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In the unresolved sideband regime, we propose a scheme for cooling mechanical resonator close to its ground state in
a three-cavity optomechanical system, where the auxiliary cavities are indirectly connected with the mechanical resonator
through standard optomechanical subsystem. The standard optomechanical subsystem is driven by a strong pump laser
field. With the help of the auxiliary cavities, the heating process is suppressed and the cooling process of the mechanical
resonator is enhanced. More importantly, the average phonon number is much less than 1 in a larger range. This means that
the mechanical resonator can be cooled down to its ground state. All these interesting features will significantly promote
the physical realization of quantum effects in multi-cavity optomechanical systems.
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1. Introduction
As is well known, with the rapid development of

microscale integrable devices, cavity optomechanical sys-
tems play an important role in quantum information
processing.[1–17] A generic optomechanical system consists
of a Fabry–Pérot cavity in which one mirror is fixed but the
other is free to move around its equilibrium position as a
mechanical resonator.[2,3] Using strong pump laser field to
drive the cavity field, the effective cavity field length will
be changed by the mechanical resonator, resulting in an op-
tical pressure on the mirror which is proportional to the in-
tensity of the trapped cavity field. This mechanism gives
the optomechanical coupling between the cavity field and the
mechanical resonator.[2,3] In the cavity optomechanical sys-
tem, researchers can manipulate the cavity field by mechanical
resonator to achieve optomechanically induced transparency
(OMIT),[2,3] optomechanically induced amplification,[4] co-
herent perfect absorption or transmission,[5] fast and slow
light,[6] optical nonreciprocity,[7,8] etc. The coherent state,[18]

superposition state[19] and entangled state[20–22] of mechani-
cal resonator can also be obtained by manipulating a mechani-
cal resonator through cavity field. More recently the sideband
scattering engineering has been proposed theoretically and
demonstrated theoretically using squeezing, and in particular
three different forms of squeezing: (i) injected squeezing,[23]

(ii) intracavity squeezing,[24] (iii) in-loop feedback squeezing.
However, the realization of these physical phenomena is based
on the premise that the mechanical resonator is cooled to the
ground state.

Many different cooling schemes have been pro-
posed to realize the ground-state cooling of mechanical

resonators.[25–31] One of the famous cooling methods is side-
band cooling.[25] This method requires the condition of the re-
solved sideband regime, where the mechanical resonator reso-
nance frequency is higher than the cavity field decay rate.[25]

In practice, it is a challenging task to satisfy this condition
for a typical mechanical resonator whose frequency is in the
range of kHz–MHz. Therefore, it is particularly important
to realize ground-state cooling of mechanical resonator in the
unresolved sideband regime, in which the cavity field decay
rate would be larger than the resonance frequency of the me-
chanical resonator. In recent years, researchers have made
some achievements in the unresolved sideband regime. For
example, the electromagnetically induced transparency (EIT)-
like cooling mechanism. It is based on quantum interference
cooling mechanical resonator to its the ground state.[26] Guo
and Li[26] propose to cool a mechanical resonator close to its
ground state via an EIT-like cooling mechanism. With the help
of the auxiliary cavity field whose decay rate is less than the
frequency of the mechanical resonator, the cooling process of
the double-cavity optomechanical system corresponds to the
maximum value of the optical fluctuation spectrum and the
heating process corresponds to the minimum value of the op-
tical fluctuation spectrum by selecting the optimal parameters.
Results show that the cooling effect of the double-cavity op-
tomechanical system is better than that of the standard cavity
optomechanical system, even it can be cooled to the ground-
state cooling. Inspired by Ref. [26] we naturally ask a ques-
tion: Can ground-state cooling of a mechanical resonator be
achieved in a multi-cavity optomechanical system? Can the
multi-cavity optical mechanical system bring new insights into
the ground-state cooling of a mechanical resonator?

