows that for a given r (r > 0), the
two optical modes (Fig. 2(b) remain entangled over a wider
range of ng, than the two mechanical modes (Fig. 2(a)). We
can also see that movable mirrors and optical modes become
separable when the photons number is around ny, > 4 and
ng > 6.5 respectively. Since the number of photons is di-
rectly related to the temperature, we can deduce that the op-
tical modes remain entangled over a wider temperature range
than the mechanical modes. This effect of temperature is the

(18] Note also that as the photons number

sign of decoherence.
increases, the entanglement decreases quickly which means
that the transfer of quantum correlations from two-mode light
to the mechanical modes decreases monotonically. This phe-
nomenon can also be explained by the concept of entangle-

ment sudden death (ESD) as in Ref. [19].

0.5
(b)
0.4 r=0
—1r=04
m 0.3 —r=0.5
H
@) —1r=0.6
0.2
0.1
0
0 2 4 6 8 10

0 2 4 6 8 10

Fig. 2. Plots of GIE [(a) and (b)] and purity ¢ [(c) and (d)] of the two subsystems versus the thermal bath photon numbers ny, for different values of the
squeezing parameter r: (a)—(c): mirror 1-mirror 2; (b)—(d): optic 1-optic 2. The optomechanical cooperativity is C = 34 and k = 207.

In Figs. 2(c) and 2(d), we plot the evolution of the purity
respectively of mirror—mirror modes and field—field modes as
a function of thermal bath photon numbers ny, for different
values of r. It is clear that for the two subsystems, the pu-
rity reaches its maximum value (U2 =1, u°°2 = 1) when
r =0 and ny, = 0, according to Egs. (38) and (39); then it
decreases when the number of photons ny, increases. We no-
tice that the witness of mixedness increases with increasing

thermal effect, and also with increasing squeezing parameter

r, but the entanglement between the two mechanical modes
and the entanglement between the two optical modes increase
with increasing r. Indeed, for a fixed value of r > 0, when
the purity increases also the entanglement increases as illus-
trate in Figs. 2(a)-2(c) and Figs. 2(b)-2(d). The comparison
between Figs. 2(c) and 2(d) shows for r > 0 that the purity
of optical modes remains superior for a wider range of tem-
perature than mechanical modes, this may explain why optical

modes remain entangled for a wider range of ny, than mechan-
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ical modes as in Figs. 2(a) and 2(b). For example, when r =
0.5 and ny, = 2, we have GIE =~ 0.06 for mechanical modes,
and GIE =~ 0.14 for optical modes. This finding can also be
explained by the phenomenon of decoherence.

We remark also the importance of studying the effect of
optomechanical cooperativity on the evolution of the entan-
glement between mechanical and optical modes. Figure 3(a)
shows, for a fixed values of r and Y/, that there exists a min-
imum optomechanical cooperativity Cpi, (i.e., C > Cpin) for
which the mechanical modes (movable mirrors) start entan-

015} @
n, =1
— nth:
0.10f — 7, =3
= - nth:5
K
O]
0.05
0
0 10 20 30 40
c
(c)
0.6 n =1

0 10 20
C

30 40

gled if ny, < 5 (i.e., the entanglement is vanishing if ng > 5).
We observe that the entanglement (GIE) between mechanical
modes increases with the increase of C for a fixed value of ny,,
whereas for a given C, the GIE decreases with the increase
of ny, (see Fig. 3(a). Moreover, the value of Cy,,, which cor-
responds to the birth of the entanglement of the mechanical
modes, increases with the increase of ny, (see Fig. 3(a)); this
is explained by the effect of the decoherence on the entangle-

ment of the two mobile mirrors.

L) 015

0.05 —

0.3 0 05 1.0 L5 20 —Ny =5

63l —n, =10
= 8
o n, =20
—n, =70
0 10 20 30 40
C
4
(d)
3 N, =1
3 Ty
I n, =
E 2
Q:.’, Ny =5
1 Ny, = 10
Ny, =20
n, =170
0 10 20 30 40
C

Fig. 3. Plots of GIE [(a) and (b)] and purity u [(c) and (d)] of the two subsystems versus the optomechanical cooperativity C for various values of the thermal
bath photon numbers ngy,. (a)—(c): Mirror 1-mirror 2; (b)—(d): optic 1-optic 2 with r = 0.5 and k = 207.

Figure 3(b) shows that the optical modes are entangled
even if ng > 5, but mechanical modes are separable (see
Fig. 3(a)). Moreover, when ny, increases, we note that there
exists a maximum value of the optomechanical cooperativity
(C < Cmax) for which the optical modes are entangled. It is
clear that the increase in the photons number ny, causes the de-
crease of Cpx, for a given ny, the GIE decreases with increas-
ing optomechanical cooperativity, whereas when C is fixed,
the GIE increases with decrease of ny,.

Figures 3(c) and 3(d) illustrate the evolution of the pu-
rity of the mirror 1-mirror 2 and optic 1-optic 2 subsystems
respectively with respect to the optomechanical cooperativity
for different values of ny,. For the two subsystems, the figures
show that the purity decreases with the increase of ny, as it is
clear from Eqs. (38) and (39), this due to the decoherence phe-
nomenon. Remarkably, for mobile mirrors, purity increases

very rapidly with C increases. In the case of optical modes,

we observe a rapid decrease in purity for low values of C fol-
lowed by a small variation and then it seems to stabilize for
the large values of C (see Fig. 3(d)). Finally, following Fig. 3,
we can conclude that the transfer of quantum correlations from
the two-modes squeezed light to the mechanical modes has the
effect of improving entanglement (when C > Cy,ip) and purity;

but for both optical modes, the effect is reversed.

