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Abstract: We systematically study the influence of amplitude modulation on the steady-state
bosonic squeezing and entanglement in a dissipative three-mode optomechanical system, where
a vibrational mode of the membrane is coupled to the left and right cavity modes via the
radiation pressure. Numerical simulation results show that the steady-state bosonic squeezing and
entanglement can be significantly enhanced by periodically modulated external laser driving either
or both ends of the cavity. Remarkably, the fact that as long as one periodically modulated external
laser driving either end of the cavities is sufficient to enhance the squeezing and entanglement
is convenient for actual experiment, whose cost is that required modulation period number for
achieving system stability is more. In addition, we numerically confirm the analytical prediction
for optimal modulation frequency and discuss the corresponding physical mechanism.
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1. Introduction

Driven by a variety of different goals and promising prospects, cavity optomechanics, a field at
the intersection of nanophysics and quantum optics, has developed over the past few years [1-3].
It has been known that nonclassical states of macroscopic mechanical resonators, especially
the squeezed and entangled states, play a key role in test of the fundamental principles of
quantum mechanics, quantum information processing, and ultrahigh-precision measurements.
Many researches have been investigated on quantum squeezing and entanglement generation
in cavity optomechanical interfaces. Normally, one can simply use radiation pressure forces or
combine continuous quantum measurements and feedback to obtain stationary squeezing [4—6]
and stationary entanglement [7, 8] in a two-mode optomechanical system. In order to increase the
richness of the research, the three-mode optomechanical setting was introduced and has been
realized experimentally recently [9—11]. Several theoretical schemes for generating quantum
squeezing and entanglement in the three-mode optomechanical system have been proposed based
on the basic idea that the auxiliary mode mediates an effective two-mode squeezing interaction
between the two target modes [12—16]. However, the schemes are generally restricted to the
requirement of stability so that they yield at best a relatively small amount of squeezing and
entanglement.

Resent studies show that large degrees of squeezing and entanglement can be achieved by
mildly modulating the amplitude of the driving field [17-22] or combining with dissipation
mechanism [23,24], where no feedback is needed. Moreover, the modulation-assisted driving
can give rise to interesting and rich quantum dynamics [25,26]. Farace and Giovannetti [27]
further investigated this modulation regime and showed that simultaneous modulations of the
mechanical frequency and input laser intensity can either enhance or weaken the desired quantum
effects. Newly, the robust entanglement is generated by modulating the coupling strength between
two mechanical oscillators [28,29]. Besides, the modulation-induced mechanical parametric
amplification effectively enhances the resonant optomechanical interaction and leads to single-
photon strong-coupling [30]. Remarkably, several works [31-37] reveal that optimizing relative
ratio of optomechanical couplings, rather than simply increasing their magnitudes, is essential
for achieving strong steady-state squeezing and entanglement via dissipation mechanism. These
schemes exploit the Bogoliubov-mode-based method [38] instead of the S¢rensen-M@lmer
approach [39]. Another promising means for generating strong entanglement or squeezing is the
phonon-mediated four-wave mixing process [40]. Although the physical explanations for these
schemes are not quite the same, a common feature is to induce an effective engineered reservoir
by driving the optomechanical systems with proper blue and red detuned lasers [38—42].

In this work, combination of the modulation and the dissipation is considered. We expand the
optomechanical model in [17] to three-mode optomechanical system, which is similar to that
in [43] and [44] except being driven by periodic modulation field. A single-cavity optomechanical
system usually requires an external laser to drive the mechanical resonator out of its zero steady
state at equilibrium position. For the system considered here, an external laser being applied
to either end of the cavity is sufficient to drive the vibrating membrane. Numerical simulation
results show that the squeezing and entanglement can be enhanced with one-end or two-end
periodically modulated external laser. The time required for the two-end modulation when the
system achieves a stable state is shorter than that for the one-end modulation, but the one-end
modulation reduces the difficulty of the experiment. What is more, with the help of the third
mode acted as an engineered reservoir, dissipation mechanism is explored. Compared to the
previous studies of three-mode modulated optomechanics [21,22,24], more general modulations
of quantum dynamics are discussed here.

