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Effect of the mechanical oscillator on the optical-response properties of an optical trimer system
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We propose theoretically a four-mode coupled optomechanical system to explore the optical-response
properties of an optical trimer system consisting of a passive cavity, a no-loss-gain cavity, and an active cavity
coupled with a mechanical oscillator. In the study, the passive cavity is driven by an external laser so that the
stability of the coupled system depends strongly on the gain-to-loss ratio and the photon tunneling between the
adjacent cavities. We find that in the regime near the stable-unstable critical point, the resonance absorption of
the optical trimer system changes quickly with the increasing gain of the active cavity. In contrast, when the
mechanical oscillator is coupled to the passive cavity, the center absorption peak is split and a phenomenon of
optomechanically induced transparency appears. Consequently, two additional resonance peaks in the absorption
profile are induced by the optomechanical coupling, which hinges on the tunneling between the optical cavities
and also on the gain of the active cavity. The dependence of the width of the transparency window on the
optomechanical coupling and the driving strength is also discussed in detail. The results obtained here indicate
that the optical properties of the trimer system can be manipulated by coupling a mechanical oscillator to the
system and therefore have a potential application in quantum optics and quantum information processing.
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I. INTRODUCTION

Recently, cavity optomechanics, exploring a significant
interaction between electromagnetic fields and mechanical
systems via radiation pressure, has received extensive atten-
tion [1–3]. It provides a reliable platform to study theoreti-
cally and experimentally the control of mechanical motion at
the quantum level, such as the coherence and entanglement
of a macroscopic mechanical oscillator and a cavity field
[4–7], the cooling of mechanical vibrations to quantum
ground states [8–12], and the nonlinear quantum effects in
quantum optomechanics [13–19]. Moreover, the quantum
nature of a moving mirror in the context of quantum op-
tomechanics can be probed by a single photon [20,21]. The
optomechanical interaction leads to the phenomena of op-
tomechanically induced transparency (OMIT) [22–27] and
absorption (OMIA) [28–30]. They are analogs of electromag-
netically induced transparency [31–33] and absorption [34–
38] that originate from the internal destructive or construc-
tive interference of atom-field coupled systems. By adjusting
the width of transparent windows, OMIT can be used to
control the propagation of a light field [39–42]. OMIT and
OMIA have many applications in quantum information and
communication, such as slow light [24,42,43], optical storage
[40,41,44], charge measurement [45], single photon routers
[46], and so on. It has been demonstrated that OMIA can exist
in a microdisk optomechanical resonator with silicon nitride
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[47]. In particular, the combination of OMIA and OMIT has
potential applications in photocurrent switches [28,48].

Based on a typical optical system of a Fabry-Pérot cav-
ity [22,49], the role of various nonlinear media in coupled
optomechanical systems has been discussed. For example, a
quantum two-level system (qubit) is introduced into the cavity
to enhance the radiation-pressure interaction and nonlinear-
ity of the system [50–52]. The influence of dipole-dipole
interacting atoms on the single-photon spectrum of a hybrid
system with a strong atom-cavity coupling as well as strong
optomechanical interactions is also investigated in detail [52].
In addition, a degenerate optical parametric amplifier (OPA)
and a higher order excited atomic medium are disposed in
the Fabry-Pérot cavity to achieve tunable slow and fast light
[53]; a nanosphere suspended in the cavity is used to control
the optical-response properties of the system [54]; and a
single atom is trapped in the cavity to realize an effective
coupling between the micromachined cantilever and the cavity
field [55]. Further, the effective nonlinear coupling between
the optical gain cavity and mechanical modes [56,57] and
the photon-induced tunneling effect [15,58,59] are analyzed
in detail in optomechanical systems, where most studies of
OMIT have been understood in terms of two coupled os-
cillators [60]. The adjacent cavities in an optomechanical
system enable two pathways’ interference [22,24,61], which
can also be manipulated by the gain photons tunneling be-
tween them [62]. In this regard, a series of research efforts
on coupled cavities—such as studies of slow light and the
transparency induced by a coupled resonator in two cou-
pled signal-cavity modes [62], PT symmetric phase transi-
tion and photonic transmission in an optical trimer system
[63], optomechanically induced transparency in a multicavity
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optomechanical system [64], and tunable optomechanically
induced transparency and absorbtion in a hybrid optome-
chanical system consisting of two cavities and a mechanical
oscillator [29,65] or membrane [66]—have been put forward;
these can demonstrate the quantum coherence effects in a
hybrid optomechanical system. Moreover, the tunneling be-
tween two optical cavities can be mediated by a mechan-
ical mode, which helps amplify the single-photon coupling
strength [67].