In this paper, under the unresolved sideband condition,
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we address the above questions by investigating the ground-
state cooling of a mechanical resonator via an EIT-like cool-
ing mechanism in a three-cavity optomechanical system. The
three-cavity optomechanical system under consideration is
schematically shown in Fig. 1. The system includes 3 cav-
ity fields labeled by c1, c2, and c3. We let only c1 interact with
the mechanical resonator by radiation pressure. Thus c1 forms
a standard optomechanical subsystem. Two adjacent cavities
are coupled to each other. In addition, c1 is driven by a pump
laser field. In the system we consider, there are two differ-
ent quantum interference effect channels. One is from c1–c2

coupling and the other is from c1–c3 coupling. Two different
quantum interference effect channels satisfy the condition of
two-photon resonance, respectively. By modifying the quan-
tum interference, the cooling process can be enhanced while
the heating process can be suppressed, so that the ground-state
cooling of mechanical resonator can be realized. It should be
noted that the results obtained are similar to Refs. [26–28].
However, this study is different from Ref. [26–28]. First, the
physical model is different. The physical model of Ref. [26] is
a double-cavity optomechanical system, the physical model of
Ref. [27] is a double-Lagureer–Gaussian-cavity optomechani-
cal system, while the physical model of Ref. [28] is a double-
cavity optomechanical system containing an atomic ensemble.
Our scheme is to realize the ground-state cooling of the me-
chanical resonator in the multi-cavity optomechanical system.
Second, in Ref. [26], the auxiliary cavity field must be a good
cavity field, while in our scheme, the auxiliary cavity fields
can be bad cavity fields. Third, the additional auxiliary cavity
fields not only change the quantum interference effect chan-
nels, but also have more adjustable parameters, which can bet-
ter adjust the cooling effect. Here instead of only illustrat-
ing the ground-state cooling of mechanical resonator in such
a system, we are especially interested in what roles the c1, c2,
c3 could play. It is also helpful for realizing the physics of the
three-cavity optomechanical system. Fourth, our scheme can
make the mean phonon number close to zero in a larger range
of parameters.

EL

J12

c3c1

J13 

c2 b

Fig. 1. The schematic of a three-cavity optomechanical system. Three
cavities connected through tunneling parameters J12 (J13). A strong
pump light field is injected into cavity c1 while cavity c1 is coupled
with mechanical resonator b.

The paper is organized as follows. Firstly, we introduce
the theoretical model, the detailed analytical expressions of
the system, obtain the steady-state mean values, and discuss

the final mean phonon number. Secondly, we study in detail
the ground-state cooling of mechanical resonators by tuning
the system parameters and provide the corresponding physics
explanation. Lastly, we summarize our work.

2. Model and equations
We consider a hybrid system, composed of three cavities

c j ( j = 1,2,3), a mechanical resonator b, as shown in Fig. 1.
The c1 is coupled to the mechanical resonator via the radia-
tion pressure force. Furthermore, c1 is directly coupled to c2

(c3). The c1 is simultaneously driven by a single-frequency
continuous-wave classical input field, which is called the
pump laser field. Firstly, by setting h̄ = 1, the total Hamil-
tonian of this hybrid system in the presence of a pump laser
field can be written as an added mechanical resonator free term
and optomechanical interaction on the basis of ordinary cavity
Hamiltonian, i.e.,[32–36]

H =
3

∑
j=1

ω jc
†
jc j +ωmb†b−g0(b† +b)c†

1c1 + J12(c
†
1c2 + c†

2c1)

+J13(c
†
1c3 + c†

1c3)+ i(ELc†
1 e−iωLt −E∗Lc1 e iωLt). (1)

In Eq. (1), the first term denotes the energy of the three cavity
fields with the creation (annihilation) operator c†

j (c j), reso-
nance frequency ω j, and decay rate κ j ( j = 1,2,3). The sec-
ond term represents the free Hamiltonian of the mechanical
resonator with creation (annihilation) operator b† (b), reso-
nance frequency ωm, effective mass m. The third term shows
the interaction between the c1 and b with optomechanical cou-
pling strength g0 = ω1

L

√
1/2mωm, and L is length of the c1.