In what follows, we give a detailed description of our model and obtain the linearized dynamical
equations for the system in Sec. II. In Sec. III, analytical solutions for mean values in the cases
of symmetric and asymmetric modulation are obtained in a perturbative way. Then We analyze
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Ar

Fig. 1. Schematic diagram of the optomechanical system.

in detail the characters of the mean values, where the numerical results agree well with the
analytical results. In Sec. IV, the mechanisms of squeezing and entanglement via combinations
of the periodic amplitude modulation and the dissipation regime are discussed by assuming a
simple but justifiable form of the effective coupling. Finally, conclusions are presented in Sec. V.

2. Theoretical model

The considered system is depicted in Fig. 1. A dielectric membrane as a mechanical oscillator
separates an optical cavity into two cavities and constructs a “membrane-in-the-middle” configu-
ration, which has been theoretically studied [20,45-53] and experimentally implemented [54—62].
The mechanical oscillator with frequency w,, is simultaneously coupled to the left and right
cavity modes via the radiation pressure difference between the two cavities, where tunneling
of photons through the membrane is allowed. The two cavity modes with frequency w1, and
wer are respectively driven by external lasers with periodically modulated amplitudes Ey ()
and ER (¢). In the rotating frame with respect to laser frequencies wp, and wg, the corresponding
Hamiltonian reads (i = 1)

H= Z [AjATA; +iE;(1) AT —iE; ()A;] + %(PZ +0% (1)
j=L.R
+g(A] AL — AL AR)O + J(ALA], + A] AR).

Here, A; = w¢j — w; denotes the jth cavity mode detuning, A; and A; represent the creation
and annihilation operators of the jth cavity mode, Q and P are the dimensionless position and
momentum operators of the mechanical mode with the standard canonical commutation relation
[Q, P] =i, J expresses the cavity-cavity coupling strength which is in the regime J < wcL, WcR,
and g signifies the phonon-photon coupling coefficient. The time-dependent amplitude E;(¢) is a
period function with the period 7, i.e., E;(t + 7) = E;(z).

Taken into account the cavity leakage and membrane damping, the dissipative dynamics of the
system is described by the following nonlinear quantum Langevin equations (QLEs)

0 =wy,P, (2a)
P =-wnQ - g(A] AL — A AR) — yu P + £(1), (2b)
AL = — (k +iAL)AL — igALQ — iJ AR + EL(t) + V2ka(r), (2¢)
AR = — (k + iAR)AR + igARQ — iJ AL + Ex(1) + V2kall (1), 2d)

where « and yy, are severally the leakage rate of the cavities and the mechanical damping rate.
The zero-mean fluctuation terms a}“(t) obey the correlation relations [63]
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(ar@alr@)) = G+ D66 =1, (3a)

<aj.”(t)a}“(r’)> = (1 = 1), (3b)

where n, = [exp(fiwc; [ksT) — 1]7! is the mean bath photon number at the environmental
temperature 7. The correlation function of zero-mean Brownian motion noise operator &(¢) in
the case of the large mechanical quality factor Q = wp,/ym > 1 can be approximately described
by the Markovian process and satisfies

(EDER) + EXNEW)) )2 = ym(2nm + 1)6(2 — 1), )

where 71, = [exp(fiwm/kT) — 1]7! is the mean thermal phonon number at the environmental
temperature 7.

In the presence of strong external driving fields, we can rewrite each Heisenberg operator
as O = (O(t)) + 0 (O = Q, P, Aj), where o is quantum fluctuation operator around classical
c-number mean value (O(z)). After applying standard linearization technique to the Eq. (2), we
obtain the equations for the mean values

(Q) =wm(P), (5a)
(P) = — wm(Q) = Ym(P) — 8({(AL)"(AL) — (AR)"(AR)). (5b)
(AL) == (k +iAL)(AL) — ig(AL)(Q) — iJ(AR) + EL(t), (5¢)
(AR) = — (k + iAR)(AR)+ig(AR)(Q) — iJ(AL) + Er(1). (5d)

the linearized QLEs for the quantum fluctuations

q :wmp’ (63)
P =—wnq—ymp — &(AL) aL — (Ar)"ar +h.c.) + £(1), (6b)
aL =— (k+iAL)aL — ig({(AL) g+ (Q) av) — iJag + V2ka}(t), (6¢)
dr =~ (k + iAR)ar + ig((AR) g+ (Q) ag) — iJar + V2xal (), (6d)

and the corresponding linearized system Hamiltonian

H™ = (AL +g(0))afau + (Ak - g(@)ahar + S X (p + ¢*) + J(a] ag + agay)
+8((AL)"aL + (AL)a; — (Ar)"ar — (Ar)a})q. (N