In this study, similar to the previous work on two cou-
pled cavities interacting with a mechanical mode [65], a
four-mode coupled optomechanical system composed of a
mechanical oscillator and an optical trimer system [63] is
built to explore the optomechanical coupling in the system.
Compared with a two-cavity system coupled to a mechanical
oscillator, the tunneling of photons in the optical trimer system
bestows the system with more interference channels. Further-
more, the optical response in the optomechanical system can
be controlled by changing two tunneling strengths between
the no-loss-gain cavity and the adjacent cavities as well as
the gain of the active cavity. In particular, we can explore
the optical-response properties of the system approaching a
stable-unstable critical value by analyzing the stability charac-
teristics of the system, which depends on the external control
parameter of the system. To this end, we first compute the
Lyapunov exponents to obtain the boundaries of the stable
and unstable regimes of the system in the presence or the
absence of optomechanical coupling. Subsequently, we ana-
lyze the optical properties of the probe field and check the two
discovered transparency windows, which can be controlled
by adjusting the values of the tunneling strengths between
adjacent cavities and the gain of the active cavity. In particular,
in the regime approaching the stable-unstable critical point, a
strong resonance absorption appears with increasing gain of
the active cavity. When the mechanical oscillator is coupled
to the passive cavity of the trimer system, we find that the
anti-Stokes field caused by the mechanical resonator can
induce one type of transparency due to the split of the middle
absorption peak in the absorption profile; and the positions
of the far left and right absorption peaks can be adjusted by
changing the effective optomechanical coupling. Finally, we
also discuss in detail the effect of the system’s driving strength
on the optical properties of the four-mode optomechanical
system.

The paper is organized as follows. In Sec. II, the model
and its Hamiltonian are described. In Sec. III, the quantum
Langevin equation is derived and linearized to obtain the
dynamics of the quantum fluctuations around the steady-state
mean values. Further, the border of the stable and unstable
regimes of the coupled system is evaluated numerically and
the output field at the probe frequency is computed. In Sec. IV,
we analyze in detail the effect of the mechanical oscillator on
the optical-response properties of the optical trimer system.
The paper is concluded in Sec. V.

II. MODEL

As depicted in Fig. 1, our model is a four-mode coupled
optomechanical system consisting of an array of three single-
mode cavities and a mechanical oscillator. The main aim is

to investigate the effect of the mechanical oscillator on the
optical properties of the optical trimer system [63]. Here the
first cavity is passive and the loss rate and the resonance fre-
quency of the cavity are, respectively, γ1 and ωc1; the middle
cavity is a no-loss-gain cavity and its resonance frequency is
ωc0; the third cavity is a gain optical cavity with gain rate γ2

and resonance frequency ωc2. In the three-cavity subsystem,
we only consider the photon tunnelings between two adjacent
cavities. Correspondingly, the photon-tunneling strengths are,
respectively, J1 and J2, which can be adjusted by changing
the distance between adjacent cavities [29,62,63]. In addition,
the quantum mechanical oscillator (with mass m and decay
rate γm) interacts with the passive cavity with optomechanical
coupling strength g1, where the passive cavity is driven by a
strong driving field with amplitude �d and frequency ωd as
well as a weak probe field with amplitude εp and frequency
ωp. The total Hamiltonian of the system reads

Ht = H0 + Hin + Hd + Hp, (1)

where

H0 = ωc1a
†
1a1 + ωc0a

†
0a0 + ωc2a

†
2a2 + ωmb†b,

Hin = J1(a†
0a1 + H.c.) + J2(a†

0a2 + H.c.) − g1a
†
1a1(b† + b),

Hd = i(a†
1�d e−iωd t − a1�

∗
d eiωd t ),

Hp = i(a†
1εp e−iωpt − a1ε

∗
p eiωpt ). (2)