The next two terms give the interaction between the c1 and c2

(c3), with J12 (J13) being the coupling strength. The J12, as
well as J13, can be efficiently modulated by the distance be-
tween c1 and c2. Finally, the last term describes the the optical
driving with frequencies ωL. The parameter EL =

√
2Pk1/ωL

is the amplitude of the pump laser field, which is related to
the pump laser power P. Without loss of generality, we have
assumed g0, J12 (J13) and EL to be real numbers.

Transforming the Hamiltonian Eq. (1) into the rotating
frame at the frequency ωL of the pump laser field by means
of H1 = ∑

3
j=1 ωLc†

jc j, Ut = e−iH1t and Hrotating = U†
t HUt −

iU†
t

∂Ut
∂ t = U†

t (H −H1)Ut , the resulting Hamiltonian Eq. (1)
can be derived as

Hrotating = ∆11c†
1c1 +∆2c†

2c2 +∆3c†
3c3

+ωmb†b−g0(b† +b)c†
1c1

+J12(c
†
1c2 + c†

2c1)+ J13(c
†
1c3 + c†

1c3)

+ i(ELc†
1−E∗Lc1), (2)

where ∆11 = ω1−ωL, ∆2 = ω2−ωL, and ∆3 = ω3−ωL are
the detuning of the j-th ( j = 1,2,3) cavity field frequency with
pump laser field frequency. Note that the same cavity reso-
nance frequencies ω1 = ω2 = ω3 lead to the same detuning
∆11 = ∆2 = ∆3.
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According to the Heisenberg equation and the commuta-
tion relation, the temporal evolution of the operators c1, c2, c3

and b can be obtained. Taking the decay terms into considera-
tion, we can obtain the Heisenberg equations as follows:

∂tc1 = −(κ1 + i∆11)c1− iJ12c2− iJ13c3

+EL + ig0(b† +b)c1 +
√

2κ1cin
1 (t) ,

∂tc2 = −(κ2 + i∆2)c2− iJ12c1 +
√

2κ2cin
2 (t) ,

∂tc3 = −(κ3 + i∆3)c3− iJ13c1 +
√

2κ3cin
3 (t) ,

∂tb = −(γm + iωm)b+ ig0c†
1c1 +

√
2γmbin (t) . (3)

Here γm is the decay rate of mechanical resonator; cin
j (t) and

bin (t) are the input quantum vacuum noise operator in the j-th
( j = 1,2,3) cavity field and thermal noise on the mechanical
resonator.[37]

Defining the steady solution of the cavity field and me-
chanical resonator as C j ( j = 1,2,3) and B, respectively, by
solving Eq. (3), we can obtain the steady solutions as follows:

C1 =
EL

κ1 + i∆1 +
J2

12
κ2+i∆2

+
J2

13
κ3+i∆3

,

C2 = − iJ12C1

κ2 + i∆2
,

C3 = − iJ13C1

κ3 + i∆3
,

B =
ig0 |C1|2

γm + iωm
, (4)

where ∆1 =∆11−g0(B∗+B) is the effective detuning between
the c1 and the the pump field, including the frequency shift
caused by the mechanical resonator motion.

Generally, in the case of strong pump laser field, lin-
earizing the operators around the steady state values as c j =

C j + δc j ( j = 1,2,3), b = B+ δb. Neglecting the constant
and higher-order terms with |C1| � 1, Eq. (3) then becomes

∂tδc1 = −(κ1 + i∆1)δc1− iJ12δc2

− iJ13δc3 + ig(δb† +δb)+
√

2κ1cin
1 ,

∂tδc2 = −(κ2 + i∆2)δc2− iJ12δc1 +
√

2κ2cin
2 ,

∂tδc3 = −(κ3 + i∆3)δc3− iJ13δc1 +
√

2κ3cin
3 ,

∂tδb = −(γm + iωm)δb+ ig
(

δc1 +δc†
1

)
+
√

2γmbin. (5)

The g = g0C1 is the enhanced effective optomechanical cou-
pling coefficient.