3. The characters of the mean values

It is difficult to find exact solutions of the mean values in Eq. (5) in general. But when the system is
far away from optomechanical instabilities and multistabilities [64], the optomechanical coupling
can be treated in a perturbative way. More specifically, approximately analytical solutions of the
mean values can be found by expanding them in power series of the coupling costant g. Besides,
it is justifiable that stable solution has the same periodicity 7 as the implemented modulation
field E;(¢). Hence, we can perform double expansions for the mean values (O(¢)) in power series
of g and Fourier series, i.e.,

(0() = i i On1e™ g, ®)

[=0 n=—oc0
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where Q = 2x/7 is the fundamental modulation frequency. Similarly, Fourier series for the
periodic driving amplitudes can be written as

o)

EL()= ) Efe™™, (9a)
Ex(t) = Z ERe™ (9b)

After directly substituting Eqgs. (8) and (9) into Eq. (5), the coefficients O,,; are completely
determined by the following relations

Pn,O = Qn,O = 07 (loa)

i iJER — (k + iAR + inQ)EL: (10b)
0T _J2 —(k + iAR + inQ)(k + iAL + inQ)’

iJEY — (k +iAL + inQ)ER

AR = u d 10c
0 J? — (k +iAR +inQ)(k + iAL + inQ) (10c)

corresponding to the 0-order perturbation with respect to g, and

inQ)
Pn,l :O.)_Qn’l’ (113)
m
) -1 ) AR*

in:_wm(z Z mk n+mlk1 2 Z mk n+mlkl )

20 o a)m + iymnQ — (nQ) 520 mi=—o a)m + iymnQ) — (nQ)

& AL Onemi-k-1 + JAY,

I-
=_ZZ Z K+ IiAL +inQ ’ (1e)

k=0 m=—co
=1 > Qn m,l-k—-1 — JAL
AR=iy S A nl (11d)
= K+ IAR + inQ

corresponding to the /-order coefficients in a recursive way.

In the case of identical cavity detuning (A = Ap, = Ar) and symmetric modulation of the
external driving laser [Ey (f) = Er(?)], it is reasonable to expect that the mean values (A ) and
(AR) have the same stable solutions. Thus, Egs. (10) and (11) can be further simplified as follows:

Pn,O = Qn,O = O’ (123)
EL ER

AL — AR - n — n R 12b

n.0 = “'n,0 [K+i(A+nQ+J)] [k +i(A+nQ+ )] (12b)

Ppi=0n = nl - Anl =0. (12¢)

Figure 2 gives both the numerical and the analytical results of the real and imaginary parts of
the mean values in the case of identical cavity detuning for three different modulation driving
laser. The numerical solutions of mean values corresponding to Eq. (5) agree well with the
analytical results of Eqgs. (8) and (12) in the long time limit. Figure 2(a) displays the asymptotic
evolution of the real and imaginary parts of the left (or right) cavity mode mean value (Ar)
(or (AR)) in the case of symmetric modulation driving laser. It is obvious that the numerical
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Fig. 2. Time evolution of the real and imaginary parts of the mean values in the case
of identical cavity detuning for three different modulation driving lasers. (a) symmetric
modulation with By (f) = Er(t) = 7x 10% + 3.5 x 10% x e 77 + 3.5 x 10* x ¢™¥; (b) single
cavity driving with EL(f) = 7 x 10* + 3.5 x 10% x e + 3.5 x 10* x /¥, Eg(r) = 0;
(c) single cavity modulation with E (1) = 7 x 10* + 7 x 10% x ¢ ¥ + 7 x 10* x /¥,
ERr(t) =7 X% 10%. The chosen parameters in units of wy are: Q = 2, k = 0.1, yy = 0.001,
J=2,A=3,andg =4x107°.

