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FIG. 1: Sketch of the experimental setup. (a) A cavity is built between the cantilever and a regular concave mirror of 25 mm
focal length and 99.3% reflectivity. The cavity length was slightly shorter than 25 mm such as to obtain a waist of approximately
20 µm at the location of the surface of the cantilever. In this configuration we measured a cavity finesse of 500. To minimize
damping of the mechanical mode due to gas friction, the cavity is placed in a vacuum chamber which is kept at 10!5 mbar.
The cavity is pumped with a Nd:YAG laser at 1064 nm. The beam is phase modulated at 19 MHz (MOD) by a resonant
electro-optic modulator (EOM) before it is injected into the cavity via the input mirror (IM). The beam reflected from the
cavity is sent via a beam splitter (BS) onto a high-speed PIN photodiode (PD). After amplification of the photocurrent, its
AC part is demodulated with the initial modulation frequency to obtain the PDH error signal. This error signal is then used
to feed a low-frequency control loop (PID) to stabilize the cavity length via a piezo actuator. In addition, the error signal
is fed to a spectrum analyzer (SA) to record the dynamics of the mechanical mode. (b) The cantilever is a doubly clamped
free standing Bragg mirror (520 µm long, 120 µm wide and 2.4 µm thick) that has been fabricated by using UV excimer-laser
ablation in combination with a dry-etching process [26]. The reflectivity of the Bragg mirror is 99.6% at 1064 nm. (c) Power
spectrum of the micro-mirror. We have isolated a mechanical mode at 280 kHz with a natural width of 32 Hz, corresponding
to Q ! 9000. All measurements presented in this work have been made on this mode.
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FIG. 2: Power spectrum of the mechanical mode at two di!erent relative detuning levels " of the cavity for an input power of
2 mW. The data is obtained from the PDH power spectrum, which is directly proportional to the displacement power spectrum
of the micro-mirror. Experimental points are taken with the spectrum analyzer, averaged over 30 consecutive measurement
runs. Solid lines are Lorentzian fits to the data. The areas obtained from the fit correspond to temperatures of 300 K and 8
K, respectively.
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Wispering-gallery-mode configurations
Toroidal Microresonators Microdisk Resonator Microsphere Resonator Spoke-Microresonators

Fig. 8. Optomechanical systems based on WGM optical microresonators. Top row
shows scanning electron micrographs of four di!erent systems studied experimen-
tally. The corresponding panels in the bottom row depict the displacement patterns
of mechanical modes which couple to the optical modes particularly strongly. The
mechanical modes are simulated using the finite-element method (first three panels:
2-dimensional cross-section, last panel: full 3-dimensional simulation).

co-located in the same structure and are coupled via radiation pressure, was
only realized in 2005, in toroidal microresonators (Kippenberg et al. (2005);
Rokhsari et al. (2005)). It became immediately evident that optomechani-
cal coupling in this manner pertains to virtually any optical microresonator
(Kippenberg and Vahala (2007)) and has been demonstrated in a variety of
microresonator geometries, including microspheres (Ma et al. (2007)) and mi-
crodisks or optimized optomechanical resonators (Schliesser et al. (2008b);
Anetsberger et al. (2008)) as shown in figure 8. In this section, prior to dis-
cussing the optomechanical phenomena that can occur in optical whispering
gallery mode microresonators, we analyze the mechanical modes of WGM
microresonators, discuss their mechanical eigenfrequencies and address the
question of the sources of mechanical dissipation and other relevant optome-
chanical properties.

3.1 Optical properties of WGM silica microresonators

An essential precondition to render the weak e!ects of radiation pressure ex-
perimentally accessible is a high optical finesse. In a cavity of finesse F , the
circulating power—and thus also the radiation pressure force—is enhanced by
a factor of ! F/! compared to the launched power. Silica microresonators can
achieve finesses on the order of 106, exceeding even the best results achieved
with Fabry-Perot cavities for cavity QED (Vernooy et al. (1998b)).
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potential with a small number of states in the left-hand well, the two
lowest being the qubit states jgæ and jeæ, separated from the right-
hand well by a barrier whose height changes with flux bias. When the
mechanical resonator is driven on resonance at higher excitation
powers, there is sufficient energy to excite the qubit over the barrier
and into the right-hand well, yielding a large value for Pe even when
the qubit energy-level spacing is not resonant with the resonator. This
effect is pronounced at higher positive flux bias, for which the left-
hand well is shallower, and generates the distinct horizontal line in
the right-hand panel of Fig. 3b. From this line, we obtain a precise
determination of the resonator frequency, fr5 6.175GHz. We note
further that the resonator frequency seen in this higher-power mea-
surement agrees with that revealed in the lower-powermeasurement,
as expected for a harmonic response.

These spectroscopic measurements are useful in probing the res-
onant modes of our circuit. However, although the qubit is a
quantum device, the measurement is essentially classical, revealing
little about the quantum behaviour of the mechanical resonator. We
therefore performed an additional experiment, using the qubit to
probe the energy state of the resonator when no microwave signal
was applied—essentially using the qubit as a quantum thermometer.
This allowed us to verify with high precision that the resonator is
actually in its ground state.

We initially prepared the qubit in its ground state, jgæ, with a
jgæ« jeæ transition frequency of 5.44GHz, which is well out of res-
onance with the resonator and effectively turns off the qubit–
resonator interaction. We then applied a flux-bias pulse to bring
the qubit to within D5 fq2 fr of the resonator frequency, and kept
the qubit at this frequency for 1 ms. After returning the qubit to its
original frequency, we measured the excited-state probability, Pe, as
shown in Fig. 4. The qubit remains in its ground state for all values of
D, with no detectable increase in Pe from its baseline value of 4%,

even at resonance (D5 0). In Fig. 4, we also display numerical pre-
dictions for the expected qubit Pe for a range of resonator phonon
occupations, Ænæ. The expected response has a peak near zero detun-
ing and exceeds the measured response by a substantial amount even
for small Ænæ. We obtain a very conservative upper limit for the
thermal occupation, Ænæmax, 0.07 (Supplementary Information).

As a check, we performed the same experiment but, just before
measuring the qubit, applied a microwave pulse to swap the popula-
tions of the qubit states jgæ and jeæ. After this swap, the probability Pe
is about 92%, independent of D, again demonstrating negligible
additional excitation of the qubit; a little additional excitation would
cause Pe to decrease near D5 0.

This null result demonstrates that the resonator phonon occu-
pation, Ænæ, is much less than one; that is, the resonator is with high
probability in its quantum ground state.