We can make an inversion based on Eq. (5) and obtain the
following Hamiltonian:

H = ∆1δc†
1δc1 +∆2δc†

2δc2 +∆3δc†
3δc3

+ωmδb†
δb−g(δb† +δb)

(
δc†

1 +δc1

)
+J12(δc†

1δc2 +δc†
2δc1)+ J13(δc†

1δc3 +δc†
3δc1). (6)

In the regime g � ωm, we can ignore the back actions of
the mechanical resonator. Therefore, in Eq. (6), the effective

Hamiltonian for cooling reads

Hcooling = ∆1δc†
1δc1 +∆2δc†

2δc2 +∆3δc†
3δc3

+J12(δc†
1δc2 +δc†

2δc1)

+J13(δc†
1δc3 +δc†

3δc1). (7)

The Heisenberg equations of Hamiltonian (7) are presented as
follows:

∂tδc1 = −(κ1 + i∆1)δc1− iJ12δc2− iJ13δc3 +
√

2κ1cin
1 ,

∂tδc2 = (κ2 + i∆2)δc2− iJ12δc1 +
√

2κ2cin
2 ,

∂tδc3 = (κ3 + i∆3)δc3− iJ13δc1 +
√

2κ3cin
3 . (8)

We define the radiation force as[26–28]

F = δc†
1 +δc1. (9)

The optical force fluctuation spectrum for this force is[26–28]

SFF (ω) =
∫

dt e iωt 〈F (t)F (0)〉 . (10)

By introducing the Fourier transform of the operators

f (ω) =
1√
2π

∫ +∞

−∞

e iωt f (t) dt,

f (t) =
1√
2π

∫ +∞

−∞

e−iωt f (ω)dω, (11)

we can obtain the following two important properties of
Fourier transform:

f † (−ω) =
1√
2π

∫ +∞

−∞

e iωt f † (t) dt,

−iω f (ω) =
1√
2π

∫ +∞

−∞

e iωt ḟ (t) dt. (12)

The cin
j and cin†

j associated with the j-th ( j = 1,2,3) cavity
obey the relation〈

cin
j (ω)cin†

j (−ω
′)
〉
= δ (ω +ω

′), ( j = 1,2,3). (13)

We can reach

SFF(ω) =
2κ1+2κ2 |B(ω)|2 +2κ3 |D(ω)|2

|A(ω)|2
, (14)

where

A(ω)=κ1+ i (∆1−ω)+
J2

12
κ2+ i(∆2−ω)

+
J2

13
κ3+ i(∆3−ω)

,

B(ω) =− iJ12

κ2 + i(∆2−ω)
, D(ω) =− iJ13

κ3 + i(∆3−ω)
.

If we further simplify SFF(ω), we can obtain

SFF(ω) =
1

A(ω)
+

1
A∗(ω)

. (15)

The rate equation for the phonon on the mechanical res-
onator is given by [26–28,38]

Ṗn = Γn←n+1Pn+1 +Γn←n−1Pn−1−Γn−1←nPn

024204-3
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−Γn+1←nPn + γm(nm +1)(n+1)Pn+1

+γmnmnPn−1− γm(nm +1)nPn

−γmnm (n+1)Pn, (16)

where Pn is the probability for the mechanical resonator in
the Fock state |n〉. The first four terms in Eq. (16) caused
by the effective optomechanical coupling, the Γn′←n refers to
the transition rate from the Fock state |n〉 to |n′〉, and by using
Fermi’s golden rule,[26–28,38] we can achieve the transition rate
Γn←n+1 = (n+ 1)g2SFF(ωm) (anti-Stokes scattering process)
and Γn+1←n = (n+1)g2SFF(−ωm) (Stokes scattering process).
The last four terms in Eq. (16) describe the transition induced
by the thermal bath. Here nm is the thermal phonon number.
Equation (16) can also be rewritten as

Ṗn = γf(nf +1)(n+1)Pn+1 + γfn f nPn−1− γf(nf +1)nPn

−γfnf(n+1)Pn, (17)

where γf is the rate at which the average phonon number tends
to the steady value B†B, which satisfies

