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The development of quantum optomechanics enables the manipulation of the
quantum state of a macroscopic object and the conversion of frequency in
different domains in quantum information processing, which prompts the
process of quantum network and quantum computing. However, to enter the
regime of quantum optomechanics, it’s necessary to prepare a mechanical object
in its ground state. In this review, we briefly introduce the process of ground-state
cooling in cavity optomechanical system. We first elucidate the theory of
optomechanical cooling from both the classical and quantum perspective.
Then we review experimental process about ground-state cooling in cavity
optomechanical systems in these years, which includes the active feedback
cooling and intrinsic optomechanical cooling. We selectively introduce the
apparatus, samples and final cooling performance of some remarkable
experiments. Finally, theoretical discussions on novel cooling approach will be
reviewed, including cooling beyond resolved-sideband regime and multimode
cooling, which may serve as a guidance for future experiment design.
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1 Introduction

The area of optomechanics can be dated back to as early as 17th century, when Kepler
noted that the dust tails of comets always point away from the sun. Kepler attributed this
phenomenon to the existence of the radiation pressure force, which is a kind of action that
light exerts on the object. Radiation pressure force, also dubbed as scattering force, forms the
cornerstone of the optomechanical interaction. A strong evidence for its existence is the fact
that laser could be utilized to trap and control atoms [1], which is known as “optical tweezer”
that plays an important role in manipulating small objects like cells and bacteria in medicine.
Besides the manipulation of atoms, laser could also be utilized to cool the atom to its
motional ground state (see [2]; [3]) and this technology has become the base of current
ultracold atom experiments.

Inspired by the remarkable achievement in laser cooling in atom systems, the idea of
using radiation pressure to cool a larger object arose naturally. By bringing a mechanical
resonator into quantum regime, we arrive at the region of quantum optomechanics, which is
an emerging area that attracts extensive attention for both its rich physics content and wide
range of applications. By preparing an optomechanical system in the quantum regime, it is
possible to observe or even manipulate the quantum state of a macroscopic object, which
offers a different view of quantum mechanics since former related experiments were all
performed in extremely tiny systems. Quantum optomechanics offers us the possibility to
create non-classical correlations (quantum entanglement) between mechanical modes and
optical modes [4] and [5] or between two mechanical modes [6]. Moreover, due to its
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frequency being in a wide range, the mechanical mode is viewed as a
perfect candidate for a quantum transducer between the microwave
domain and the optical domain, which makes it an important
constituent for quantum information processing network (see [7];
[8]). For example, an optomechanical device can serve as an
interface between the solid superconducting qubits and the flying
photonic qubits. Another important application of quantum
optomechanics is quantum precision measurement, where
squeezed light can be harnessed to improve the measurement
precision even near the standard quantum limit (see [9]; [10]).

However, all fantastic applications about quantum mechanics
mentioned above are all based on the prerequisite that the
mechanical resonator is in its quantum ground-state. A
macroscopic mechanical resonator is usually surrounded by
complex thermal bath, which makes it hard to stay in its
quantum ground state. Besides, the radiation pressure between
the optical field and a mechanical resonator is generally weak,
which is insufficient to bring a mechanical resonator to its
quantum ground state. Thanks to the pioneered work of
Braginsky (see [11]; [12]), the field of cavity optomechanics has
achieved prominent enhancement of light-matter interaction by
fabricating a high-finesse optical cavity. Various cavity
optomechanics systems have been shown in experiments,
including Fabry-Perot cavities [13], whispering-gallery mode
cavities [14], photonic crystal cavities [15], microwave circuits
[16], membranes [17], levitated particles [18] and so on. The
structures listed above and references attached to them are not
adequate, for more discussion on cavity optomechanics one can
refer to previous reviews [19], [20], [21], [22], [23].

With the rapid development in cavity optomechanics and the
implementation of cryogenic technology, ground-state cooling of
mechanical modes has become possible, which paved the way to
further manipulation of the quantum state of macroscopic object.
So, the importance of preparing optomechanical systems in
ground state is self-evident. Although there is a remarkable
review about optomechanical cooling published [24], we
would still like to complement the progress in recent years
here. In this review, we briefly introduce the process of the
ground-state cooling of cavity optomechanical system. In
Section 2, we introduce the basic theory of the
optomechanical cooling, including the classical version and
the quantum version. In Section 3, we introduce the
experimental process of ground-state cooling, including the
active feedback cooling and the intrinsic optomechanical
cooling. In Section 4, we introduce more theoretical
discussions about ground-state cooling of optomechanical
cooling, including cooling beyond resolved-sideband regime
and multimode cooling. Finally, we make a summary and
outlook.

2 Basic theory of optomechanical
cooling

In this section, we provide the basic theory of optomechanical
cooling, which can be divided into the classical version and the
quantum version. The former helps us understand the picture of the

cooling process while the latter gives a more strict description in the
cooling limit.