results (solid red and dashed green lines) agree well with the analytical results (dash dotted
blue and dotted black lines) after about 15 modulation periods. And the numerical results of the
mean values (P) and (Q) obtained by Eq. (5) equal to zero, which are completely consistent
with the analytical results of Eqgs. (8) and (12) [no shown in Fig. 2(a)]. In Figs. 2(b) and 2(c),
we plot the the asymptotic evolution of the mean values in cases of single cavity driving and
single cavity modulation, respectively. Since our calculations reveal that the numerical results
agree well with the analytical results after about hundreds of modulation periods, we only plot
the numerical solutions in the long time limit in order to avoid confusion. All results in Fig. 2
show that the asymptotic evolution periods of the mean values are indeed 7, where we have
truncated the series in Eq. (12) to the terms with subscript |n| < 1. We also find that the real
parts of the mean values (P) and (Q) are no longer zero in the cases of single cavity driving
and single cavity modulation, and the needed number of modulation period to achieve stable
result varies with modulation mechanisms and parameters. For example, corresponding to three
different modulation mechanisms and chosen parameters in Figs. 2(a)-2(c), the required numbers
of modulation period for cavity modes to achieve the stable mean values respectively are about 15,
348, and 123, while those for the mechanical oscillator are 598 and 278 [see Figs. 2(b) and 2(c)].
Obviously, from the point of the required time for obtaining steady state, the effect of symmetric
modulation is the best.

To gain more insights about the dynamics, we respectively plot the phase space trajectories of
the mean values for symmetric and asymmetric modulations in Fig. 3. As shown in Fig. 3(a), when
the system is stable after dozens of modulation periods, the numerical phase space trajectories
of (AL(t)) (or (Ar(?))) finally converge to a limit cycle in the case of symmetric modulation,
which agrees well with analytical prediction. In the cases of single cavity driving and single
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Fig. 3. Phase space trajectories of the classical c-number mean values. (a) Phase space
trajectories of (Ap (7)) from ¢ = 0 to t = 307 for symmetric modulation; (b) Phase space
trajectories of cavity field mean values and the dimensionless mechanical position and
momentum mean values for asymmetric modulation. The left and right columns are results
of single cavity driving and single cavity modulation, respectively. All the chosen parameters
are identical to those in Fig. 2.

cavity modulation, the numerical results in Fig. 3(b) display that the phase space trajectories of
the cavity mode mean values (Ay (¢)),(Ar(?)), and the dimensionless mechanical position and
momentum mean values almost converge to a limit cycle after hundreds of modulation periods.
4. Stationary bosonic squeezing and entanglement
Since the asymptotic evolution period of the system is 7, without loss of generality, we assume
the asymptotic form for time-dependent mean values of the cavity modes as follows:
(AL(D) = Aro + ALre™™, (13a)
(AR(1)) = AR + Arie ™™, (13b)
where Ajo and A;; are positive real number and related to the driving amplitude components EL
and ER in Eq. (9). When t — o0 and wy, > i > 0, the corresponding mechanical mean values

and the driving amplitude can be readily derived from Eq. (5) via Laplace transformation and
inverse transformation

igQ(AroAR1 — ALoAL1)

(P(t)) ~ @ - (e7H¥ — 0, (14a)
- Wnm
g(AL + AL — A2 - A2)  g(AroAr: — ALoALl) Q2 B .
<Q([)> ~ RO R1 LO L1 + R R1 L L > (1 _ - . )(e iQr + elgt)’
Wm Wm Q% — wp
(14b)
EL(t) ~ES+EFe™™ ¥ +EX oY 4 Er o721 (14c)

Eg(t) ~Ef +E{e ™" +ER & +EX e, (14d)
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Fig. 4. Real and imaginary parts of cavity mode mean value (A j(t)> as a function of time in
the long time limit. The chosen parameters in units of wy, are: Q =2, x = 0.1, y» = 0.001,
J=2,A=3,g=4%x10"7° Ay = 0.1/V2g, A = 0.04/V2g, Aro = 0.08/V2g, and

ARy = 0.02/V2g.