Quantum excitations

We next used our time-domain control of the qubit to create and
measure individual quantum excitations in the resonator, allowing
us then tomeasure the resonator’s single-excitation energy relaxation
time and phase coherence time. We first characterized the qubit’s
energy relaxation time, T1q, using the standard Rabi decay tech-
nique23, described in detail in Supplementary Information. From this
measurement, we find that T1q< 17 ns. This is significantly less than
the time for our typical qubits31, T1q< 500 ns, which we attribute
here to dielectric dissipation in the aluminium nitride and the device
substrate34.

Despite the relatively small T1q, the qubit coherence time was
sufficient for us to perform quantum operations on the resonator.
The coupling strength between the qubit and the resonator was fixed
atV5 2g/h< 124MHz, as discussed above. When the qubit and the
resonator are tuned on-resonance, energy will be exchanged
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Figure 2 | Coupled qubit–resonator. a, Optical micrograph of the
mechanical resonator coupled to the qubit (blemishes removed for clarity);
fabrication details are in Supplementary Information. b, Circuit
representation. The Josephson junction is represented by a cross, with
parallel loop inductance Lq and capacitance Cq, the latter including the
parallel combination of a 1-pF interdigitated shunting capacitor and the
junction capacitance (not shown). The resonator has C05 0.2 pF scaling
from the geometry and the AlN thickness of 300 nm, with coupling
capacitance Cc< 0.5 pF. The capacitor with Cx5 0.5 fF is used to couple
external microwave signals to the resonator. The junction is modulated by
magnetic flux applied through the flux-bias wire (FB), which controls the
qubit |gæ« |eæ transition frequency. Microwave excitation of the qubit is
also through FB. The shunting capacitor and the coupling capacitor Cc

include a number of crossover shorting straps to eliminate potential
electrical resonances. c, Qubit spectroscopy pulse sequence. The qubit (blue)
is tuned to within D5 fq2 fr of the resonator (red) and a 1-ms microwave
tone is applied to the qubit; the qubit state is then measured (Meas.) in a
single-shot manner using a flux-bias pulse, from which the excited-state
probability, Pe, is evaluated. d, Qubit spectroscopy, showing Pe as a function
of qubit frequency (expressed in terms of flux bias) and microwave
frequency. The qubit frequency behaves as expected, with a prominent
splitting as the qubit is tuned through the resonator frequency,
fr5 6.17GHz. a.u., arbitrary units. e, Enlarged view of the dashed box in
d. The horizontal dash–dot line shows the resonator frequency, fr, and the
dashed lines show the fit to the coupled mode frequencies, with fitted
coupling frequency V5 2g/h< 124MHz.
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FIG. 1. Schematic description of the experiment. a, Colorized scanning electron micrograph showing the aluminum (grey) elec-
tromechanical circuit fabricated on a sapphire (blue) substrate, in which a 15 µm diameter membrane is lithographically suspended
50 nm above a lower electrode. The membrane’s motion modulates the capacitance, and hence, the resonance frequency of the super-
conducting microwave circuit. b, A coherent microwave drive inductively coupled to the circuit acquires modulation sidebands due to
the thermal motion of the membrane. The upper sideband is amplified with a nearly quantum-limited Josephson parametric amplifier
within the cryostat. c, The microwave power in the upper sideband provides a direct measurement of the thermal occupancy of the me-
chanical mode, which may be calibrated in situ by varying the temperature of the cryostat. The mechanical mode shows thermalization
with the cryostat at all temperatures, yielding a minimum thermal occupancy of 30 mechanical quanta without employing sideband-
cooling techniques. The inset illustrates the concept of sideband cooling. When the circuit is excited with a detuned microwave drive
such that ! = !"m, the narrow line shape of the electrical resonance ensures that photons are preferentially scattered to higher energy,
providing a cooling mechanism for the membrane.
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Dynamics of levitated nanospheres: towards the strong coupling regime 17

Figure 8. (Colour online) Schematic diagram of the standing wave trap. It is formed
from two counter-propagating 1064nm beams focused inside a vacuum chamber. Light
at 532 nm enters via one fibre to image the sphere. Images and measurement of the axial
and transverse position of the trapped nanosphere as a function of time are measured
by a CCD camera and quadrant cell photodiode (QPD) respectively, through a long
working distance microscope outside the vacuum chamber.

100 nm can be trapped. Importantly, we have measured the variation in trap frequency
with sphere radius so that realistic values of optomechanical coupling strengths, for a

given nanosphere radius, can be included in our models. In this section we explain how

the size-dependent modulation function f(r), used in the theory section above to obtain

A(r) and the optomechanical coupling strengths, was measured.

A schematic of the standing wave trap used in our experiments is shown in Fig. 8.

The standing wave trap consists of two focused beams that counter-propagate and
overlap near their foci. The two laser beams, derived from the same laser at a wavelength

of 1064 nm, enter the trapping region via optical fibres. The light exiting the fibres is

focused using aspheric lenses (Thorlabs C140TME) with a focal length of 1.45mm and

numerical aperture 0.55. The power in each trapping beam after it has passed through

each lens is measured to be 150 ± 10mW, and the best focused beam waist (radius)

is theoretically 1.7µm. To optimize the alignment of the trap, we maximize the light
through-coupled from one fibre into the other. This is accomplished by mounting one

optical fibre and its aspheric lens on an XYZ flexure stage. The alignment is done inside

the vacuum chamber at atmospheric pressure.

A long working distance microscope (Navitar Zoom 6000 system, with up to 45x

zoom) is used to image the trapped sphere. The image is split into two using a

beamsplitting plate, with one image directed to a CCD camera for diagnostics and
the other aligned onto a quadrant cell photodiode (QPD) which measures position
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Cavity Opto-Mechanics with a Bose-Einstein Condensate

Ferdinand Brennecke†, Stephan Ritter†, Tobias Donner, and Tilman Esslinger!
†These authors contributed equally to this work.

Institute for Quantum Electronics,
ETH Zürich, CH–8093 Zürich, Switzerland

(Dated: July 15, 2008)

Cavity opto-mechanics studies the coupling between a mechanical oscillator and a cavity field,
with the aim to shed light on the border between classical and quantum physics. Here we report
on a cavity opto-mechanical system in which a collective density excitation of a Bose-Einstein
condensate is shown to serve as the mechanical oscillator coupled to the cavity field. We observe
that a few photons inside the ultrahigh-finesse cavity trigger a strongly driven back-action dynamics,
in quantitative agreement with a cavity opto-mechanical model. With this experiment we approach
the strong coupling regime of cavity opto-mechanics, where a single excitation of the mechanical
oscillator significantly influences the cavity field. The work opens up new directions to investigate
mechanical oscillators in the quantum regime and quantum gases with non-local coupling.