2.1 Classical theory of optomechanical
cooling

To understand why the radiation pressure can be utilized to
cool a mechanical resonator, let’s start from an intuitive classical
version of view. A typical optomechanical system can be
modeled as a FP cavity shown in Figure 1. The FP cavity
consists of two mirrors, one of which is fixed and the other
can oscillate due to its connection with a spring. Since the
radiation pressure will push the right mirror in Figure 1 to
oscillate, the cavity length of the FP cavity varies as well.
Different cavity length corresponds to different optical
resonant frequency, so the optical resonant frequency is
modulated by the mechanical mode, which causes the
rebuilding of the cavity optical field during the oscillation of
the mirror. However, the rebuilding of the cavity optical field is
not instantaneous but requires some time due to the finite
lifetime of the photon in the cavity. Thus, the radiation force
is proportional to the velocity of the moving mirror, which
behaves like a viscous force and causes extra damping γOM to the
mechanical mode. The resulting effective temperature is

Teff � γT

γ + γOM
(1)

where T is the thermal bath temperature and γ is the intrinsic
mechanical dissipation rate. From 1 it seems like there is no cooling
limit as long as γOM is strong enough, which corresponds to the
cooling laser power. However, when the effective temperature
reaches a sufficiently low level, the unavoidable quantum shot
noise begins manifesting, which prohibits the realization of
arbitrary low effective temperature. For the discussion of the
optomechanical cooling in this region, we have to take a
quantum point of view.

2.2 Quantum theory of optomechanical
cooling

Quantum theory for optomechanical cooling has been well
discussed in [25], [26] and [27]. Here we give a concise
discussion. Similar to the classical version, a typical
optomechanical system can be modeled as a FP cavity shown in
Figure 1. But now we use operator to describe the optomechanical
system, the Hamiltonian of which is

H � ωca
†a + ωmb

†b + ga†a b† + b( ) + Ω*eiωLta +Ωe−iωLta†( ). (2)
From the first two terms one can see that we have considered

both the optical and the mechanical mode as quantum harmonic
oscillators with frequency ωc and ωm, where a(a

†) is the bosonic
annihilation (creation) operator for the optical mode and b (b†)
is the bosonic annihilation (creation) operator for the
mechanical mode. Now we explain the origin of the third
term, i.e., the optomechanical interaction term. Similar to the
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classical description, the radiation pressure will cause the right
mirror of Figure 1 to oscillate, which modulates the cavity length
as a result. The change of the cavity length leads to the change of
the resonance frequency. We can use the Taylor expansion to
describe the change of the cavity resonance frequency as ωc(x) =
ωc + x∂ωc(x)/∂x + O(x). So the Hamiltonian for the optical mode
becomes (ωc + x∂ωc(x)/∂x)a

†a, which indicates that (x∂ωc(x)/∂x)
a†a is an emerging interaction term due to optomechanical
coupling. Generally, we define G′ = ∂ωc(x)/∂x as the
frequency shift per displacement. Since the mechanical mode
has been viewed as a quantum harmonic oscillator, the
displacement operator x can be expressed as x = xZPF(b

† + b),
where the zero-point fluctuation xZPF is defined as xZPF �����������
Z/2meffωm

√
with meff denoting the effective mass of the

mechanical mode. So the optomechanical interaction term
can be rewritten as ga†a(b† + b), where the vacuum
optomechanical coupling strength g is defined as g = G′xZPF.
We note that g is more fundamental than G′ since it describes the
interaction strength between a single photon and a single
phonon. However, G′ may be affected by the specific
geometric structure of the optomechanical system. The fourth
term Ω*eiωLta +Ωe−iωLta† is the driving term, where ωL is the
driving laser frequency and Ω is the driving laser amplitude. We
note that Ω is defined as Ω � ����������

κexP/(ZωL)
√

eiϕ, where κex denotes
coupling rate, P denotes the driving laser power and ϕ denotes
the initial phase of the driving laser. Under the rotation frame
with ωL the Hamiltonian becomes

H � −Δa†a + ωmb
†b + ga†a b† + b( ) + Ω*a + Ωa†( ), (3)

where the detuning is defined as Δ =ωL − ωc. The quantum Langevin
equations are then given by

_a � iΔ − κ

2
( )a − iga b† + b( ) − iΩ − ���

κex
√

ain,ex − ���
κin

√
ain,in, (4)

_b � −iωm − γ

2
( )b − iga†a − �

γ
√

bin. (5)

We have distinguished between the extrinsic (detected) and the
intrinsic (undetected) dissipation channels here by the noise
operator ain,ex and ain,in, with extrinsic dissipation rate κex and
intrinsic dissipation rate κin, respectively. The total dissipation rate κ
is defined as κ = κex + κin. The noise operator bin is associated with
the mechanical dissipation and γ is the corresponding
dissipation rate.

Now we take the standard linearization approach to handle the
quantum Langevin equations above. The so-called linearization is to
split the classic coherent part < a> � α and the quantum
fluctuation part δa of an operator a, or say doing the transformation

a → α + δa,
b → β + δb.