with the driving amplitude components

) 2 2 2 2
ig“Ar0(A5, + Az, — A7, — A
EL =(k + ibL)ALo + iJ Ao + = L0(ARo * Ars = A0 = ALy (152)
Wm
N ig?AL1(ARoAR] — ALoALl)(1 B Q? )
Wm Q2 — (L)Izn ’
) 2 2 2 2
1g°AL1(A5, + A5, — A7 — A
EY =[ic + i(AL — Q)AL +iJ ARy + = LA + Ary ~ Ao = A7) (15b)
Wm
N ig>ALo(ARoAR1 — ALOALI)(l B Q? )
Wm Q2 - wtzn ’
) )
12 ALo(ARoAR) — ALoAL) Q
EEI _18 Aro ROle LOALL (1 - & . ), (15¢)
m - Wp
) )
ig”AL1(ARoAR] — ALoAL1) Q
By =S R (1 - ), (15d)
m - Wy
) 2 2 2 2
1g°ARo(As, + A5, — A7, — A
ER =( + ir)Ago + iJ Aro — = Ro(ARo + ARy ~ ALy ~AL) (15¢)
Wm
_ ig”ARi(AroAR) — AL(JALl)(l @ )
Wm Q2 - a)lzn ’
. 2 2 2 2 2
i ARy (A2, + A2 — A2 — A2 )
ER =[x +i(Ag — Q)JAR; +iJAL; — o RITRO w‘“ L0 "Ll (15f)
m
_ig* Aro(ARoAR| — ALoALl)(l @ )
Wm Q2 - w% ’
) 5
ig”Aro(AroAR1 — ALoAL1) Q
EX =- o (1- o ), (15g)
m
) >
ig”Ar1(AroAR1 — AL0AL1) Q
EX =- 1- . 15h
2 o ( o wlzn) (15h)

In the long time limit, when driving amplitudes Ep (¢) and Egr(¢) with forms as Egs. (14) and
(15) are applied to Eq. (5), Fig. 4 numerically confirms that the time-dependent mean values of
the cavity modes just as Eq. (13) are precisely generated, where the parameters Ajo and Aj;; are

taken as Ay = 0.1/\/§g, A = 0.04/\/§g, Agro = 0.08/\/§g, and Ag; = 0.02/\/§g. In fact, the
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above four parameters can be arbitrary assigned when the requirement Ay + Ar; < Arg + Aro iS
met, which ensures stability. Thus, one can always design the corresponding modulation driving
laser to realize mean values of the cavity modes with any periodic form (the specific form is
dependent on what effect we want to achieve).

In the following, based on the assumption of Eq. (13) we analyze how to enhance squeezing
and entanglement via the symmetrically and asymmetrically periodic modulation. By introducing
the position and momentum quadratures for the two cavity modes and their input noises

f

aj + a]
Xj = , (16a)
J \/E
G4 (16b)
yi = _—
;)
, a"(t) + a™ (1)
) = F——=—, (16¢)
, V2
a0 -a)
yir) = L—"Hr—, (16d)
! iv2
and the column vectors of all quadratures and noises
U =(q. p, *L. YL, ¥R, JR) (17a)
N(#) =(0, &), V2637 (0), V2eey (1), V2R (1), V2K YR (1), (17b)
Eq. (6) can be rewritten as
U =R®U + N(1) (18)
with
0 Wm 0 0 0 0
—wm  —¥m —GL:(t) —GLi(?) Gre(?) Gri(?)
_ Gu(t) O —K A (1) 0 J
RO=1_6ut) 0 -a) =« -1 0 | (19)
-Ggi(t) O 0 J -k A1)
Gr(t) O -J 0 A1) -«
where the effective time-modulated detuning
A1) = AL+ g40), (20a)
Mo(t) = Ar - g(0), (20b)

G (1) and Gj;(t) are respectively real and imaginary parts of the effective coupling coefficient
Gi(1) = V2g (A;(t)) = V2g(Ajo + Aj1e™™¥) = G + Gjre ™. @21

When the system is stable, it converges to a time-dependent Gaussian state [65], which is
independently from the initial condition. Thus, the asymptotic state of the fluctuation is fully
described by the covariance matrix (CM) o () of the pairwise correlation among the quadratures,
where the entries of the CM are defined as

ox, =< Up(O)Ui(2) + Ui (1)U (2) > /2. (22)
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From Egs. (18) and (22), it can be deduced

o(t) = R(t)o(t) + o()R()" + D, (23)
where D is a diffusion matrix whose components are associated with the noise correlation
functions and defined as