Cavity opto-mechanics has played a vital role in the
conceptual exploration of the boundaries between clas-
sical and quantum-mechanical systems [1]. These fun-
damental questions have recently found renewed interest
through the experimental progress with micro-engineered
mechanical oscillators. Indeed, the demonstration of
laser cooling of the mechanical mode [2, 3, 4, 5, 6, 7]
has been a substantial step towards the quantum regime
[8, 9, 10].

In general, light a!ects the motional degrees of free-
dom of a mechanical system through the radiation pres-
sure force, which is caused by the exchange of momentum
between light and matter. In cavity opto-mechanics the
radiation pressure induced interaction between a single
mode of an optical cavity and a mechanical oscillator is
investigated. This interaction is mediated by the optical
path length of the cavity which depends on the displace-
ment of the mechanical oscillator.

New possibilities for cavity opto-mechanics are now
emerging in atomic physics by combining the tools of cav-
ity quantum electrodynamics (QED) [11, 12] with those
of ultracold gases. Placing an ensemble of atoms inside
a high-finesse cavity dramatically enhances the atom-
light interaction since the atoms collectively couple to
the same light mode [13, 14, 15, 16, 17, 18]. In the dis-
persive regime this promises an exceedingly large opto-
mechanical coupling strength, tying the atomic motion
to the evolution of the cavity field. Recently, a thermal
gas prepared in a stack of nearly two-dimensional trap-
ping potentials has been shown to couple to the cavity
field by a collective center of mass mode leading to Kerr
nonlinearity at low photon numbers [16] and back-action
heating induced by quantum-force fluctuations [19].

A crucial goal for cavity opto-mechanical systems is
the preparation of the mechanical oscillator in its ground
state with no thermally activated excitations present,
yet at the same time providing strong coupling to the
light field. Here we use a Bose-Einstein condensate as
the ground state of a mechanical oscillator and thereby

collective

density

oscillation

mechanical

oscillation

BA

FIG. 1: (A) Cavity opto-mechanical model system. A me-
chanical oscillator, here one of the cavity mirrors, is coupled
via radiation pressure to the field of a cavity whose length
depends on the oscillator displacement. (B) Coupling a Bose-
Einstein condensate dispersively to the field of an optical
high-finesse cavity constitutes an equivalent system. Here a
collective density excitation of the condensate acts as the me-
chanical oscillator which strongly couples to the cavity field.
Feedback on the cavity field is accomplished by the depen-
dence of the optical path length on the atomic density dis-
tribution within the spatially periodic cavity mode structure.
In contrast to opto-mechanical systems presented so far this
mechanical oscillator is not based on the presence of an exter-
nal harmonic potential (e.g. a spring). It is rather provided
by kinetic evolution of the condensate density excitation.

suppress thermal excitations of the oscillator to an un-
precedented level. The cavity field couples to a collec-
tive density excitation of the Bose-Einstein condensate
which matches the cavity mode, resulting in an exceed-
ingly large coupling strength. Despite the absence of an
external restoring force for the mechanical oscillator, the
framework of cavity opto-mechanics can be applied since
only a single excitation mode of the Bose-Einstein con-
densate is involved, see Fig. 1.

In our experimental setup [18, 20] a Bose-Einstein con-
densate of typically 1.2!105 87Rb atoms in the |F,mF " =
|1,#1" ground state is coupled to the field of an optical
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FIG. 3: Steady state and dynamical behavior of the BEC-cavity system in the two-mode model. (A) Mean intracavity photon
number and corresponding oscillator displacement X versus the cavity-pump detuning !c for the steady state solutions of Eqs. 3.
The curves correspond to mean intracavity photon numbers on resonance of !2/"2 = 0.02, 0.07, 1 and 7.3, and a pump-atom
detuning of !a = 2#! 32GHz. The inset highlights the bistable behavior for pump amplitudes larger than !cr " 0.27". (C-E)
Evolution of the system in the mechanical phase space depicted for three subsequent situations (!c = 2#!(200, 209.7, 215)MHz)
corresponding to the markers in A and !2/"2 = 7.3. The stable and unstable steady state configurations are displayed as filled
and open circles respectively. Dashed lines show representative evolutions for di"erent starting conditions. Coloring indicates
the modulus of the time evolution field (Ẋ, 2Ṗ /!). The solid lines in D and E correspond to the experimental situation in
Fig. 2A and show the evolution of the system while scanning !c at a rate of 2# ! 2.9MHz/ms across the resonance with the
system initially prepared in the lower stable solution. (B) Intracavity photon number |$|2 and corresponding transmission
count rate r (including detection shot noise and averaging over 2 s) for the system circling along the solid line in E. For
integration of the equations of motion a coherent intracavity field $ was assumed.

Equation 1 describes the condensate dynamics in a
dynamic lattice potential. Its depth is determined by
the mean intracavity photon number !â†â" which de-
pends in a non-local and non-linear way on the con-
densate wave function ! itself. For a single intracav-
ity photon the potential depth is given by the light
shift U0 = g2

0/!a. The coupling between cavity field
and atomic external degrees of freedom is mediated by
the spatial overlap !cos2(kx)" =

!
|!(x)|2 cos2(kx)dx be-

tween atomic density and cavity mode structure, with
wavelength " = 2#/k = 780 nm. This mode overlap de-
termines the e"ective refractive index of the condensate
and with it the frequency shift of the empty cavity reso-
nance in Eq. 2. The pump laser which coherently drives
the cavity field at a rate $ is detuned from the empty
cavity frequency %c by !c = %p # %c.

The observed BEC-cavity dynamics (Fig. 2) can be
described in a homogeneous two-mode model where the
macroscopically occupied zero-momentum state is cou-
pled to the symmetric superposition of the ±2!k mo-
mentum states via absorption and stimulated emission
of cavity photons. The corresponding wave function

reads !(x, t) = c0(t) + c2(t)
$

2 cos(2kx) with probabil-
ity amplitudes c0 and c2 fulfilling |c0(t)|2 + |c2(t)|2 =
N . The mode overlap is then given by !cos2(kx)" =
(N +

$
2Re(c!0c2))/2. It oscillates under kinetic evo-

lution of ! at four times the recoil frequency %rec =
!k2/(2m) = 2# % 3.8 kHz, with the atom-atom interac-
tions being neglected at this stage. This leads to the
natural definition of a harmonic oscillator with displace-
ment X = 2

"
1/NRe(c!0c2) in units of the oscillator

length, and its conjugate variable P = !
"

1/NIm(c!0c2).
The equations of motion (Eqs. 1 and 2) then read for
|c2|2/|c0|2 & 1

Ẍ + (4%rec)2X = #%recU0

$
8N!â†â"

i ˙̂a = #(! + i&)â + i$ (3)

and describe a mechanical oscillator coupled via the ra-
diation pressure force to the field of a cavity whose reso-
nance frequency shift ! = !c # U0N/2 # U0/2