Here a1, a0, a2, and b are the annihilation operators belonging
to the passive cavity, the no-loss-gain cavity, the gain cavity,
and the mechanical oscillator, respectively. H0 denotes the
free Hamiltonian of the cavities and the mechanical oscillator,
and Hin denotes the interaction Hamiltonian in the system.
Hd and Hp describe the interaction of the passive cavity mode

with the driving field with amplitude |�d | =
√

2Pdγ1

h̄ωd
and the

probe field with amplitude |εp| =
√

2Ppγ1

h̄ωp
, respectively. Pd

and Pp are the driving and probe laser powers.
Further, considering the rotating-wave approximation

of the system and combining the transformation H →
U †HtU − iU †∂tU written into the interaction picture with
respect to U = exp[−iωd (a†

1a1 + a
†
0a0 + a

†
2a2)t], we obtain

the Hamiltonian afresh,

H = �c1a
†
1a1 + �c0a

†
0a0 + �c2a

†
2a2 + ωmb†b

− g1a
†
1a1(b† + b) + J1(a†

0a1 + H.c.) + J2(a†
0a2 + H.c.)

+ i(a†
1εp e−iδt − a1ε

∗
p eiδt ) + i(a†

1�d − a1�
∗
d ), (3)

where �ci = ωci − ωd (i = 0, 1, 2) represents the cavity-
pump detuning between the driving and cavity fields; δ =
ωp − ωd is the detuning resulting from the probe and the
driving field.

III. QUANTUM DYNAMICS AND FLUCTUATIONS

For the convenience of studying the dynamics of the
system, we define the dimensionless position operator x =
b+b†√

2
and the dimensionless momentum operator p = b−b†√

2i
for

Eq. (3). According to the Heisenberg equation, we obtain the
following nonlinear dynamic equations of the system when
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FIG. 1. (a) Schematic illustration of a four-mode coupled optomechanical system consisting of an array of three single-mode cavities
and a mechanical oscillator. In this setup, the mechanical oscillator and the optical cavity (a0) without loss and gain simultaneously couple
to the passive cavity (a1), which is driven by an external laser field with the strength �d and a weak probe field with the strength εp . In
addition, the cavity a0 interacts with an active cavity (a2). (b) Energy level diagram of the system. |n1, n0, n2, nm〉 denotes the state of n1,0,2

photons in the three optical modes and nm phonons in the mechanical mode.

the mechanical oscillator couples to the passive cavity:

ẋ = ωmp, ṗ = −γm

2
p − ωmx +

√
2g1a

†
1a1,

ȧ1 =
(
−i�c1− γ1

2

)
a1+i

√
2g1a1x − iJ1a0+�d +εp e−iδt ,

ȧ2 =
(
−i�c2 + γ2

2

)
a2 − iJ2a0,

ȧ0 = −i�c0a0 − iJ1a1 − iJ2a2, (4)

where the dimensionless position and momentum operators
of the mechanical oscillator, x and p, satisfy the commutation
relation [x, p] = i. We focus mainly on the mean response
of the coupled system to the probe field, with the quantum
noise of the cavity field and the thermal noise being neglected
in Eq. (4). It is noted that the stability of the coupled system

should be investigated in detail because the system is driven
by an laser. We first derive the dynamics of the quantum
fluctuations in the system by using Eq. (4). Considering the
perturbation made by the probe field, we decompose each
operator as the sum of its steady-state value and a small
fluctuation, i.e., O = Os + δO (O = x, p, ai ), and further
split the cavity modes into real and imaginary parts, i.e.,
ai = Re[ais] + i Im[ais] + δ Re[ai] + iδ Im[ai]. By inserting
the ansatz above into Eq. (4) and neglecting all higher order
terms and the probe term εp e−iδt , we obtain the quantum
dynamics for these fluctuations of the system. For simplicity,
we write it into a more compact form ḟ (t ) = Af (t ), where
the column vector of the fluctuation operator is f T (t ) =
(δx(t ), δp(t ), δ Re[a1](t ), δ Im[a1](t ), δ Re[a2](t ), δ Im[a2]
(t ), δ Re[a0](t ), δ Im[a0](t )) and the drift matrix A containing
the stability characterization is