(6)

The classic part and the quantum fluctuation part separately
satisfies the equations

_α � iΔ′ − κ

2
( )α − iΩ, (7)

_β � −iωm − γ

2
( )β − ig|α|2, (8)

δ _a � iΔ′ − κ

2
( )δa − igα δb + δb†( ) − ���

κex
√

ain,ex − ���
κin

√
ain,in, (9)

δ _b � −iωm − γ

2
( )δb − ig α*δa + αδa†( ) − �

γ
√

bin, (10)

where the effective detuning Δ′ is defined as Δ′ = Δ − g(β + β*). The
steady-state value for α can be obtained by letting the left side of
Eq. 7 equals 0, which means that α = iΩ/(iΔ′ − κ/2). In the weak-
coupling regime we can assume that Δ′ = Δ. And without losing the
generality we let α be real by choosing a proper phase ofΩ. To make
the form simpler we replace δa, δb with a, b. The quantum
fluctuation part becomes

FIGURE 1
A typical optomechanical can be viewed as a FP cavity. The left mirror is fixed while the right mirror is movable with an oscillation frequency ωm,
which can be viewed as amechanical harmonicmode. The light field in FP cavity can be viewed as an harmonic oscillator with a frequency ωc, namely, the
optical mode. Both the optical and mechanical mode will decay due to its coupling to the environment through decay channels. The mechanical mode
decays with a rate γ. The optical mode’s decay rate can be distinguished as the extrinsic decay rate κex and the intrinsic decay rate κin which
corresponds to the detected and undetected channels, respectively. The optical mode and the mechanical mode couples each other with vacuum
optomechanical strength g. A driving laser is input from the left side.
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_a � iΔ − κ

2
( )a − iG b + b†( ) − ���

κex
√

ain,ex − ���
κin

√
ain,in, (11)

_b � −iωm − γ

2
( )b − iG a + a†( ) − �

γ
√

bin, (12)

where G = gα is the optomechanical coupling strength enhanced by
the intracavity field. The above time-evolution equations are easier
to handle in the frequency domain by doing the Fourier
transformation

a ω( ) � −iG b ω( ) + b† ω( )( ) − ���
κex

√
ain,ex ω( ) − ���

κin
√

ain,in ω( )
−i ω + Δ( ) + κ

2

, (13)

b ω( ) � −iG a ω( ) + a† ω( )( ) − �
γ

√
bin ω( )

i ωm − ω( ) + γ
2

. (14)

From the expression above one can see that the mechanical
mode b(ω) has a much narrower linewidth than the optical mode
a(ω) since for general optomechanical system we have γ ≪ κ. By
substituting Eq. 13 into Eq. 14 we get

b ω( ) � − �
γ

√
bin ω( )

i ωm − ω( ) + γ

2

− iG

i ωm − ω( ) + γ

2

−iGb ω( ) − ���
κex

√
ain,ex ω( ) − ���

κin
√

ain,in ω( )
−i ω + Δ( ) + κ

2

⎛⎜⎜⎜⎜⎜⎝

+iGb ω( ) − ���
κex

√
a†in,ex ω( ) − ���

κin
√

a†in,in ω( )
i −ω + Δ( ) + κ

2

⎞⎟⎟⎟⎟⎟⎠,

(15)

where we have used the property o†(ω) = [o(−ω)]† and dropped the
b†(ω) term since it’s sharply peaked around −ωm. We can rearrange
the above expression as

b ω( )� − �
γ

√
bin ω( )

i ωm′ −ω( )+Γ
2

+ iG

i ωm′ −ω( )+Γ
2���

κex
√

ain,ex ω( )+ ���
κin

√
ain,in ω( )

−i ω+Δ( )+κ
2

⎛⎜⎜⎜⎜⎜⎝ +
���
κex

√
a†in,ex ω( )+ ���

κin
√

a†in,in ω( )
i −ω+Δ( )+κ

2

⎞⎟⎟⎟⎟⎟⎠,

(16)
wherewe have definedωm′ � ωm + δωm and Γ= γ+ γOM. The frequency
shift δωm is named as optical spring effect, which comes as a result of the
modification of the resonance frequency of themechanical oscillator due
to its coupling to the light field. In the Doppler regime (the cavity decay
rate κ is much larger than the mechanical frequency ωm, i.e., κ ≪ ωm),
one can show that different detuning corresponds to the stiffening (Δ >
0) or softening (Δ < 0) of the mechanical oscillator “spring.” The extra
damping rate γOM are called optomechanical damping rate, which is
caused by the retardation between the build-up of radiation pressure
force and the mechanical motion of the cavity due to the finite cavity life
time (proportional to 1/κ). Thus, the radiation pressure may act as a
viscous force which damps the mechanical motion or a force that
amplifies the mechanical motion, which corresponds to cooling or
amplification, depending on the detuning for most cases. The optical
spring shifted mechanical frequency δωm and the optomechanical
damping rate γOM have the form

δωm � Im |G|2 1
−i ωm + Δ( ) + κ

2

− 1
i Δ − ωm( ) + κ

2

( ){ }, (17)