"
N/2X

depends linearly on the oscillator displacement X [23].
The coupling strength between optical and mechanical
resonator can be varied via the atom-pump detuning !a
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Basic description
(no backaction)

2 Theory of optomechanical interactions

2.1 Classical description and elementary phenomenology

To begin the discussion of cavity optomechanics, it is useful to review some
basic underlying physical concepts and simple limiting cases. Consider the
generic optomechanical system depicted in figure 3(a). The impinging field
sin(t) drives the cavity mode amplitude a(t). Part of the boundary of this
mode—in the simplest case, one of the end mirrors of a Fabry-Perot cavity—is
free to move, and its displacement is described by the one-dimensional variable
x(t). Irrespective of the spatial structure of both the optical mode and the
mechanical displacement pattern, we assume that the displacement x(t) shifts
the resonance frequency of the optical mode in a linear fashion,

!!
c(t) = !c + g0x(t), (1)

where !c is the cavity resonance frequency for x = 0 and

g0 !
"!!

c

"x
(2)

is the optomechanical coupling constant. For the cases depicted in figure 3,
g0 = "!c/L for a Fabry-Perot cavity of length L, and g0 = "!c/R for a WGM
resonator of radius R.

(a) (b)

x(t)

x(t)

sin(t)

sout(t)

a(t)

a(
t)

sin(t) sout(t)

Fig. 3. Schematic of two generic geometries of optomechanical systems. (a) Lin-
ear Fabry-Perot-type cavity with a movable mirror, pumped through a partially
transparent mirror. (b) Whispering-gallery mode resonator pumped by evanescent
coupling to a waveguide. In both cases, an incoming field sin(t) drives the intracav-
ity field a(t). The cavity resonance frequency depends on the displacement x(t) of
a cavity boundary from its equilibrium position.
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2.1 Classical description and elementary phenomenology

To begin the discussion of cavity optomechanics, it is useful to review some
basic underlying physical concepts and simple limiting cases. Consider the
generic optomechanical system depicted in figure 3(a). The impinging field
sin(t) drives the cavity mode amplitude a(t). Part of the boundary of this
mode—in the simplest case, one of the end mirrors of a Fabry-Perot cavity—is
free to move, and its displacement is described by the one-dimensional variable
x(t). Irrespective of the spatial structure of both the optical mode and the
mechanical displacement pattern, we assume that the displacement x(t) shifts
the resonance frequency of the optical mode in a linear fashion,
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Fig. 8. Optomechanical systems based on WGM optical microresonators. Top row
shows scanning electron micrographs of four di!erent systems studied experimen-
tally. The corresponding panels in the bottom row depict the displacement patterns
of mechanical modes which couple to the optical modes particularly strongly. The
mechanical modes are simulated using the finite-element method (first three panels:
2-dimensional cross-section, last panel: full 3-dimensional simulation).

co-located in the same structure and are coupled via radiation pressure, was
only realized in 2005, in toroidal microresonators (Kippenberg et al. (2005);
Rokhsari et al. (2005)). It became immediately evident that optomechani-
cal coupling in this manner pertains to virtually any optical microresonator
(Kippenberg and Vahala (2007)) and has been demonstrated in a variety of
microresonator geometries, including microspheres (Ma et al. (2007)) and mi-
crodisks or optimized optomechanical resonators (Schliesser et al. (2008b);
Anetsberger et al. (2008)) as shown in figure 8. In this section, prior to dis-
cussing the optomechanical phenomena that can occur in optical whispering
gallery mode microresonators, we analyze the mechanical modes of WGM
microresonators, discuss their mechanical eigenfrequencies and address the
question of the sources of mechanical dissipation and other relevant optome-
chanical properties.

3.1 Optical properties of WGM silica microresonators

An essential precondition to render the weak e!ects of radiation pressure ex-
perimentally accessible is a high optical finesse. In a cavity of finesse F , the
circulating power—and thus also the radiation pressure force—is enhanced by
a factor of ! F/! compared to the launched power. Silica microresonators can
achieve finesses on the order of 106, exceeding even the best results achieved
with Fabry-Perot cavities for cavity QED (Vernooy et al. (1998b)).

20

6

b

!  d

a

0.1

1

10

100

1000

0.1 1 10 100

M
e

c
h

a
n

ic
a

l 
O

c
c
u

p
a

n
c
y
, 

n

"=" # "        +       -

"  +

"  -

!  d !   + $  d          m!   # $  d          m

m

Cryostat Temperature (mK)

c

2 µm

FIG. 1. Schematic description of the experiment. a, Colorized scanning electron micrograph showing the aluminum (grey) elec-
tromechanical circuit fabricated on a sapphire (blue) substrate, in which a 15 µm diameter membrane is lithographically suspended
50 nm above a lower electrode. The membrane’s motion modulates the capacitance, and hence, the resonance frequency of the super-
conducting microwave circuit. b, A coherent microwave drive inductively coupled to the circuit acquires modulation sidebands due to
the thermal motion of the membrane. The upper sideband is amplified with a nearly quantum-limited Josephson parametric amplifier
within the cryostat. c, The microwave power in the upper sideband provides a direct measurement of the thermal occupancy of the me-
chanical mode, which may be calibrated in situ by varying the temperature of the cryostat. The mechanical mode shows thermalization
with the cryostat at all temperatures, yielding a minimum thermal occupancy of 30 mechanical quanta without employing sideband-
cooling techniques. The inset illustrates the concept of sideband cooling. When the circuit is excited with a detuned microwave drive
such that ! = !"m, the narrow line shape of the electrical resonance ensures that photons are preferentially scattered to higher energy,
providing a cooling mechanism for the membrane.



Quantum noise

2 Theory of optomechanical interactions

2.1 Classical description and elementary phenomenology

To begin the discussion of cavity optomechanics, it is useful to review some
basic underlying physical concepts and simple limiting cases. Consider the
generic optomechanical system depicted in figure 3(a). The impinging field
sin(t) drives the cavity mode amplitude a(t). Part of the boundary of this
mode—in the simplest case, one of the end mirrors of a Fabry-Perot cavity—is
free to move, and its displacement is described by the one-dimensional variable
x(t). Irrespective of the spatial structure of both the optical mode and the
mechanical displacement pattern, we assume that the displacement x(t) shifts
the resonance frequency of the optical mode in a linear fashion,

!!
c(t) = !c + g0x(t), (1)

where !c is the cavity resonance frequency for x = 0 and

g0 !
"!!

c

"x
(2)

is the optomechanical coupling constant. For the cases depicted in figure 3,
g0 = "!c/L for a Fabry-Perot cavity of length L, and g0 = "!c/R for a WGM
resonator of radius R.