γf(nf +1) = γm(nm +1)+g2SFF(ωm),

γfnf = γmnm +g2SFF(−ωm), (18)

nf is the final mean phonon number of the mechanical res-
onator. If nf < 1, it should be considered that the mechanical
resonator is cooled to the ground state. Solving Eq. (18), the
nf can be obtained as

nf =
γmnm + γcnc

γm + γc
, (19)

where

γc = g2 [SFF(+ωm)−SFF(−ωm)] , (20)

nc =
SFF(−ωm)

SFF(ωm)−SFF(−ωm)
. (21)

The nf is mainly determined by the γm, nm, γc and nc; γc is the
cooling rate and nc is the quantum limit of cooling. If γm→ 0,
then nf → nc. This means that the nf will have a non-zero
lower limit nc even if there is no heat reservoir. In order to ob-
tain very small nf, a large cooling rate γc and a small cooling
limit nc must be satisfied. The γc and nc are determined by the
positive-frequency and negative-frequency parts of the optical
fluctuation spectrum, i.e., SFF(±ωm). We also note that the
negative frequency part of the SFF(−ωm) associated with tran-
sition rate Γn+1←n determines the heating process, while the
positive frequency part of the SFF(ωm) associated with tran-
sition rate Γn←n+1 determines the cooling process. Therefore,
in order to make the mechanical resonator cooling close to its
ground state, it is necessary to suppress the heating process
and to strengthen the cooling process.

3. Ground-state cooling of mechanical resonator
We hope that the ground-state cooling of the mechanical

resonator can be achieved in the unresolved sideband regime
by introducing the auxiliary cavities (the second and third cav-
ity field), although the auxiliary cavities and the mechanical
resonator are indirectly related. Thus in this section, we de-
scribe in detail how the auxiliary cavities impact the optical
fluctuation spectrum.

-10 -5 0 5 10
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6

ω/ωm

(b)
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S
F
F
↼ω
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Fig. 2. The optical fluctuation spectrum SFF (ω) (in arbitrary units) ver-
sus the frequency ω: (a) κ2 = 10ωm, (b) κ2 = 0.7ωm. Three cases
are shown with different colors: (i) the red solid curve shows the
J12 = J13 = 0, (ii) the blue dashed curve shows the J12 = 3ωm, J13 = 0,
(iii) the black dotted curve shows the J12 = 3ωm, J13 = 3ωm. The val-
ues of the other parameters are set as ∆1 = −4ωm, ∆2 = ∆3 = −ωm,
κ1 = 3ωm, κ3 = 0.5ωm.

We first analyze and discuss the influence of decay rate
of cavity field c2 on the ground-state cooling of mechanical
resonator. In Fig. 2, from top to bottom, we draw the opti-
cal fluctuation spectrum SFF(ω) versus the frequency ω when
c2 is bad cavity field and c2 is good cavity field. It is well
known that the decay rate determines the quality factor of the
cavity field. For c2 in the bad cavity field case, we adopt
the decay rate κ2 = 10ωm in Fig. 2(a). For c2 in the good
cavity field case plotted in Fig. 2(b), we have adjusted c2 to
the decay rate of κ2 = 0.7ωm. For comparison, three cases
are plotted for each the optical fluctuation spectrum SFF(ω):
(i) the red solid curve show the J12 = J13 = 0, (ii) the blue
dashed curve show the J12 = 3ωm, J13 = 0, (iii) black dot-
ted curve show the J12 = 3ωm, J13 = 3ωm. It should be em-
phasized that under any circumstances, c1 works in the un-
resolved sideband regime, i.e., the decay rate of c1 is much
larger than the frequency of b (κ1 > ωm). Let us first see the
red solid line of Figs. 2(a) and 2(b). When c2 (c3) is decou-
pled from c1 (J12 = J13 = 0 ), no matter whether c2 is good
or bad, the profile of the SFF(ω) has a Lorentzian shape with
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a single peak located at ω = ∆1 = −4ωm and the half width
of the peak being κ1. The values of SFF(−ωm) and SFF(ωm)