γOM � 2Re |G|2 1
−i ωm + Δ( ) + κ

2

− 1
i Δ − ωm( ) + κ

2

( ){ }, (18)

where we have let ω = ωm in Eqs 17, 18 since both δωm and γOM
have a linewidth κ and can therefore be viewed as constants
over the linewidth of mechanical mode. Since we are
discussing in the weak coupling region, it’s safe to make the
approximation ωm′ � ωm. The noise operator satisfies the
following relationship

< a†in ω( )ain ω′( )> � 0, (19)
< ain ω( )a†in ω′( )> � δ ω + ω′( ), (20)

< b†in ω( )bin ω′( )> � nthδ ω + ω′( ), (21)
< bin ω( )b†in ω′( )> � nth + 1( )δ ω + ω′( ), (22)

with nth � 1/(eZωm/kBT − 1) being the thermal phonon equilibrium
with the environment, kB being the Boltzmann constant and T being
the bath temperature. Now we come to the step of calculating the
final steady phonon number, which is defined as nf =< b†(t)b(t) >
and can be easier to handle in frequency domain

< b† t( )b t( )> � 1
2π

∫−∞

∞
dω∫−∞

∞
dω′< e−iωte−iω′tb† ω( )b ω′( )> ,

(23)

� 1
2π

∫−∞

∞
dω

Γ
ωm + ω( )2 + Γ

2( )2
γnth
Γ + |G|2κ

Γ
1

Δ + ω( )2 + κ
2( )2⎛⎝ ⎞⎠,

(24)
� γnth

Γ + |G|2κ
Γ

1

Δ − ωm( )2 + κ
2( )2, (25)

where we have let ω = −ωm in the second term in the bracket of Eq.
24 because this term can be treated as a constant over the linewidth
of the mechanical mode under the condition κ ≫Γ. We can
rearrange the Eq. 25 in a more concise form

nf � γnth + γOMn
O
M

γ + γOM
, (26)

with nOM � [−(ωm + Δ)2 − (κ2)2]/4ωmΔ denoting the quantum
limited phonon number which indicates that we can view the
input laser source as an effective thermal bath. In the resolved-
sideband regime (κ≪ ωm) and the red-detuning regime (Δ = −ωm),
the final phonon number can be approximated as

nf � γnth
Γ + γOM

Γ
κ

4ωm
( )2

. (27)

When themechanical bath temperature is low enough (nth≪ 1), one
can see that the final phonon number is far less 1 from Eq. 27 in both the
resolved-sideband regime and the red-detuning regime, which indicates
us that the ground-state cooling of the mechanical mode is achieved.

Another way to derive Eq. 26 is to calculate the noise spectrum
of the radiation pressure force, which is defined as SFF(ω) = ∫ < F(t)
F(0) > eiωtdt. The radiation pressure force has the form of F = −G(a +
a†)/xZPF, which can be derived from the linearized optomechanical
interaction HamiltonianHint,lin =G(a + a†)(b + b†) = Fx. One can see
that SFF is asymmetric in frequency since F(t) and F(0) are operators
that do not commute. By performing the Fourier transformation,
one can show that SFF(ω) has the form
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SFF ω( ) � |G|2κ
xZPF

1

Δ + ω( )2 + κ
2( )2. (28)

The positive frequency part of SFF(ω) means the process that the
environment absorbs energy from the mechanical oscillator, while
the negative frequency part of it implies the process that the
mechanical oscillator absorbs energy from the environment. By
using Fermi’s Golden Rule one can show that γOM↓ �
x2
ZPFSFF(ωm) and γOM↑ � x2

ZPFSFF(−ωm) represent the rate for
emitting and absorbing a phonon by the mechanical oscillator,
respectively. So the optomechanical damping rate γOM can be
expressed as

γOM � γOM↓ − γOM↑

� x2
ZPF SFF ωm( ) − SFF −ωm( )[ ]. (29)

The master equation for the density matrix ρ of the mechanical
mode b is

_ρ � γOM↓ + γ nth + 1( )( )D b[ ] + γOM↑ + γnth( )D b†[ ][ ]ρ, (30)
where the Lindblad operator is defined as

D o[ ]ρ � 1
2

2oρo† − o†oρ − ρo†o( ). (31)

With the master equation above one can show that the mean
phonon number �n � < n> � Tr< b†bρ> satisfies

_�n � γnth + γOM↑ − γ + γOM( )n, (32)
which implies that the final steady phonon number is

nf � γnth + γOMn
O
M

γ + γOM
(33)

with nOM � γOM↑ /γOM being the quantum limited phonon number.

3 Experimental process

In this section, we introduce the experimental process of the
ground-state cooling of optomechanical systems. There are two
kinds of cooling approach, one is the active feedback cooling and
the other one is the passive radiation pressure cooling (dubbed as
optomechanical cooling in this review). In Section 3.1, we introduce
the active feedback cooling, including a simple description of its
implementation principle and some remarkable experimental
outcomes of it. In Section 3.2, we discuss the development
process of optomechanical cooling, including its physical picture,
its performance in different experimental parameter regime and its
performance combined with cryogenic pre-cooling.