8t —1")Dys = <Nk(z)N}(r’) + N}(r’)Nk(z)> / 2. (24)

It can be gained from Egs. (3) and (4)

D = diag(0, ym(27im + 1), k(27 + 1), k(27 + 1), k(2725 + 1), k(271 + 1)). 25)

In the long time limit, based on Floquet’s theorem [17, 18, 20, 66] the periodicity of the entries
of R(z) implies that asymptotic solution of the linear differential Eq. (23) will have the same
period 7, i.e.,

ot)=o(t+71). (26)

The CM o (¢) can be written as a block matrix
OM OML OMR

o) = 0-1F\F/IL 0L OLR |, 27)
TR TR OR

where each block represents a 2 X 2 matrix. The diagonal blocks represent the variance within
each subsystem (for example, resonator M, the left cavity mode L, and the right cavity mode R),
while the off-diagonal blocks denote covariance across different subsystems. Since the asymptotic
state of the system is Gaussian, it is convenient to measure the pairwise entanglement Ex with
the logarithmic negativity [67,68], which can be readily computed from the reduced 4 x 4 CM
o+(t) for two subsystems

g1 O¢
o(t) = . (28)
O';F (%]
The logarithmic negativity Ey is then given by
En = max[0, —In(27)] (29)
with
n=2"12{z - [£? - 4det o;]'/?}'/?, (30)
where
X =deto; +deto; —2deto.. 31

Figure 5 displays the asymptotic evolution of the first row and the first column element o ()
of CM, namely variance of the mechanical oscillator position operator, while Fig. 6 shows
the asymptotic evolution of cavity-cavity entanglement Eyn for symmetrical and asymmetrical
modulations, where all results are only numerically calculated since the numerical results of
mean value agree well with the analytical results after hundreds of modulation periods. Here and
the following, the stability of the system can be guaranteed by all eigenvalues of the matrix R(¢)
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Fig. 5. Variance of the mechanical oscillator position operator o1 () as a function of time
in the long time limit from ¢ = 5987 to t = 6007. (a)Q = 2 for symmetric modulation;
(b)Q = 1.97 for single cavity driving; (c)Q = 1.97 for single cavity modulation. In all
figures, the solid (red) and dashed (blue) lines correspond to the cases of n, = 0,71y = 0
and 1, = 0,ny = 1 respectively and are plotted with logarithmic coordinates. The other
parameters are the same as those in Fig. 2.

having a negative real part for all time, which is justified based on the Routh-Hurwitz criterion [69].
Obviously, the squeezing of the mechanical mode and the cavity-cavity entanglement are indeed 7
period when the system finally tends to be stable in the long time limit. Noticeably, the squeezing
and the entanglement can be significantly enhanced compared with the parametric interaction,
which are limited by a factor of 1/2 below the zero-point level, i.e., 0.25 (the so-called 3dB
limit) [4-6,17,19], and 0.69 [7,13,17,19], respectively.

In order to better understanding the physical reality, we introduce the creation and annihilation
operators of the mechanical fluctuations

b=(q+ip)/V2,b" = (q-ip)/V2 (32)

and the nonlocal bosonic modes

¢ = (ar +ag)/V2,¢2 = (ar. — ar)/V2. (33)

Thus, the linearized system Hamiltonian in Eq. (7) can be rewritten as

Hin — A3cIc1 + A4c;rcz +wnb b+ ﬁ{[Gi(f) = Gr(®)]er (34)

+[G} (1) + G(D)]e2 + h.c.}(b + bY),

where A3 = Aj(t) + J, Ay = Ay(t) — J. In the interaction picture with respect to the free part
Az cfcl + A4c; ¢y + Wy b'h, if the relationship between the effective coupling G (¢) and effective
mean value of the cavity modes (Aj(t)> is taken as Eq. (21), Eq. (34) is transformed to
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Fig. 6. Asymptotic evolution of cavity-cavity entanglement Ey as a function of time in the
long time limit from ¢ = 0 to ¢ = 15007. We take 1y = 0, n, = 0, and Q = 2. (a) symmetric
modulation; (b) single cavity driving; (c) single cavity modulation. The other parameters are
the same as those in Fig. 2 except k = 0.001 and yy, = 0.1.