(a) (b)

x(t)

x(t)

sin(t)

sout(t)

a(t)

a(
t)

sin(t) sout(t)

Fig. 3. Schematic of two generic geometries of optomechanical systems. (a) Lin-
ear Fabry-Perot-type cavity with a movable mirror, pumped through a partially
transparent mirror. (b) Whispering-gallery mode resonator pumped by evanescent
coupling to a waveguide. In both cases, an incoming field sin(t) drives the intracav-
ity field a(t). The cavity resonance frequency depends on the displacement x(t) of
a cavity boundary from its equilibrium position.

9

Toroidal Microresonators Microdisk Resonator Microsphere Resonator Spoke-Microresonators

Fig. 8. Optomechanical systems based on WGM optical microresonators. Top row
shows scanning electron micrographs of four di!erent systems studied experimen-
tally. The corresponding panels in the bottom row depict the displacement patterns
of mechanical modes which couple to the optical modes particularly strongly. The
mechanical modes are simulated using the finite-element method (first three panels:
2-dimensional cross-section, last panel: full 3-dimensional simulation).

co-located in the same structure and are coupled via radiation pressure, was
only realized in 2005, in toroidal microresonators (Kippenberg et al. (2005);
Rokhsari et al. (2005)). It became immediately evident that optomechani-
cal coupling in this manner pertains to virtually any optical microresonator
(Kippenberg and Vahala (2007)) and has been demonstrated in a variety of
microresonator geometries, including microspheres (Ma et al. (2007)) and mi-
crodisks or optimized optomechanical resonators (Schliesser et al. (2008b);
Anetsberger et al. (2008)) as shown in figure 8. In this section, prior to dis-
cussing the optomechanical phenomena that can occur in optical whispering
gallery mode microresonators, we analyze the mechanical modes of WGM
microresonators, discuss their mechanical eigenfrequencies and address the
question of the sources of mechanical dissipation and other relevant optome-
chanical properties.

3.1 Optical properties of WGM silica microresonators

An essential precondition to render the weak e!ects of radiation pressure ex-
perimentally accessible is a high optical finesse. In a cavity of finesse F , the
circulating power—and thus also the radiation pressure force—is enhanced by
a factor of ! F/! compared to the launched power. Silica microresonators can
achieve finesses on the order of 106, exceeding even the best results achieved
with Fabry-Perot cavities for cavity QED (Vernooy et al. (1998b)).

20

6

b

!  d

a

0.1

1

10

100

1000

0.1 1 10 100

M
e

c
h

a
n

ic
a

l 
O

c
c
u

p
a

n
c
y
, 

n

"=" # "        +       -

"  +

"  -

!  d !   + $  d          m!   # $  d          m

m

Cryostat Temperature (mK)

c

2 µm

FIG. 1. Schematic description of the experiment. a, Colorized scanning electron micrograph showing the aluminum (grey) elec-
tromechanical circuit fabricated on a sapphire (blue) substrate, in which a 15 µm diameter membrane is lithographically suspended
50 nm above a lower electrode. The membrane’s motion modulates the capacitance, and hence, the resonance frequency of the super-
conducting microwave circuit. b, A coherent microwave drive inductively coupled to the circuit acquires modulation sidebands due to
the thermal motion of the membrane. The upper sideband is amplified with a nearly quantum-limited Josephson parametric amplifier
within the cryostat. c, The microwave power in the upper sideband provides a direct measurement of the thermal occupancy of the me-
chanical mode, which may be calibrated in situ by varying the temperature of the cryostat. The mechanical mode shows thermalization
with the cryostat at all temperatures, yielding a minimum thermal occupancy of 30 mechanical quanta without employing sideband-
cooling techniques. The inset illustrates the concept of sideband cooling. When the circuit is excited with a detuned microwave drive
such that ! = !"m, the narrow line shape of the electrical resonance ensures that photons are preferentially scattered to higher energy,
providing a cooling mechanism for the membrane.



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear
2) Consider and as independent variables



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear
2) Consider and as independent variables
3) Solve (for simplicity take           )



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear
2) Consider and as independent variables
3) Solve (for simplicity take           )



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear
2) Consider and as independent variables
3) Solve (for simplicity take           )



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear
2) Consider and as independent variables
3) Solve (for simplicity take           )

dynamical
backaction



Quantum treatment

Experimental typical conditions: high-intensity pump 
As done previously:

Recipe
1) Go to frequency domain derivatives disappear
2) Consider and as independent variables
3) Solve (for simplicity take           )

dynamical
backaction

dynamical
transduction



dynamical
transduction

dynamical
backaction &



Fluctuation of the field leaking from the cavity

dynamical
transduction

dynamical
backaction &



Fluctuation of the field leaking from the cavity

dynamical
transduction

dynamical
backaction &



Fluctuation of the field leaking from the cavity

Useful information encoded in the noise-correlation properties of this signal

dynamical
transduction

dynamical
backaction &



Fluctuation of the field leaking from the cavity

Useful information encoded in the noise-correlation properties of this signal

dynamical
transduction

dynamical
backaction &

At resonance:



dynamical
backaction



dynamical
backaction

Off-resonant: quite more involved expression



dynamical
backaction

Off-resonant: quite more involved expression



dynamical
backaction

Off-resonant: quite more involved expression



dynamical
backaction

Off-resonant: quite more involved expression



dynamical
backaction

Off-resonant: quite more involved expression



dynamical
backaction

Off-resonant: quite more involved expression



dynamical
transduction

7

(a)

(b)

(c)

FIG. 2: (a): Density noise spectrum Sq (in units of
10!26m2/Hz) against ! (units of MHz) and ! (units of
108Hz). We have chosen "L = 2#c/!L = 1064nm, L =
25mm, P = 4mW, !m/2# = 275KHz, T = 300K, m = 15ng,
mechanical quality factor Q = !m/$m = 2.1 103 and cavity fi-
nesse equal to 400. (b): DNS for the output field quadrature
(in units of 109) against ! (units of MHz) and ! (units of
108Hz). (c): Srec

q (!) (in units of 10!26m2/Hz) reconstructed
from the extracavity cavity via the function |%(!)|2.

(corresponding to the maximum self cooling) the areas
below the DNS of the cantilever position quadrature start
to increase, the areas underneath the peaks in the noise
spectra of !ŷout simply decay. This is demonstrated in
Fig. 2 (b), where we show the behavior of Syout

against "
and !. Evidently, with the increase of the detuning the
height of the peaks shrinks continuously. Moreover, the
heating of the cantilever back to the temperature cor-
responding to ! = 0 is masked by the spoiling e"ects
due to the decreasing power entering the cavity, as dis-
cussed above. In Fig. 2 (a), indeed, up to ! = # there
is no evidence for ”rising up” of the peak height. No
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FIG. 3: Full-width-at-half-maximum and normalized peak
area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.

reliable information about temperature can thus be di-
rectly gathered from the integrated DNS of !ŷout. The
right trend can be regained only through the conversion
via the transfer function |$(!)|2. As an illustrative ex-
ample, in Fig. 2 (c) we show the reconstructed Srec

q (")
obtained by calculating (Syout

(") ! 1)/2#|$(!)|2. The
spectra shown in panels (a) and (c) are practically indis-
tinguishable, with the right behavior of the area against
detuning being evidently brought back.