3.1 Active feedback cooling

From the classical optomechanical cooling picture one can see
that the radiation pressure force acts like a viscous force due to the
retardation of the establishment of the cavity. Since the cavity
readout reveals the mechanical displacement with high precision,
one can utilize this readout to generate a feedback force which is
proportional to the velocity of the mechanical oscillator, i.e., a force

F � −meffδγ _x with δγ denoting the extra damping rate caused by
the feedback loop. The extra damping rate δγ can be positive or
negative, corresponding to cooling or amplification of the
mechanical mode, respectively. This cooling method is called
active feedback cooling, or say cold damping, which was first
suggested by [28]. The following experiments [29]; [30]; [31];
[32]; [33]; [34] have show its ability to cool a mechanical system
to a low final effective temperature. In the work of [32], the
researchers utilize the active feedback method to cool the
fundamental mechanical mode of an ultrasoft silicon cantilever
from a base temperature 2.2 K to the lowest temperature 2.9 ±
0.3 mK, which is shown in Figure 2. One can see that with the
increase of the feedback gain g, the effective mode temperature Tmode

decreases as long as g is not very strong. A strong feedback gain g
may lead to the occurrence of noise “squashing.” In a recent
experiment, [35] designed an electronic feedback loop to convert
the position measurement to a force which cools the mechanical
mode of a 20-nm-thick Si3N4 membrane to its quantum ground
state with a lowest thermal occupation around 0.89. This admirable
advancement was due to the improvement of the measurement
efficiency, which was reported as strong as η = 59% in [35].

3.2 Optomechanical cooling

Different from active feedback cooling, optomechanical cooling
utilize the intrinsic radiation pressure force as the source of the
feedback to damp the mechanical motion, which is dubbed as
passive cooling. The process of optomechanical cooling can be
understood in Figure 3B, in which the anti-Stokes process is
demonstrated. During the anti-Stokes process, a driving laser
photon with energy ZωL and a phonon with energy Zωm are
converted into a cavity mode photon with energy Zωcav. On the
contrary, for optomechanical amplification, a driving laser photon
with energy ZωL is converted into a cavity mode photon with energy
Zωcav and a phonon with energy Zωm, which corresponds to the
Stokes process as shown in Figure 3A. Early demonstration of
optomechanical cooling was performed as early as in 1970s by
[12], who observed the modification of the damping rate of a
pendulum placed in a microwave cavity. For optical domain,
early experiments to realize dynamical back-action cooling were
performed in systems like microtoroids [36] and micromirrors
[37]; [38].

Although these experiments showed great success in reducing
the effective temperature of the mechanical mode, the quantum
ground state is not achieved because they are operated in the
Doppler regime (κ > ωm), where the cooling rate γOM is limited
since it is inversely proportional to the cavity decay rate κ (see [20]).
However, this limitation can be overcome in the so-called resolved-
sideband regime (ωm≪ κ), which can be clearly seen in Figure 3. We
can define the rate for anti-Stokes process (Stokes process) as
Ras(Rs), which is proportional to the density of states of its
relative sideband. As a consequence, the cooling rate is
proportional to (Ras − Rs). From Figure 3C we can see that two
sidebands are hindered, which results in a small (Ras − Rs) and
explains limited cooling rate in the unresolved-sideband regime.
However, in Figure 3D, two sharp sidebands can be seen and one can
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show that (Ras − Rs) can obtain a large value, which permits the
ground-state cooling (see [39]).

The experiments for resolved-sideband cooling has been
performed both in the microwave regime and the optical
domain. The first experiment for optical domain was conducted
by [40], who achieved a cooling rate as strong as 1.5 MHz in a silica
microtoroid optical cavity, which is three orders of magnitude larger
than its intrinsic mechanical dissipation rate. Soon later, [41]

achieved strong dynamical backaction by fabricating a novel
double-disk whispering gallery mode cavity (shown in Figure 4),
which lowered the threshold for mechanical oscillation. This strong
dynamical backaction also facilitates efficient cooling with a
temperature suppression of 14 dB. It’s notable that [41] used
optical gradient force rather than the radiation pressure force
(named as scattering force in some literature) to cool the
mechanical mode. In addition to whispering gallery mode cavity,

FIGURE 2
Active feedback cooling of a cantilever. The figure demonstrates the measured spectral density for different feedback gain gwith base temperature
2.2 K. Reproduced with permission from [32]. Copyright 2007 American Physical Society.

FIGURE 3
(A) Stokes process. A driving laser photon is converted into a cavity photon and a phonon, which causes the amplification of themechanical motion.
(B) Anti-Stokes process. A driving laser photon and a phonon are converted into a cavity photon, which corresponds to the cooling of the mechanical
motion. (C) In the Doppler regime (κ > ωm), the sidebands are hindered by the cavity mode, which limits the efficiency of the cooling. (D) In the resolved-
sideband regime (κ≪ ωm), the sidebands are resolved and the difference between the rate of the anti-Stokes process and the Stokes process is large,
which leads to efficient cooling.
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the resolved-sideband cooling was also successfully performed in
other systems by achieving strong optomechanical coupling. By
placing a dielectric membrane between two mirrors, [42] made

optical elements and mechanical elements no longer compromises
each other, which guaranteed a direct measurement of the
mechanical mode. In this work, [42] not only cooled membrane
to an effective temperature as low as 6.82 mK, but also paved the way
to observing quantum jump of themechanical mode. For microwave
regime, [43] showed that the coupling between a superconducting
microwave field and the mechanical motion is strong enough to cool
the mechanical mode with a final phonon number of 140 quanta.