6. Gaussian discord with the Hellinger distance

In this section, we will study the progress of Gaussian
geometric discord in terms of Hellinger distance (GGD-Hd),
in order to characterize the quantum correlations in bipartite
Gaussian states, >8] using RWA. The two subsystems (mirror—
mirror and optic—optic) are described by the covariance matri-
ces, e.g., Egs. (31) and (35), the explicit expression of GGD-

Hd for the two-modes symmetric squeezed thermal states is
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given by %8

. 4(det(V ;)4
25 +2(det(V( ;) /4(V/Ni — VL)

where the index j represents a subsystem mymy (mirror 1 and

(40)

DY) =

mirror 2 modes) or o0j0, (optic 1 and optic 2 modes) with
N = (},1 + 1/2)2, Ny, = (2,2 - 1/2)2, and A4y =, = \/m
being the symplectic eigenvalues of the covariance matrices
Egs. (31) and (35), with s = V| and k = V3 for mirror—mirror
subsystem, and s = V; and k = V57 for optic—optic subsystem.

Figures 4(a) and 4(b) represent respectively the evolution
of GGD-Hd of the two mirror—mirror and optical-optical sub-
systems as a function of the thermal bath photons numbers ny,
for different values of the squeezing parameter r with fixed
values of C and y/x parameters. Indeed, when r = 0 the quan-
tum correlations are not transferred between the two modes;
this shows the strong relationship between squeezed light and
quantum correlations. These figures show that GGD-Hd de-
grades with the increase of ny,, but improves by increasing the
parameter r. The comparison between Figs. 2(a) and Figs. 4(a)
and 4(b) allows us to notice that when the two subsystems (me-
chanical or optical) are no longer entangled, GGD-Hd does not
disappear. Therefore, GGD-Hd can quantify quantum correla-
tions beyond entanglement. For example, when ng = 6 and
r = 0.5, we have GIE=0 while GGD-Hd ~ 0.08 for the two
mechanical modes.

0.25

GGD-Hd

GGD-Hd

(b)

0 2 4 6 8 10

Fig. 4. Plots of the Gaussian Hellinger discord (GGD-Hd) of the two sub-
systems versus the thermal bath photon numbers ny, for different values of
the squeezing parameter r: (a) mirror 1-mirror 2, (b) optic 1-optic 2. The
optomechanical cooperativity is C = 34 and k = 207y.

Figures 5(a) and 5(b) show respectively the effect of op-
tomechanical cooperativity C on the GGD-Hd of the mirror—

mirror and optical-optical subsystems for various values of the
thermal bath photons numbers ny, with fixed values of r and
v/x. It is clear that, for the mechanical modes, the GGD-Hd
decreases with the increase of ny,, whereas it increases with
the increase of C (Fig. 5(a)). For the optical modes, on the
one hand, the GGD-Hd decreases with the increase of ny,; this
shows the effect of the thermal bath temperature which is pro-
portional to the number of photons. On the other hand, the
GGD-Hd exhibits a very rapid degradation with the increase of
C, then seems to keep a stable value after a certain value of C
which is less than 4 (Fig. 5(b). This behavior can be explained
by the freezing phenomenon that has also been discussed in
Ref. [42]. The comparison between Fig. 5 and Fig. 3 shows
us that, when the mechanical and optical modes are separable,
the GGD-Hd remains non-zero. Therefore, we can conclude
that GGD-Hd is more robust than Gaussian intrinsic entangle-
ment (GIE) under the thermal effect. In other words, GGD-Hd
measures the total quantum correlations even if the two modes
are not entangled under the thermal effect.

0.14
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0.12 "
0.10
o
EI 0.08
8 0.06
@}
0.04
0.02
0
0.20 (b)
n,=1
< 0.15 ny, =2
jast n, =3
8 0.10 My =
&}
n, =10
0.05 nrh:20
n, =170
0
0 10 20 30 40

C

Fig. 5. Plots of the Gaussian—Hellinger discord (GGD-Hd) of the two sub-
systems versus the optomechanical cooperativity C for various values of the
thermal bath photon numbers ny,: (a) mirror 1-mirror 2, (b) optic 1-optic 2
with » = 0.5 and k = 207.

7. Conclusion

In summary, we have studied and compared entangle-
ment, purity and Gaussian geometric discord in terms of
Hellinger distance in an optomechanical system in the Gaus-
sian state of continuous variables. The system consists of two

spatially separated Fabry—Pérot cavities. Each cavity has a
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fixed mirror and a movable mirror, and is powered by two-
mode squeezed light source and a coherent laser source. Af-
ter giving the Hamiltonian expression and the non-linearized
quantum Langevin equations, we derived the linearized quan-
tum Langevin equations describing the dynamics of the sys-
tem by considering the linearization scheme. Using the rotat-
ing wave approximation, we derived the explicit expression of
the covariance matrix Eq. (30) of the Gaussian stationary state
for the mechanical modes and the optical modes. We have
used Gaussian intrinsic entanglement of two-mode continuous
variables Gaussian states to quantify the amount of entangle-
ment between mechanical and optical modes at strong cou-
pling under thermal effect, which allowed us to highlight the
phenomenon of sudden death entanglement under thermal ef-
fect. We have also shown the influence of various factors, such
as temperature 7, squeezing parameter r and optomechanical
cooperativity C on entanglement generation. The analysis of
purity as a witness of the mixing between the mechanical and
optical modes, has shown that the purity is degraded under
the thermal effect. The general nonclassical correlations were
also quantified using Gaussian geometric discord in terms of
Hellinger distance (GGD-Hd). We have found that GGD-Hd
is more robust than entanglement for mechanical and optical
modes under thermal effect. Indeed, this thermal effect lead to
decoherence phenomenon, which remains a major challenge

for information and quantum processing.
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