V. CONCLUSIONS

We have considered a driven Fabry-Perot cavity with a
movable mirror, which is the paradigmatic setup for the
study of radiation-pressure e"ects. Our study aimed at
the analysis and reconstruction of the mirror dynamics
under general conditions of detuning between the cavity
and the driving field. We have provided a self-consistent
approach, su#cient to account for the main features of
the mirror motion as modified by the interaction with
the driven intracavity field. As an experimentally moti-
vated application, we have considered the example of self-
cooling induced by radiation pressure and the possibility
to single out its e"ects by looking at the statistical prop-
erties of the noise associated to the mirror motion. This
provides the full quantum mechanical counterpart for the
pioneering studies performed in [13, 14]. We have gen-
eralized the studies performed so far within the context
of radiation pressure. In addition, our approach serves
as a toolbox to the interpretation of the recent observa-
tions reported in [15]. The presented framework allows
to investigate the ultimate quantum limits on the e"ects
of cavity-induced optomechanical coupling and to study
the role of quantum noise in their reconstruction.
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area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.

reliable information about temperature can thus be di-
rectly gathered from the integrated DNS of !ŷout. The
right trend can be regained only through the conversion
via the transfer function |$(!)|2. As an illustrative ex-
ample, in Fig. 2 (c) we show the reconstructed Srec

q (")
obtained by calculating (Syout

(") ! 1)/2#|$(!)|2. The
spectra shown in panels (a) and (c) are practically indis-
tinguishable, with the right behavior of the area against
detuning being evidently brought back.
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area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.

reliable information about temperature can thus be di-
rectly gathered from the integrated DNS of !ŷout. The
right trend can be regained only through the conversion
via the transfer function |$(!)|2. As an illustrative ex-
ample, in Fig. 2 (c) we show the reconstructed Srec
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obtained by calculating (Syout

(") ! 1)/2#|$(!)|2. The
spectra shown in panels (a) and (c) are practically indis-
tinguishable, with the right behavior of the area against
detuning being evidently brought back.
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study of radiation-pressure e"ects. Our study aimed at
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under general conditions of detuning between the cavity
and the driving field. We have provided a self-consistent
approach, su#cient to account for the main features of
the mirror motion as modified by the interaction with
the driven intracavity field. As an experimentally moti-
vated application, we have considered the example of self-
cooling induced by radiation pressure and the possibility
to single out its e"ects by looking at the statistical prop-
erties of the noise associated to the mirror motion. This
provides the full quantum mechanical counterpart for the
pioneering studies performed in [13, 14]. We have gen-
eralized the studies performed so far within the context
of radiation pressure. In addition, our approach serves
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below the DNS of the cantilever position quadrature start
to increase, the areas underneath the peaks in the noise
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height of the peaks shrinks continuously. Moreover, the
heating of the cantilever back to the temperature cor-
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FIG. 3: Full-width-at-half-maximum and normalized peak
area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.

reliable information about temperature can thus be di-
rectly gathered from the integrated DNS of !ŷout. The
right trend can be regained only through the conversion
via the transfer function |$(!)|2. As an illustrative ex-
ample, in Fig. 2 (c) we show the reconstructed Srec

q (")
obtained by calculating (Syout

(") ! 1)/2#|$(!)|2. The
spectra shown in panels (a) and (c) are practically indis-
tinguishable, with the right behavior of the area against
detuning being evidently brought back.
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area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.
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rectly gathered from the integrated DNS of !ŷout. The
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via the transfer function |$(!)|2. As an illustrative ex-
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area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.

reliable information about temperature can thus be di-
rectly gathered from the integrated DNS of !ŷout. The
right trend can be regained only through the conversion
via the transfer function |$(!)|2. As an illustrative ex-
ample, in Fig. 2 (c) we show the reconstructed Srec
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obtained by calculating (Syout
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area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
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ing for ! up to " 0.45& is shown.
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via the transfer function |$(!)|2. As an illustrative ex-
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FIG. 3: Full-width-at-half-maximum and normalized peak
area against ! ! [0, 2.5&] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ! up to " 0.45&, thus demonstrat-
ing the overdamping of the cantilever. The " points (blue
curve, leftmost vertical scale [arbitrary units]) show the area
below the resonance peaks (normalized with respect to the
area at ! = 0). The reduction in area is in correspondence
with the decrease in temperature of the cantilever. Self cool-
ing for ! up to " 0.45& is shown.

reliable information about temperature can thus be di-
rectly gathered from the integrated DNS of !ŷout. The
right trend can be regained only through the conversion
via the transfer function |$(!)|2. As an illustrative ex-
ample, in Fig. 2 (c) we show the reconstructed Srec

q (")
obtained by calculating (Syout

(") ! 1)/2#|$(!)|2. The
spectra shown in panels (a) and (c) are practically indis-
tinguishable, with the right behavior of the area against
detuning being evidently brought back.

V. CONCLUSIONS

We have considered a driven Fabry-Perot cavity with a
movable mirror, which is the paradigmatic setup for the
study of radiation-pressure e"ects. Our study aimed at
the analysis and reconstruction of the mirror dynamics
under general conditions of detuning between the cavity
and the driving field. We have provided a self-consistent
approach, su#cient to account for the main features of
the mirror motion as modified by the interaction with
the driven intracavity field. As an experimentally moti-
vated application, we have considered the example of self-
cooling induced by radiation pressure and the possibility
to single out its e"ects by looking at the statistical prop-
erties of the noise associated to the mirror motion. This
provides the full quantum mechanical counterpart for the
pioneering studies performed in [13, 14]. We have gen-
eralized the studies performed so far within the context
of radiation pressure. In addition, our approach serves
as a toolbox to the interpretation of the recent observa-
tions reported in [15]. The presented framework allows
to investigate the ultimate quantum limits on the e"ects
of cavity-induced optomechanical coupling and to study
the role of quantum noise in their reconstruction.
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spectra of !ŷout simply decay. This is demonstrated in
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FIG. 2: (a): Density noise spectrum Sq (in units of
10!26m2/sec!1) against ! (units of 106sec!1) and ! (units
of 108sec!1). We have chosen "L = 2#c/!L = 1064nm,
L = 25mm, P = 4mW, !m/2# = 275KHz, T = 300K,
m = 15ng, mechanical quality factor Q = !m/$m = 2.1 103

and cavity finesse equal to 400. (b): DNS for the out-
put field quadrature (in units of 109) against ! (units of
106sec!1) and ! (units of 108sec!1). (c): Srec

q (!) (in units of
10!26m2/sec!1) reconstructed from the extracavity field via
the function |%(!)|2.