i)
1

g{[(ALO — Agg)e TATen)t L (A} — Agy)e Aateon-Di)c

+[(ALo + Aro)e " AHOm) 1 (A + Agy)e  Baten= e,
+ [(ALo — Aro)e " A37@m)l 1 (A — ARy )e (3™ @m= D ]¢
+ [(ALo + Aro)e " A+=@m) 4 (Ar| + Arp)e A= @m= D10, pT 4 hic}. (35)

Here we focus on the range gAjo, gAj1 < wm, Q, and set J = 2wy, AL = AR = 3wy, without loss
of generality. Based on Egs. (14) and (20), we have

2042 2 2 2
87 (AR + Axy — Ay — ALy)
Wm ’
2042 2 2 2
8 (Agg + Agy — Afg — ALy

Wm

Ay = A() + J = Swm + (36a)

Ay = Az(l‘) -J = wy — (36b)

where the fast oscillating terms ¢**** have been neglected. When the modulation frequency is
chosen to match with the resonance frequency of the nonlocal cavity and mechanical modes, i.e.,

87 (Ao + AR, — ALy — A7)

Wm

Q= 2wy — (37)

all rapid oscillating terms in Eq. (35) can be neglected and the Hamiltonian can be rewritten as

ig? (AR +AR ~ATg-AL )1

[(ALI + ARl)Czb + (AL() + AR()) Xe wm Csz + hC] (38)

H =~

2109
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Due to the fact that ig?(Ax, + AR, — A7) — A7 )/wm < ALo + Ago, the slow varying term

(Ao + ARo)eigz(Awa’A%%l_AZLO_AZLI)’ [@n c2b" is roughly treated as a costant (Ar + Arg)cab' for the
simplicity in the following analyses.
Introducing two Bogoliubov-mode annihilation operators

B1 = bcoshr + b' sinhr, (39)
B2 =cycoshr + cg sinhr, (40)
where the squeezing parameter r is defined as tanhr = (Ap; + Ar1)/(ALo + Aro). Assuming

ALl + AR1 < Apg + ARro, Which ensures stability of the system, the Hamiltonian of Eq. (38)
becomes

I:I ~ /\(czﬁI + h.c. 41
or N
H = ybp] +h.c. (42)
with the coupling
X = g\/<ALo + Aro)” — (AL1 + A1)’ / 2. 43)

This is a beam-splitter-like Hamiltonian, which is well known from optomechanical sideband
cooling [70,71]. Obviously, the ground state of 3| or 3, is the single-mode squeezed state of
the mechanical mode b or two-mode squeezed state of the cavity modes ap, and ag, respectively.
When the mechanical decay rate yy, is small, which ensures that the mechanical mode b only
weakly couples to the mechanical thermal baths with relatively large mean thermal occupancies,
the dynamics of mechanical mode b, i.e., the Bogoliubov mode f3;, is dominated by the interaction
with the nonlocal bosonic modes c;, namely, the cavity modes a;, and ag. Therefore, the
Bogoliubov mode 8 can be cooled to near ground state via the beam-splitter-like interaction
[Eq. (41)] with the nonlocal bosonic modes ¢;, which strongly interacts with optical thermal baths
with neglectable small mean thermal occupancies. In other words, the dissipative dynamics of
the cavity modes can be used to cool the Bogoliubov mode 3|, generating single-mode squeezing
of the mechanical mode. In contrary, if the cavity decay rate « is smaller compared with the
mechanical decay rate yy, and the mechanical mode b has been precooled by a cold reservoir,
as discussed in [31], the beam-splitter-like interaction between the mechanical mode b and the
Bogoliubov mode > [Eq. (42)] can be exploited to cool the cavities, obtaining the stationary
two-mode squeezing state of two cavities. The system dynamics behaviors numerically shown
in Figs. 5 and 6 can be explained very well by the above analyses. Notably, all of the above
analyses are based on the assumption that the system is stable and does not enter the chaotic
regime [72-74]. Under the circumstance, the amount of stationary squeezing or entanglement
is a nonmonotonic function of the ratio of the effective mean value (Ay; + Ar1)/(ALo + Aro)
or the ratio of the effective coupling (G + Gr1)/(GLo + Gro)- According to the Hamiltonian
in Egs. (41) or (42), the increase of the ratio has two competing effects. On the one hand, it