are very close. According to the second part of the paper, we
know that the optical fluctuation spectrum SFF(−ωm) repre-
sents the heating process and the optical fluctuation spectrum
SFF(ωm) represents the cooling process, and nf > 1, so it is im-
possible to cool the mechanical resonator in the ground state
only when c1 exists. Next, let us see the blue dashed curve
(J12 = 3ωm, J13 = 0). When c3 and c1 are decoupled, if c2 is
a bad cavity, the optical fluctuation spectrum SFF(ω) will still
be a Lorentzian shape [see Fig. 2(a)]. On the contrary, when
c2 is a good cavity, we must point out that the system at this
time is consistent with Ref. [26], the optical fluctuation spec-
trum SFF(ω) becomes distorted, the single Lorentzian peak
splits into two asymmetric narrow peaks and a dip emerges
between them [see Fig. 2(b)]. The peak on the right hand is in
the positive-frequency part of the optical fluctuation spectrum,
and the dip is in the negative-frequency part of the optical
fluctuation spectrum. The values of SFF(−ωm) and SFF(ωm)

are very different, and nf < 1, that is to say, the asymmetric
heating and cooling rates make it possible to realize ground-
state cooling of mechanical resonator. It is noteworthy that the
dip is caused by EIT.[26–28] Finally, let us see the black dotted
curve. When c2 and c3 are present (J12 = 3ωm, J13 = 3ωm),
no matter whether c2 is bad (Fig. 2(a) κ2 = 10ωm) or good
(Fig. 2(b) κ2 = 0.7ωm), the ground-state cooling of the me-
chanical resonator can be achieved. By comparing Figs. 2(a)
and 2(b), the following results can be obtained: due to the
introduction of the two auxiliary cavities (both cavities are
good or only one of them is good), the mechanical resonator
can be successfully cooled to the ground state beyond the re-
solved sideband condition. At the same time, we also find
that participation of the third cavity field can make the cooling
mechanism become more efficient in the unresolved sideband
regime. Therefore, we can use the method of increasing the
number of cavity field to enhance the cooling effect, while to
overcome the heating effect.

In the following, we focus on optimal cooling regime
when κ2 > ωm. From Heisenberg Eq. (8), we have

E1 =
1
2
(∆3 +∆1 +

√
4(J2

12 + J2
13)+(∆3−∆1)2),

E2 =
1
2
(∆3 +∆1−

√
4(J2

12 + J2
13)+(∆3−∆1)2),

E3 = ∆3. (22)

This implies that the three eigen-energies correspond to three
inflection points in the optical fluctuation spectrum SFF(ω).
When ∆3 =−ωm, the minimum value in the optical fluctuation
spectrum SFF(ω) can be guaranteed to appear at the position
of ω = −ωm, so that the heating process can be effectively
suppressed. In order to strengthen the cooling process, it is
necessary to ensure E2 = ωm. Then, we can reach the optimal
condition J2

12 + J2
13 = 2ωm(ωm−∆1).[26–28]

In Fig. 3 we plot the optical fluctuation spectrum SFF(ω)

as a function of the frequency ω for different tunnel decay rate
κ3: κ3 = 2ωm (red solid curve), κ3 = ωm (blue dashed curve),
κ3 = 0.5ωm (green dot-dashed curve), κ3 = 0.05ωm (black
dotted curve). Here we choose J13 = 3ωm and ∆1 = −4ωm,
which means that the optimal coupling strength between the
c1 and c2 is J12 = ωm. Under the optimal condition, from
Fig. 3, we can see that the dip of the optical fluctuation spec-
trum SFF(ω) is at ω = −ωm and the peak on the right hand
is at ω = ωm even if κ3 = 2ωm. With the decrease of decay
rate κ3, SFF(ωm) is further enlarged, and SFF(−ωm) is further
suppressed. This is due to the fact that the quantum interfer-
ence of c1-c3 coupling inhibits the heating process. According
to Eq. (21), the larger the SFF(ωm), the smaller the SFF(−ωm),
and the better the effect of the ground-state cooling. With de-
creasing values of decay rate κ3 to 0.05ωm, the optical fluc-
tuation spectrum value for the heating process can reach zero
completely (SFF(−ωm)' 0), the cooling process can reach its
maximal value (SFF(ωm) = 5). This means that in the three-
cavity system, the smaller decay rate κ3 is more suitable for
ground-state cooling the mechanical resonator.