tion of diminishing energy. By considering the equiparti-
tion principle, this implies the reduction of the tempera-
ture of the cantilever, a manifestation of the self-cooling
mechanism predicted in [13, 14]. The overdamping and
temperature-reduction e!ects are both shown in Fig. 3 for
" ! [0, 2.5!]. The above considerations are valid regard-
less of the specific choice for the set of physical parame-
ters characterizing a given configuration. Quantitatively,
the modifications to the cantilever dynamics depend on
the actual values of the set of parameters entering Sq(").
Experimentally, one can identify in the input power, the
damping rates ! and #m and the cantilever mass m some
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FIG. 3: Full-width-at-half-maximum and normalized peak
area against ! ! [0, 2.5&] (units of sec!1). The ! points
(red curve, rightmost vertical scale [units of Hz]) show the in-
creasing width of the peaks for ! up to " 0.45&, thus demon-
strating the overdamping of the cantilever. The " points
(blue curve, leftmost vertical scale [arbitrary units]) show the
area below the resonance peaks (normalized with respect to
the area at ! = 0). The reduction in area is in correspon-
dence with the decrease in temperature of the cantilever. Self
cooling for ! up to " 0.45& is shown.

key parameters in the self cooling mechanism, whose val-
ues can be decided so to optimize the desired e!ects. A
general analysis of the dependence of self cooling from
the mentioned parameters is di#cult, the achievement
of the desired level of cooling being a trade-o! between
!, the mechanical quality of the vibrational mode under
study and the mass of the cantilever. We just mention
that, in general, a better optical quality of the cantilever
(i.e. a small !) and small values of #m and m magnify
the overdamping mechanism and improve the normalized
area reduction.

The proportionality between Sq(") and Sy(") ana-
lyzed in Section III shows that the maximum of Syout

(")
occurs at a frequency identical to "eff . Moreover, be-
cause the transfer function acts as a detuning-dependent
rescaling factor, an analogous argument holds for the fre-
quencies at which Syout

is equal to half of its maximum.
Therefore, the FWHM and the frequency shifts of the res-
onance peaks in Syout

correspond to the analogous quan-
tities in Sq("). The observation of Syout

thus provides
reliable information about the cantilever’s rigidity.

However, |$(")|2 is a function which decreases with
". This a!ects the behavior of the inferred mirror tem-
perature against " as the decaying values of the transfer
function monotonically reduce the amplitude of each res-
onance peak. As a result, while after an optimal detuning
(corresponding to the maximum self cooling) the areas
below the DNS of the cantilever position quadrature start
to increase, the areas underneath the peaks in the noise
spectra of %ŷout simply decay. This is demonstrated in
Fig. 2 (b), where we show the behavior of Syout

against "
and ". Evidently, with the increase of the detuning the
height of the peaks shrinks continuously. Moreover, the
heating of the cantilever back to the temperature cor-
responding to " = 0 is masked by the spoiling e!ects
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Fig. 34. Optical sideband cooling. Laser photons of energy !!l = !(!0 ! !m)
preferentially induce “red-sideband” transitions |0, n" # |1, n ! 1" (blue arrow)
if they are detuned from the carrier |0, n" # |1, n" (gray arrow) and blue sideband
|0, n" # |1, n + 1" (red arrow) transitions. As a consequence, the phonon occupa-
tion n of the mechanical oscillator is reduced when the photon gets absorbed by
the atom, or, in the optomechanical case, by the cavity. Re-emission of the photon
(wavy lines), on average, does not change the phonon occupation (neglecting recoil),
so that a detuned laser provides cooling. Figure from ref. (Schliesser et al. (2008b)).

The question raised by the cooling results presented in the previous section is
whether it is possible to reduce $Hmech" to levels comparable with the ground-
state energy !!m/2. In other words, is it possible to reach the quantum ground
state, in which the occupation number (the number of excitation quanta,
phonons) $n" reaches zero? In this case, deviations from the classical cool-
ing behavior described in the previous section are clearly expected in order to
prevent cooling to reach arbitrarily low energy states.

To answer this question, it is instructive to consider the results obtained in
the context of laser cooling of ions (or atoms) (Hänsch and Schawlow (1975);
Wineland and Dehmelt (1975); Wineland and Itano (1979); Stenholm (1986)).
Trapped in a harmonic potential, these elementary particles constitute me-
chanical oscillators as well, their eigenfrequency !m being given by the tight-
ness of the trap. Lasers can be used to drive electronic transitions of energy
!!0 and lifetime "!1, and optical and mechanical degrees of freedom are cou-
pled by the Doppler shift of the optical resonance if the ion is moving and by
the momentum transfer of absorbed and emitted photons.

If the laser is detuned from the optical resonance, cooling can occur by favoring
the absorption of a photon only in conjunction with the annihilation of a
mechanical excitation quantum. Essentially, it is the phonon energy !!m which
makes up for the energy mismatch !(!0 !!l) of the incoming photon to drive
the electronic transition. If absorption takes place, the subsequently re-emitted
photon has an average energy of !!0 (neglecting recoil). It therefore carries
away the additional energy of the phonon, and leaves the mechanical oscillator
in a state of lower excitation n (figure 34).
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FIG. 1: Sketch of the experimental setup. (a) A cavity is built between the cantilever and a regular concave mirror of 25 mm
focal length and 99.3% reflectivity. The cavity length was slightly shorter than 25 mm such as to obtain a waist of approximately
20 µm at the location of the surface of the cantilever. In this configuration we measured a cavity finesse of 500. To minimize
damping of the mechanical mode due to gas friction, the cavity is placed in a vacuum chamber which is kept at 10!5 mbar.
The cavity is pumped with a Nd:YAG laser at 1064 nm. The beam is phase modulated at 19 MHz (MOD) by a resonant
electro-optic modulator (EOM) before it is injected into the cavity via the input mirror (IM). The beam reflected from the
cavity is sent via a beam splitter (BS) onto a high-speed PIN photodiode (PD). After amplification of the photocurrent, its
AC part is demodulated with the initial modulation frequency to obtain the PDH error signal. This error signal is then used
to feed a low-frequency control loop (PID) to stabilize the cavity length via a piezo actuator. In addition, the error signal
is fed to a spectrum analyzer (SA) to record the dynamics of the mechanical mode. (b) The cantilever is a doubly clamped
free standing Bragg mirror (520 µm long, 120 µm wide and 2.4 µm thick) that has been fabricated by using UV excimer-laser
ablation in combination with a dry-etching process [26]. The reflectivity of the Bragg mirror is 99.6% at 1064 nm. (c) Power
spectrum of the micro-mirror. We have isolated a mechanical mode at 280 kHz with a natural width of 32 Hz, corresponding
to Q ! 9000. All measurements presented in this work have been made on this mode.