The above discussions are all focused on increasing the
optomechanical damping rate γOM and decreasing the dynamical
backaction limited phonon number nOM in Eq. 26 by endeavoring to
achieve stronger optomechanical interaction or fabricating high-
finesse microcavity. While lowering the thermal bath phonon
number nth should also not be ignored. With the development of
cryogenics, the prominent reduction of the initial thermal
occupancy phonon number nth becomes possible, which is
beneficial for achieving a small final phonon number. [44] have
cooled a Si3N4 that carries a Bragg mirror down to the level of
30 quantum in a cryogenic 4He environment. Optomechanical
cooling combined with Cryostat precooling is also performed in
whispering gallery mode systems. With a precooled thermal bath of

FIGURE 4
Schematic of a double-disk nano-optomechanical system. Two
silica disks are separated by a sacrificial amorphous silicon with a
nanoscale gap. The disks would vibrate due to its coupling to the
optical gradient force, which leading to the oscillation of the disk
spacing x. Reproduced with permission from [41]. Copyright
2009 American Physical Society.

FIGURE 5
Cooling factor and phonon occupancy of themechanical radial breathingmode versus laser detuning in different laser power. (A) Pin= 2 mWand (B)
Pin= 4 mW. Aminimumphonon number of nf= 9± 1 can be achieved. Reproducedwith permission from [48]. Copyright 2011 American Physical Society.
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1.4 K, [45] demonstrated that they could cool a mechanical
breathing mode of a deformed microsphere down to 37 quanta
through free-space evanescent excitation in a 4He cryostat. The
lowest final phonon number was limited by the ultrasonic
attenuation, which might be improved by placing the system in a
3He cryostat according to [45]. For the microtoroid system, [46]
demonstrated a final phonon number of 63 can be achieved by
optomechanical cooling combined with precooling in a 4He cryostat.
[46] also compared their optical measurements to the previous
nano-electromechanical counterparts and found that their
imprecision-backaction was one order smaller than those in
nano-electromechanical systems. [47] demonstrated the cooling
of a superconducting microwave resonator (Nb-Al-SiN sample)
from a initial phonon of 480 quanta to a lowest phonon around
3.8 quanta in a dilution refrigerator stabilized at T = 146 mK. [48]
not only cooled a microtoroid resonator down to 9 quanta from an
initial precooled atmosphere of 600 mK, but also utilized the two-
level-system induced damping as a thermometry to determine the
final effective temperature. One can see their cooling results in
Figure 5, where the cooling factor of different laser power is shown.

The work mentioned above is excellent, but they are still some
distance from achieving quantum ground state since their final
phonon number is still larger than 1, which is viewed as a landmark
for a macroscopic object entering quantum regime since the
probability of finding a system in the ground state is P = 1/(1 +
nf) with nf being the final phonon number. Immediately following in
2011, two groups achieved final number less than 1. By embedding a
micromechanical membrane into a superconducting microwave
circuit, [49] achieved a strong electromechanical interaction
between the microwave filed and a 10 MHz mechanical mode,
which ensured a lowest phonon occupation of 0.34 from a
beginning cryostat temperature 20 mK. It’s notable that [49]
performed a near-Heisenberg measurement to extract the
information of final phonon number, where they used a
Josephson parametric amplifier to reduce the noise during the

measurement. For optical regime, [50] demonstrated that they
cooled a nanobeam mechanical resonator which is coupled to a
laser with wavelength around 1,550 nm in a continuous-flow helium
cryostat down to its quantum ground state by achieving a final
phonon occupancy number around 0.85. This cooling was realized
at an atmosphere temperature around 20 by placing the
optomechanical devices into a continuous-flow helium cryostat
K. As for the optomechanical devices, the nanobeam is periodical
patterned based on a silicon-on-insulator chip. An introduction of
imperfection of periodicity at the center of the beam will bound an
optical mode and a mechanical mode at this location, which are
coupled to each other through radiation pressure. A two-
dimensional “cross” patterning acoustic radiation shield was also
designed to reduce the mechanical dissipation. Similar to the former
work, resolved-sideband regime was satisfied (κ/2π = 500 MHz, ωm/
2π = 3.68 GHz), which ensured the remarkable cooling effect with
the help of efficient optomechanical coupling. Figure 6 demonstrates
the main results of their experiment. Chan et al. determined the
mechanical damping γ by sweeping a second probe laser to measure
the electromagnetically induced transparency spectrum, which is
shown in Figure 6A. By plotting the calibrated noise power spectral
density, Chan et al. measured a minimum phonon number of
0.85 with an intracavity photon number nc ≈ 2000 as shown in
Figure 6B. Besides, Chan et al. analyzed the deviation of the
measured phonon from the ideal cooling limit from the
perspective of the optical absorption and the increase of the
intrinsic mechanical damping, which is shown in Figures 6C, D.
Optomechanical cooling also helps overcome the impediment to
quantum electro-optic transduction. In 2022, Brubaker et al.
achieved a maximum electro-optical transduction efficiency of
47% and minimum input-referred added noise of 3.2 photons in
upconversion with the mechanical mode of the device sideband
cooled to quantum ground state (see [51]). The transducer is made
of a silicon nitride membrane whose vibrational mode is coupled to a
microwave resonator and an optical resonator. The microwave