ω/ωm

S
F
F
↼ω
↽

-5 0 5
0

1

2

3

4

5

6
heating cooling

Fig. 3. The optical fluctuation spectrum SFF(ω) (in arbitrary units)
versus ω , for κ3 = 2ωm (red solid curve), κ3 = ωm (blue dashed
curve), κ3 = 0.5ωm (green dot-dashed curve), κ3 = 0.05ωm (black dot-

ted curve). Here, κ2 = 10ωm, J13 = 3ωm, J12 =
√

2ωm(ωm−∆1)− J2
13.

For the other parameters see Fig. 2.

Figures 2 and 3 highlight the key role of the decay rate
κ2,3 in observing the ground-state cooling phenomena. In
order to accurately explain the effect of decay rate κ3 on
the ground-state cooling of the mechanical resonator, we plot
the optical fluctuation spectrum SFF(ω) as a function of de-
cay rate κ3 at ω = −ωm (red curve) and ω = ωm (blue
dashed curve) in Fig. 4. It is found that the heating effect
monotonously increases with the decay rate κ3, the cooling ef-
fect is just the opposite. In the regime 0 < κ3 < 3ωm, we have
SFF(−ωm) < SFF(ωm), whereas SFF(ωm) < SFF(−ωm) when
3ωm < κ3 < 4ωm. Therefore, in order for the ground state of
the mechanical oscillator to be good, the decay rate κ3 must
be small enough. This is consistent with Fig. 3.

Figure 5 shows the variations of the cooling rate γc as a
function of J13. The red curve κ3 = 0.01ωm, blue dashed curve
κ3 = 0.5ωm, green dot-dashed curve κ3 = 2ωm. As you can
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see from Fig. 5, if you want to cooling rate faster, the value of
κ3 will be smaller.

Figure 6 shows the variation of the steady-state final mean
phonon number nf of the mechanical resonator as a function of
J13. One can clearly see that the nf can be less than 1. This
means that mechanical resonator can be cooled nearly to its
ground state, even in the usual unresolved sidebands, due to
the presence of the auxiliary cavities.

κ3/ωm

S
F
F
↼ω
↽

0 1 2 3 4
0

1

2

3

4

5

Fig. 4. The optical fluctuation spectrum SFF(ω) (in arbitrary units)
versus κ3 with ω = −ωm (red solid curve) and ω = ωm (blue dashed
curve). For the other parameters see Fig. 2.

J13/ωm
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0

0.005

0.010

0.015

0.020

γ
c
/
ω
m

Fig. 5. The cooling rate γc as a function of J13 in the case of ∆1 =

ωm −
J2

12+J2
13

2ωm
for three different κ3 with κ3 = 2ωm (green dotdashed

curve), κ3 = 0.5ωm (blue dashed curve), κ3 = 0.01ωm (red solid curve).
Here ωm = 4π×10×106 Hz, g = 0.2ωm. For the other parameters see
Fig. 2.

J13/ωm
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Fig. 6. The mean phonon number nf as a function of the J13 in the

case of ∆1 = ωm −
J2

12+J2
13

2ωm
for J12 = γm. Here γm = 5π × 102 Hz,

g0 = 1.6×10−4ωm, EL = 6000ωm. For the other parameters see Fig. 2.

4. Conclusions
We have studied the ground-state cooling of the mechani-

cal resonators in a coupled cavity optomechanical system. The
optical fluctuation spectrum can be modified by quantum inter-

ference effects induced by the c1–c2 and c1–c3 couplings. Be-
cause of the combination of two quantum interference effects,
by selecting the optimal parameters, the cooling process of
the mechanical resonator corresponds to the maximum value
of the optical fluctuation spectrum, and the heating process
corresponds to the minimum value of the optical fluctuation
spectrum, which finally cools the mechanical resonator.
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