can increase the squeezing parameter r = tanh’l(ALl + AR1) / (AL + Aro) and enhance the

stationary squeezing and entanglement. On the other hand, it can weaken the cooling effects by
declining the coupling strength of the beam-splitter-like interaction. Thus the optimum parameters
are a tradeoff between these two competing effects. Accordingly, for a group of specifically
optimum parameter values of Ar,Ar|, AL and Agg as Eq. (13), the optimum modulations of
driving lasers are completely determined by Eqgs. (14) and (15), which depend on the parameters
Ky Ym»> AL, AR, Q, g, and wy,. Noteworthily, the choice of parameters x and yy, varies with
different purpose, resulting in the optimum modulation of driving lasers being also different. The
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Fig. 7. Mimimum variance o1, min of the mechanical oscillator position operator versus the
modulation frequency Q. The chosen parameters in units of wy, are k = 0.1, yy, = 0.001,J =
2,A =3, g = 4x 10_6, GLO =0.13, GLl =0.12, GRO =0.07, and GRI =0.06.

Fig. 8. Maximum cavity-cavity entanglement EN max versus the modulation frequency Q.
All the other parameters are the same as those in Fig. 7 except « = 0.001, yp, = 0.1.

modulation of driving lasers adopted in Figs. 5 and 6 may be not the optimal, which is not our
focus of concern. Here, we only verify the enhancement of the squeezing and entanglement via
symmetrically and asymmetrically periodically modulated lasers. As shown in Fig. 2, when the
system is stable, the evolutions of mean value of two cavity modes are fully synchronized in
the case of symmetric modulation, leading to the parameters Ay = AR, Ao = Aro. Under the
circumstance of asymmetric modulation, the amplitudes of mean value of two cavity modes are no
longer equal, i.e., AL # Ari1, ALo # Aro. However, both symmetric and asymmetric modulations
can achieve the same period 7 of the system steady state. The difference is that the needed number
of modulation period to achieve stable result varies with modulation mechanisms. Since the
amount of stationary squeezing or entanglement depends on the ratio of the effective mean value
(AL1 + Ar1)/(Arg + Ago) rather than the specific value of each parameter, both symmetric and
asymmetric modulations of the external driving laser are effective, provided that the effective
mean value (Ar; + Ary)/(ALo + Agro) is optimized.

In order to explore the effect of the optimal modulation frequency on single-mode squeezing
and two-mode squeezing, the mimimum variance 71 min of the mechanical oscillator position
operator and the maximum cavity-cavity entanglement EN max as a function of the modulation
frequency Q are plotted in Figs. 7 and 8, respectively. The results are numerically evaluated by
applying the corresponding exact mean values in Eq. (14) with n, = 0,7, = 0 and the parameters
Gro = 0.13, G; = 0.12, Grg = 0.07, and Gr; = 0.06. Though the group parameters may not be
the optimal values, the results of Figs. 7 and 8 show that the optimal modulation frequency is
close to 2wp, which is indeed the same as the result predicted by Eq. (37). Besides, compared to
the squeezing of the mechanical oscillator position operator, the cavity-cavity entanglement has a
larger scale of modulation frequency Q, which implies that the squeezing is more sensitive to the
variation of the modulation frequency.
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5. Conclusions

In summary, we have explored the mechanism of periodic driving laser modulation in a dissipative
three-mode optomechanical system. Our studies show that combinations of the modulation and the
dissipation can significantly enhance the mechanical squeezing and cavity-cavity entanglement.
What is more, both symmetric and asymmetric modulations of the external driving laser are
effective when we carefully balance the two opposing effects by varying the ratio of the effective
mean values of cavity modes or effective coupling. The numerical simulation results signify that
it is sufficient to enhance the squeezing and entanglement effects as long as one periodically
modulated laser is applied to either end of the cavities, which is convenient for actual experiment.
However, the cost is more modulation periods required for achieving system stability. In order to
achieve large squeezing and entanglement, apart from selecting appropriate ratio of the effective
mean values of cavity modes or effective coupling, the modulation frequency should also be
chosen carefully.
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