FIGURE 6
Optomechanical cooling of [50]. (A) Measured mechanical mode linewidth (blue squares), EIT window width (green circles) and theoretical
predictedmechanical damping rate (red dashed line). The inset shows the EIT windowof 15 MHzwith an intracavity photon number nc ≈ 50. (B)Measured
average phonon number (Red circles). The phonon number is obtained by calculating the area of the mechanical noise power spectrum (purple area).
Chan et al. achieved a minimum phonon number of 0.85 which indicates the mechanical mode was prepared in its ground state with a probability
greater than 50%. The dashed blue line indicates the ideal cooled phonon number. (C) Estimated bath temperature versus the intracavity photon number.
(D)Measured intrinsicmechanical damping rate versus the intracavity photon number. (E) Themeasured background noise power spectral density versus
drive-laser power. Copyright 2011, Springer Nature.
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resonator is a superconducting niobium titanium nitride LC circuit
whose capacitance is modulated by the vibrating membrane. The
optical resonator is a single-sided Fabry-Perot cavity with one of the
cavity mirrors integrated into the silicon chip. Similarly, the light
field of the optical resonator is also modulated by the mechanical
motion of the membrane, such that both the microwave field and
optical field can be utilized to cool the mechanical motion with their
driving frequency (ωe and ωo) red-detuned by the mechanical
frequency (ωm). The cooling result of their work is shown in
Figure 7. In Figure 7A, one can see that the final phonon
number can be well cooled down less than 1 with only the
optical field. From Figure 7B one can also see that although the
introduction of the microwave field worsen the cooling effect, the
final phonon number is still below 1, which ensures the preparation
of the quantum ground state.

In order to provide readers with a more comprehensive
perspective of the recent progress of the optomechanical cooling,

we have listed the recent remarkable experimental process in Table 1
wherein the research groups, devices and final phonon number are
shown. It’s notable that using pulsed optical excitation will end up
with a pronounced asymmetry of the Stokes process and anti-Stokes
process, which results in a remarkable cooling effect in the work
of [52].

4 Theoretical discussion on ground-
state cooling in optomechanical
systems

Although the basic theory for optomechanical cooling has been
introduced in Section 2, there is still extensive theoretical work about
optomechanical cooling. Considering the fact that the resolved-
sideband regime is hard to reach in the real experiments,
researchers proposed alternative ways to achieve cooling beyond

FIGURE 7
Ground-state cooling of electro-optomechanical transducer. (A)Membranemechanical mode occupancy nm versus optomechanical damping rate
Γowith no electromechanical damping (Γe = 0). Black points are data and gray line is a fit. The lowest achieved phonon number is 0.32. The yellow dashed
line indicates the backaction cooling limit. (B) nm versus the total damping Γo + Γe with electromechanical damping fixed at Γe/2π = 100 Hz. The cooling
effect deviates from (A) because of the additional noise. The ground-state cooling can still be achieved. Reproduced with permission from [51].
Copyright 2022 American Physical Society.
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the resolved-sideband regime. Another important issue is to cool
many mechanical modes in a large frequency bandwidth, which is
dubbed as multimode cooling, different from the above discussion
based on selective cooling on a singlemechanical mode. An obstacle to
realize multimode cooling is the dark-mode effect and various
proposals to break it have been made.

4.1 Cooling beyond resolved-sideband
regime

In Section 2.2 and Section 3.2 we have discussed about the
importance of putting the optomechanical system in the so-called
resolved-sideband regime, i.e., the mechanical mode frequency ωm

far exceeds the cavity decay rate κ. However, this is not the
necessary condition for an optomechanical system to reach
quantum ground state. Especially for some experimental
optomechanical systems, satisfying the sideband condition is
not easy. By coupling the mechanical motion to the cavity
damping rate κ, [55] showed that the cavity would act like a
zero-temperature bath due to the destructive interference of
quantum noise, which ensures the realization of ground-state
cooling even when the system is not in the resolved-sideband
regime. The coupling between the mechanical mode and the cavity
linewidth is called dissipative coupling, different from the
previously mentioned coupling between the mechanical mode
and the cavity resonance frequency, which is called dispersive
coupling. [56] and [57] also considered the situation where both
two different coupling patterns exists and discussed the best way to
combine them to reach the best cooling performance. Also
considering working on dissipation channels, [58] proposed to
dynamically control the dissipation in the strong coupling regime
to achieve a cooling limit which is several orders of magnitude
smaller than the traditional one.