A =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

0 ωm 0 0 0 0 0 0

−ωm − γm

2 2
√

2g1 Re[a1s] 2
√

2g1 Im[a1s] 0 0 0 0

−√
2g1 Im[a1s] 0 − γ1

2 �c1 − √
2g1xs 0 0 0 J1√

2g1 Re[a1s] 0 −�c1 + √
2g1xs − γ1

2 0 0 −J1 0

0 0 0 0 γ2

2 �c2 0 J2

0 0 0 0 −�c2
γ2

2 −J2 0
0 0 0 J1 0 J2 0 �c0

0 0 −J1 0 −J2 0 −�c0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (5)
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FIG. 2. The contour of the largest Lyapunov exponent versus the tunneling strength J2/γ1 and the gain-to-loss ratio γ2/γ1 with and without
the optomechanical coupling g1. The yellow area denotes the system’s stable regime and the blue area shows the unstable regime. The red
dashed line stands for the border between the stable and unstable regimes. The parameter values we selected are γ1 = 2π × 106, ωm =
23.4γ1 Hz, γm = 0.038γ1, �ci = ωm (i = 0, 1, 2), J1 = 0.3γ1, �d = 105γ1. (a) g1 = 2.1 × 10−5γ1, (b) g1 = 0.

where xs and a1s are, respectively, the steady-state expectation
values of the mechanical oscillator and the passive cavity field,
which can be obtained by setting the time derivatives to 0 in
Eq. (4). We also assumed a large number of photons in the
passive cavity, i.e., |a1s | � 1.

It is known that the real parts of the eigenvalues of the
drift matrix are the Lyapunov exponents of this nonlinear
dynamical system [68–70]. If all the Lyapunov exponents
are negative, then the mean-value trajectories of the system
tend to a fixed point in the phase space. However, as long
as one of these Lyapunov exponents is positive, the system
will become unstable [69,71]. We can numerically evaluate
all the Lyapunov exponents of the optomechanical system
through the drift matrix A. However, we only need to focus
on the largest Lyapunov exponent of the system, which can
be regarded as an indicator to distinguish the stable and
unstable regimes of the system. This is because when its
value becomes positive, the stability condition of the system
is broken and thus the system enters the unstable region.
Accessible parameters of the cavity are selected, i.e, the decay
rate of the passive cavity is γ1 = 2π × 106 Hz, corresponding
to a Q factor Qc ∼ 3 × 107 of the passive cavity, the cavity-
pump detuning between the driving field, and the cavity fields
�ci = ωm (i = 0, 1, 2) [72–74]. The mechanical oscillation
frequency is ωm = 23.4γ1, the damping rate is γm = 0.038γ1,
and the driving amplitude is �d = 105γ1 [74–77]. The tunnel-
ing strength between the passive cavity and the no-loss-gain
cavity is J1 = 0.3γ1, and depends on the distance between ad-
jacent cavities [29,62,63]. In addition, the order of magnitude
of the optomechanical coupling is generally 100 Hz [1]. Here
we select g1 = 2.1 × 10−5γ1.

Using above parameters, in Fig. 2 we plot the largest Lya-
punov exponent as a function of the tunneling strength J2/γ1

and the gain-to-loss ratio γ2/γ1 in the presence or the absence
of the optomechanical coupling g1, where the yellow area
denotes the stable regime, the blue area denotes the unstable

regime, and the red dashed line stands for the border between
the stable and unstable regimes. It is found from Fig. 2 that, in
the two cases, for the coupling strength J2 there exist a min-
imum value J min

2 and a maximum value J max
2 for each fixed

γ2/γ1, at which the system can be transformed from the stable
to the unstable state. The width of the stable interval of J2, i.e.,
�J2 = J max

2 − J min
2 , decreases with increasing gain-to-loss

ratio γ2/γ1. Further, we see from Figs. 2(a) and 2(b) that the
left border between the stable and unstable regimes does not
change significantly when the optomechanical coupling and
the gain-to-loss ratio are relatively small. In particular, in the
condition of approaching a balanced gain-to-loss ratio, i.e.,
γ2 → γ1, the largest Lyapunov exponents are always positive
and therefore the optical trimer system and the four-mode
coupled optomechanical system are always unstable. In Fig. 3,
we also plot the border line as a function of the tunneling
strength J2/γ1 and the gain-to-loss ratio γ2/γ1 with different
optomechanical couplings g1. It is found from Fig. 3 that, for
a given γ2/γ1, the finite stable interval �J2 moves to the right
with increasing optomechanical coupling. In the following,
we mainly study the optical properties of the optical trimer
system in the stable regime and the effect of the mechanical
oscillator on the optical properties of the optomechanical cou-
pled system. Especially, the change of the absorption shape
of the system approaching the border of stable and unstable
regimes can be discussed.

In order to investigate the mean response of the system to
the probe field, we expand the steady-state solution of Eq. (4)
that contains many Fourier components and neglect the high-
order terms of εp in the limit of weak probe field. Then, the
form of each operator can be written as [23,74,78]

O = Os + +Oεp e−iδt + −Oε∗
p eiδt , (6)

Ȯ = −iδ+Oεp e−iδt + iδ−Oε∗
p eiδt . (7)
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Substituting Eqs. (6) and (7) into Eq. (4) and comparing
the coefficients of eiδt and e−iδt on the two sides of the
equation, the steady-state solutions and the amplitudes of the

first-order sidebands of this coupled optomechanical system
can be derived, i.e.,

xs =
√

2g1|a1s |2
ωm

, a1s = �d

i�1 + γ1

2 − J 2
1 (−i�c2+ γ2

2 )

J 2
2 −i�c0(−i�c2+ γ2

2 )

, (8)

and

+a1 =
ω2

m − δ2 − iδγm/2 + β1

−i(�1+δ−R)+ γ1
2[

ω2
m − δ2 − iδγm/2 + β1

−i(�1+δ−R)+ γ1
2

][
i(�1 − δ − Q) + γ1

2

] − β1

, (9)

where the undefined variables are β1 = i
√

2g1ω
2
mxs ,

�1 = �c1 − √
2g1xs , R = J 2

1
(�c0+δ)+iB

, Q = J 2
1

(�c0−δ)−iM
,

M = J 2
2

i(�c2−δ)− γ2
2

, B = J 2
2

−i(�c2+δ)− γ2
2

. We have ignored those

terms containing ε2
p, ε∗2

p , and |εp|2. Further, we write the
input-output relation of this coupled optomechanical system
as

εout (t ) + εp e−iδt + �d = γ1a1. (10)

Expanding the output field εout (t ) as εout (t ) = εs
out (t ) +

+εout (t )εp e−iδt + −εout (t )ε∗
p eiδt and substituting it into the

above equation, we obtain the output transmission spectra as
follows:

εs
out = γ1a1s − �d ,

+εout = γ1
+a1 − 1, −εout = γ1

−a1.

(11)

In order to analyze the optical response of the whole system
to the weak probe field, we write the amplitude of the rescaled
output field corresponding to the weak probe field as, i.e.,
χ = +εout + 1 = γ +

1 a1 [74]; the real and imaginary parts of
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FIG. 3. The border lines between the stable and unstable regimes
as a function of the tunneling strength J2/γ1 and the gain-to-loss
ratio γ2/γ1 with different optomechanical couplings g1. The other
parameter values are the same as in Fig. 2.

χ describe the absorption and the dispersion of the probe
field, respectively [23]. When the real part Re(χ ) → 0 and
the imaginary part Im(χ ) → 0 are simultaneously satisfied,
an OMIT window will appear [79].

IV. RESULTS AND DISCUSSIONS

We first numerically evaluate the phase quadratures of the
output field, Re(χ ) and Im(χ ), through the corresponding
output field +a1 in the optical trimer system. Figure 4 shows
the absorption Re(χ ) and the dispersion Im(χ ) of the probe
field as a function of the normalized detuning δ/ωm with
different γ2’s. Here we fix the parameter J2 = 0.0948γ1 and
change the values of the gain γ2 from the stable to the unstable
regime. In this case the stable-unstable critical point is γ2 =
0.1γ1. The other parameter values are the same as in Fig. 2.
When the gain γ2 is small and the system is stable, i.e.,
γ2 < 0.1γ1 in Figs. 4(a)–4(c), the structure of the absorption
shape is symmetric and the dispersion shape is antisymmetric
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dashed line) of the output probe field as a function of the probe
detuning δ/ωm with different γ2’s in the optical trimer system. g1 =
0, J2 = 0.0948γ1, and the other parameter values are the same as in
Fig. 2.
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near δ � ωm. Further, it is found from Figs. 4(a)–4(c) that
there always exist two dips in absorption which appear on
both sides of δ = ωm. The width of each transparency window
increases slightly and the distance between the transparency
windows decreases slightly with increasing gain γ2. Thus, in
the stable regime of the trimer system, the transparency state
is robust against the gain of the active cavity, which results
from the destructive interferences among different excitation
paths via the coupling between the no-loss-gain cavity and
the adjacent cavities. In addition, the couplings between the
cavity modes lead to three peaks of absorption, which appear
respectively at δ = ωm and on the two sides of δ = ωm. In
the stable regime near the stable-unstable critical value, i.e.,
γ2 = 0.08γ1, the absorption rate of the trimer system at δ =
ωm increases quickly with increasing gain γ2 so that a strong
resonance absorption induced by the active cavity can be
attained. However, when the gain γ2 becomes a litter larger,
the trimer system will become unstable. It is found from
Fig. 4(d) that in the unstable regime near the stable-unstable
critical point, i.e., γ2 = 0.11γ1, the absorption profile at δ =
ωm reverses from the peak to the dip. In particular, the dip
becomes negative so that the weak probe field is amplified
significantly [80,81]. Therefore, the optical properties of the
system can be used for evaluating the change of an optical
trimer system from the stable to the unstable regime.