The idea of utilizing dissipative coupling to avoid resolved
sideband-regime relies on the introduction of new destructive
interference to suppress the Stokes process which leads to
heating. Similar idea holds for introducing an auxiliary cavity to
form the electromagnetically induced transparency (EIT) cooling
scheme in the cold atom system. Such work includes but is not

limited to [59], [60], [61] and [62]. In the work of [59], the authors
proposed to couple a nanomechanical resonator to a
superconducting flux qubit, which allows the existence of EIT
interference that leads to the suppression of detrimental carrier
excitations which prohibit cooling.

Another way to avoid the requirement of the resolved-
sideband regime is to introduce a third system into the
optomechanical system. [63] introduced two clouds of two-level
atoms into the optical cavity, which tailored its noise spectrum into
an asymmetric one that inhibits the Stokes process and prompts
the anti-Stokes process. Similar idea holds for the work of [64], in
which they introduced a quantum well into an optomechanical
system and found that the average phonon occupancy tends to
0 with time.

Since [65] proposed that pulsed quantum optomechanics can be
utilized to observe the quantum feature of macroscopic mechanical
resonator by preparing it into quantum ground state, several cooling
schemes based on pulsed driving has been proposed to break the
resolved-sideband restraint. By modulating the optomechanical
coupling strength over a time on the order of the period of the
mechanical oscillator, [66] demonstrated that they could cool the
mechanical mode colder than the traditional resolved-sideband
limit. [67] also achieved faster cooling performance by pulsed
laser, which was believed to induce quantum interference during
the cooling process. Besides considering changing continuously
pumped cooling scheme to the pulsed laser one, efforts on
discussing the effect of frequency modulation on cooling has also
been made (See [68]; [69]; [70]) and proved to be beneficial in
promoting cooling in the unresolved-sideband regime. Since [71]
proposed to use parametric process inside the cavity to improve
cooling performance, nonlinearity has been considered as a method
to realize ground-state cooling in the unresolved-sideband regime.
Similar work can be found in [72], [73] and [74]. [75] also
mentioned that parametric driving could be utilized to cancel the
effect of the detrimental two-mode-squeezing process, which in the
end realizes ground-state cooling without working in the sideband-
resolved regime. Not only in theory, squeezed light has also been
demonstrated to be able to cool the motion of a macroscopic
mechanical resonator below its quantum backaction cooling limit
in experiment (see [54]).

TABLE 1 Recent experimental progress of ground-state cooling of optomechanical systems.

Research group Device Final phonon number

[47] Superconducting microwave resonator 3.8

[49] Superconducting microwave resonator 0.34

[50] Nanobeam 0.85

[53] Microwave cavity and nanobeam 1.8

[52] Optomechanical crystal 0.021

[54] Microwave cavity 0.19

[35] Membrane 0.89

[7] Optomechanical crystal 1

[51] Membrane 0.32

The research groups, devices and the achieved minimum final phonon number are listed.
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4.2 Multimode cooling

The previously discussed issues are all based on a standard
optomechanical model, i.e., there is only one mechanical mode
coupling to an optical mode. However, multimode optomechanical
systems have also drawn people’s attention for its application in
sensitive sensing and measurement. Since [76] reported that the
introduction of another mechanical mode which has a close
frequency to the one that has already coupled to the optical mode
would hinder simultaneous cooling of these two mechanical modes.
This phenomenon was called dark-mode effect (see [77]), where two
degenerate mechanical modes hybrid to form a bright mode which
couples strongly to the optical mode and a dark mode which almost
decouples from the system. The related experiment has proved the
existence of the dark mode (see [78]) and proposals on using cold-
damping feedback to partially cool multimode mechanical resonator
within a large frequency window (see [79]) has been made.
Theoretical proposals on breaking dark-mode to achieve
simultaneous ground-state cooling of multiple degenerate
mechanical modes have been made, they include introducing a
phase-dependent phonon exchange interaction [80], considering
bath spectral filtering [81], employing different optical dissipation
channels [82], introducing auxiliary cavitymode [83] and introducing
cross-Kerr nonlinearity [84].

5 Summary and outlook

In this review, we first elucidated the basic theory of
optomechanical cooling from both the classical and quantum
perspective. We emphasize the importance of the retardation
nature of the radiation pressure force, which gives rise to the
damping of the mechanical mode. Besides, the dynamical
backaction cooling limit was also analyzed with quantum noise
approach, which can serve as a guidance for the striving direction for
experimental realization. Then we briefly reviewed the experimental
process of ground-state cooling of optomechanical systems,
including active feedback cooling and optomechanical cooling.
We have selectively introduced some important experimental
results, including their experimental apparatus, methods and
samples. Finally, we introduced various novel theoretical
proposals about ground-state cooling, including cooling beyond

resolved-sideband limit and multimode cooling, which can serve
as a complement for present experiments.

Ground-state cooling of optomechanical systems has brought
quantum physics in an unprecedented large scale, thus offering
people a new perspective of quantum mechanics. Besides, the
booming area of quantum optomechanics also provides the
possibility of its functionality in macroscopic non-classical state
generation, high precision quantummeasurement and long-sought
quantum communication and quantum computing.
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