We also discuss in detail the absorption and the dispersion
of the probe field versus the normalized detuning δ/ωm with
different tunneling strengths J2, as shown in Fig. 5. We fix the
gain γ2 = 0.1γ1 and change the values of parameter J2 from
the stable to the unstable regime gradually. In Figs. 5(a)–5(c),
it is shown that when the system is stable, i.e, J2 � 0.10γ1,
the distance between the left and right transparency windows
increases significantly with increasing tunneling strength J2.
Thus, a large tunneling strength J2 helps one observe the
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FIG. 6. The real part (blue line) and imaginary part (purple
dashed line) of the output probe field as a function of the probe
detuning δ/ωm with different optomechanical coupling strengths
when a mechanical oscillator is coupled to the passive cavity. J2 =
0.0948γ1, γ2 = 0.02γ1, and the other parameter values are the same
as in Fig. 2.

transparent behavior of the trimer system. Similarly, in the
stable regime, when the tunneling strength J2 approaches
the critical value, i.e., J2 = 0.1γ1, a very large absorption
rate of the probe field is attained at δ = ωm. When the tun-
neling strength J2 becomes a litter smaller and approaches
the stable-unstable critical point in the unstable regime, i.e.,
J2 = 0.09γ1, the absorption shape at δ = ωm also reverses.

The optical properties of the trimer system can be changed
significantly by coupling a mechanical oscillator to the pas-
sive cavity of the system, where the optomechanical interac-
tion between the mechanical oscillator and the cavity mode
leads to one additional interference channel. Correspondingly,
the phenomenon of optomechanically induced transparency
(OMIT) can be generated. In Fig. 6, we plot the absorption
Re(χ ) and the dispersion Im(χ ) of the probe field as a
function of the normalized detuning δ/ωm in the four-mode
optomechanical system. Here the parameters γ2 = 0.02γ1

and J2 = 0.0948γ1 in the coupled optomechanical system
satisfy the stable condition, which can be seen from Fig. 3.
Comparing with the optical trimer system, it is found that
in the presence of the optomechanical coupling, i.e., g1 =
5 × 10−5γ1, a familiar transparency window induced by the
optomechanical interaction occurs at δ = ωm. The OMIT be-
havior in the optomechanical system results from the destruc-
tive interference between the probe field and the anti-Stokes
field induced by the radiation pressure and can be under-
stood by the optomechanical coupling between the passive
cavity and the mechanical oscillator. According to Fig. 1(b),
photons with frequency ωp can be generated through four
paths in the coupled optomechanical system. Specifically,
when the driving field is a “red” detuning, i.e, �1 = ωm,
one transition path is from the state |n1, n0, n2, nm〉 to the
state |n1 + 1, n0, n2, nm − 1〉 in the passive cavity. Due to
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as in Fig. 2.

the coupling between the passive cavity and the no-loss-gain
cavity, the excited photon tunnels into the no-loss-gain cavity
through the tunneling effect between them and then tunnels
back to the passive cavity. Further, due to the decay of the
passive cavity, the state |n1 + 1, n0, n2, nm − 1〉 decays to the
state |n1, n0, n2, nm − 1〉 and emits a photon with frequency
ωp. The other path is from the state |n1, n0, n2, nm〉 to |n1 +
1, n0, n2, nm − 1〉. Then the excited photon tunnels into the
no-loss-gain cavity and the gain cavity and then tunnels back
in turn to the passive cavity, which is realized by the couplings
between the no-loss-gain cavity and the adjacent cavities.
Finally the photon with frequency ωp can be generated by
the decay of the state |n1 + 1, n0, n2, nm − 1〉 in the passive
cavity. The third path is from the state |n1, n0, n2, nm〉 to |n1 +
1, n0, n2, nm − 1〉 and then to the state |n1, n0, n2, nm − 1〉
directly without tunneling into the no-loss-gain cavity and
the gain cavity. Along with dissipation, the system emits a
photon with frequency ωp. The paths above and the probe field
itself lead to a destructive interference and make the cavity
transparent to the probe field.

In addition, it is noted from Fig. 6(d) that when the
optomechanical coupling strength g1 is large enough, i.e.,
g1 = 8 × 10−5γ1, the two additional peaks of absorption on
the vicinity of the middle transparency window are enhanced
significantly, which results from the optomechanical coupling
between the mechanical oscillator and the optical trimer sys-
tem. Furthermore, the distance between the two absorption
windows widens with increasing coupling strength g1. In
particular, it is seen from Fig. 6 that, in the presence of the
mechanical oscillator, the positions of outside round peaks
of absorption depend on the coupling strength such that the
distance between them increases with g1. Consequently, the
resonance absorptions can be controlled by the interaction be-
tween the mechanical oscillator and the optical trimer system.

We can investigate the influence of the gain γ2 and the
tunneling strength J2 on the peaks of absorption of the probe
field in the presence of optomechanical coupling, i.e., g1 =
7.4 × 10−5γ1. As shown in Fig. 7, we depicted the absorption
of the probe field as a function of the normalized detuning
δ/ωm with different J2’s and γ2’s. It is found that, in the pres-
ence of the mechanical oscillator, the transparency window
induced by the optomechanical coupling always appears at
δ = ωm. Also the coupling strength J2 and the gain γ2 do not
influence the depth of the dip in absorption. However, when
the coupling strength J2 is very small and approaches the
stable-unstable border, i.e., J2 = 0.20γ1, the positive peaks
of absorption near δ = ωm induced by the optomechanical
coupling change significantly so that the strong resonance
absorption due to optomechanical coupling can be attained.
Moreover, the depths of the dips in absorption near δ = ωm

also change significantly and thus the amplification of the
weak probe field is enhanced. It is shown in Fig. 7(b) that the
peaks of absorption induced by the optomechanical coupling
rise but the outside round peaks of absorption do not change
with increasing gain γ2. Similarly, the dips in absorption near
δ = ωm become deeper with increasing gain γ2 so that the
amplification of the optomechanical system can be easily
demonstrated. These results indicate that the optical properties
of the optical trimer system can be maneuvered by coupling
a mechanical oscillator to the trimer system. Apart from the
tunneling strength J2 and the gain ratio γ2, we also investigate
the effect of the driving strength �d on the absorption shape
of the four-mode optomechanical system. In Fig. 8, we plot
the absorption Re(χ ) of the probe field as a function of the
normalized detuning δ/ωm with different driving strengths
�d . It is clearly shown that the induced transparency at δ =
ωm appears and the separation of the split peaks increases
gradually with increasing driving strength �d . This is because

053848-7



XIYUN LI, WENJIE NIE, AIXI CHEN, AND YUEHENG LAN PHYSICAL REVIEW A 98, 053848 (2018)

0.96 0.98 1 1.02 1.04

0

1

2

R
e 

(χ
)

0.96 0.98 1 1.02 1.04

0

1

2

R
e 

(χ
) 

0.96 0.98 1 1.02 1.04

0

1

2

R
e 

(χ
) 

0.96 0.98 1 1.02 1.04

0
1
2

R
e 

(χ
) 

0.96 0.98 1 1.02 1.04

0
1
2

δ/ω
m

R
e 

(χ
)

(a) Ω
d
=0.2×105γ

1

(b) Ω
d
=0.4×105γ

1

(c) Ω
d
=0.8×105γ

1

(d) Ω
d
=1.2×105γ

1

(e) Ω
d
=1.4×105γ

1

FIG. 8. The real part of the output probe field as a function of
the probe detuning δ/ωm with different driving strength �d . g1 =
7.4 × 10−5γ1, J2 = 0.0948γ1, γ2 = 0.02γ1 and the other parameter
values are the same as in Fig. 2.

when the driving strength of the system is increased, the
effective optomechanical coupling between the mechanical
oscillator and the passive cavity can be enhanced signifi-
cantly, which is related to the increase of the steady-state

photon number. Therefore, the OMIT behavior at δ = ωm can
be conveniently modified by adjusting the driving strength,
which is easily controlled by the laser power [82]. Due to the
stability condition, there exists a critical value for the driving
strength of the system. Further, we find from Fig. 8 that when
�d approaches the critical value, i.e., �d � 1.2 × 105γ1, in
Fig. 8(d), the peaks of absorption induced by the optome-
chanical coupling rise quickly and the dips of absorption
near δ = ωm deepen quickly, which leads to a significant
amplification of the optomechanical system. In contrast, the
height of the outside round peaks of absorption induced by
the coupling between the optical cavities remains unchanged
but the separation increases with increasing driving strength.
It is found from Fig. 8(e) that in the unstable regime near
the stable-unstable critical point, i.e., �d � 1.4 × 105γ1, the
values of the peaks of absorption on the two sides of δ = ωm

decrease significantly.
In order to display clearly the dependence of the peak

separation and the dips of absorption on the control param-
eters of the system, in Fig. 9 we show the separation D12/ωm

(D34/ωm) between the outside round peaks of absorption (the
middle peaks of absorption) and the depths of absorption
dips Re(χ )L,R

min near δ = ωm as a function of the driving
strength �d , where D12 = δ1 − δ2 and δ2 (δ1) is the detuning
corresponding to the left (right) round absorption peak in
Fig. 8, and D34 = δ3 − δ4 with δ4 and δ3 being the detunings
corresponding to the middle absorption peaks in Fig. 8. The
detuning δ1,2,3,4 can be evaluated by d Re(χ )/dδ|δ=δ1,2,3,4 = 0.
It is clearly seen from Fig. 9(a) that D12 and D34 increase
nonlinearly with increasing driving strength. The maxima of
D12 and D34 corresponding to the critical driving strength
are 0.0435ωm and 0.0065ωm with the selected parameters,
respectively. Further, we can see clearly from Fig. 9(b) that
with an increase of the driving strength, the depths of the
absorption dips near δ = ωm decrease slowly at first, and then
decline rapidly from Re(χ )min � −0.5 to Re(χ )min � −5 in
the region next to the stable-unstable critical value. These
characteristics of the system mean that the dips of absorption
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induced by the coupling between the optical cavities can be
changed significantly by the driving strength of the system,
which determines the effective coupling between the mechan-
ical oscillator and the optical cavity.

V. CONCLUSIONS

In conclusion, we propose a hybrid four-mode coupled
optomechanical system consisting of an array of three single-
mode cavities and a mechanical oscillator to investigate the
change of the optical properties of the optical trimer system
brought about by the mechanical oscillator. We first analyze
the stable and the unstable regimes of the system in the
presence and absence of the optomechanical coupling by nu-
merically calculating the Lyapunov exponents of the system.
It is found that the stable regime of the coupled optome-
chanical system appears when the gain-to-loss ratio is small.
Then, we investigate the optical response of the trimer system
by changing the gain of the active cavity and the tunneling
strengths between the adjacent cavities. It is clearly seen that
due to destructive interferences among the excitation paths of
three single-mode cavities, there exist three absorption peaks
and two dips in absorption. Especially, the trimer system has
a strong resonance absorption in the stable regime near the
stable-unstable critical value and then amplifies quickly in the
unstable regime. Further, we investigate the optical proper-
ties of a four-mode optomechanical system by disposing a

mechanical oscillator to couple the passive cavity. Comparing
it with the optical trimer system, we find that the anti-Stokes
field caused by the optomechanical coupling induces an addi-
tional optomechanical transparent behavior at δ = ωm as well
as the corresponding resonance peaks of absorption beside
δ = ωm, which depend on the optomechanical coupling, the
tunneling strengths between the optical cavities, and the gain
of the active cavity. In contrast, the transparent behavior at
δ = ωm does not change with different gain ratios γ2 and tun-
neling strengths J2. We also discuss in detail the effect of the
driving strength �d on the absorption shape of the four-mode
optomechanical system. It is shown that the distance between
the split peaks goes up with increasing driving strength �d .
When �d approaches the stable-unstable critical value, the
depths of absorbtion dips near δ = ωm decline rapidly. These
results present interesting optical-response properties of an
optical trimer system induced by the coupling to a mechanical
oscillator, which provide a potential application in effectively
manipulating the propagation of light with more handles.
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