!"! #

 $=0

 $=0.22 %

FIG. 2: Power spectrum of the mechanical mode at two di!erent relative detuning levels " of the cavity for an input power of
2 mW. The data is obtained from the PDH power spectrum, which is directly proportional to the displacement power spectrum
of the micro-mirror. Experimental points are taken with the spectrum analyzer, averaged over 30 consecutive measurement
runs. Solid lines are Lorentzian fits to the data. The areas obtained from the fit correspond to temperatures of 300 K and 8
K, respectively.

S. Gigan, et al. Nature 
444, 67  (2006) 

with

! = (1 ! i"/"c)
2 + !2, (3)

where x ["] is the Fourier component of the resonator dis-
placement, ! = #/" the detuning normalized to the cav-
ity damping rate ", and "c the cavity bandwidth. !NL is
a nonlinear phase-shift which characterizes the optome-
chanical coupling between the resonator and the light in
the cavity. It corresponds to the normalized phase-shift
of the cavity induced by the static recoil e$ect of the
resonator [19] and is given by:

!NL =
8#

$"c

P

M"2
m

. (4)

At thermodynamical equilibrium, the equation of mo-
tion of the resonator is :

x ["] = %m ["] (FT ["] + Frad ["]) , (5)

where FT is the Langevin force responsible for the Brown-
ian motion [20]. This equation of motion can be rewritten
from (2) without the radiation pressure term, but with
an e$ective mechanical susceptibility %e! ["]:

%e! ["]!1 = %m ["]!1 + 2
!!NL

!
M"2

m. (6)

In the limit of a mechanical quality factor Q = "m/%m "
1, %e! ["] still has a lorentzian shape, but with e$ective
resonance frequency and damping given by:

"e! = "m

!

1 + Re
!!NL

!

"

(7)

%e! = %m

!

1 ! 2Q Im
!!NL

!

"

, (8)

where ! is now evaluated at the resonance frequency "m.
The Q factor in eq. (8) indicates a much stronger depen-
dence of the damping upon radiation pressure e$ects as
long as the imaginary part of 1/! stays comparable to
its real part, that is for "m # "c. The radiation pressure
e$ects can then increase or decrease the damping of the
resonator, depending on the sign of the detuning. Since
the Langevin force is not modified, one gets a situation
somewhat similar to the one obtained by cold damping
[16]: the system still obeys the fluctuation-dissipation
theorem [20], but at a di$erent e$ective temperature,
given for small frequency shifts ("e! ! "m) by:

Te!

T
#

%m

%e!

. (9)

Both radiation pressure cooling and heating can therefore
be performed, depending on the sign of the cavity detun-
ing. A similar result has recently been demonstrated with
a silicon microlever, using the photothermal force rather
than radiation pressure [15].

In our experiment (Fig. 2), a silicon doubly-clamped
(1 mm $ 1 mm $ 60 µm) beam with a mirror coated

FIG. 2: Experimental setup used to monitor and to cool the
micro-mechanical oscillator. A Nd:YAG laser (! = 1, 064 nm)
is intensity-stabilized at low frequency with an electro-optic
modulator (EOM) and spatially filtered before entering the
micro-resonator cavity. The displacement signal is extracted
by means of a Pound-Drever-Hall (PDH) phase modulation
scheme using a resonant electro-optic phase modulator. The
low-frequency part of the signal is used to lock the laser fre-
quency around the cavity resonance, with a preset detuning
given by a DC o!set. The high-frequency part is used to
monitor the resonator displacements.

upon its surface is used as back mirror of a single-
ended Fabry-Perot cavity [17]. We use one particular
vibration mode, which has the following characteristics:
"m/2# # 814 kHz, an e$ective mass M = 190 µg, a
spring constant k # 5 $ 106 N.m!1, and a mechanical
quality factor Q = 10, 000 in vacuum (residual pres-
sure below 10!2 mbar), with the whole vacuum cham-
ber at room temperature T = 300 K. Both the qual-
ity of the low-loss dielectric coating and the low rough-
ness of the resonator have allowed us to reach an opti-
cal finesse F = #/" = 30, 000, with a cavity bandwidth
"c/2# = 1.05 MHz (L = 2.4 mm). Such a high finesse
dramatically increases both the radiation pressure cool-
ing e$ect and the sensitivity of the phase of the reflected
field to the resonator displacements. Using a highly stabi-
lized laser source and a Pound-Drever-Hall (PDH) phase
modulation scheme has indeed allowed us to reach a sen-
sitivity of 4$10!19 m/

%
Hz near the resonance frequency:

the thermal peak of the resonator at room temperature is
observed with a 50 dB signal-to-noise ratio with respect
to the background thermal noise of the surrounding vi-
bration modes.

The calibration of our setup is performed in two steps.
First, the calibration is performed when the cavity is
at resonance with a frequency modulation of the laser
[2, 17]. Second, we have to take into account the lower-
ing of the sensitivity for a non-zero detuning, which stems
from two origins: the lower dependence of the phase re-
sponse with cavity detuning away from resonance, and
the distorsion of the PDH signal for large detunings. For
that purpose, we drive the resonator into motion (with
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Radiation-pressure cooling and optomechanical instability of a micro-mirror

O. Arcizet, P.-F. Cohadon, T. Briant, M. Pinard, and A. Heidmann
Laboratoire Kastler Brossel, Case 74, 4 place Jussieu, 75252 Paris Cedex 05, France

PACS numbers:

Recent experimental progress in table-top experiments
[1, 2] or gravitational-wave interferometers [3] has en-
lightened the unique displacement sensitivity o!ered by
optical interferometry. As the mirrors move in response
to radiation pressure, higher power operation, though
crucial for further sensitivity enhancement, will however
increase quantum e!ects of radiation pressure, or even
jeopardize the stable operation of the detuned cavities
proposed for next-generation interferometers [4, 5, 6].
The appearance of such optomechanical instabilities [7, 8]
is the result of the nonlinear interplay between the mo-
tion of the mirrors and the optical field dynamics. In
a detuned cavity indeed, the displacements of the mir-
ror are coupled to intensity fluctuations, which modi-
fies the e!ective dynamics of the mirror. Such ”opti-
cal spring” e!ects have already been demonstrated on
the mechanical damping of an electromagnetic waveg-
uide with a moving wall [9], on the resonance frequency
of a specially designed flexure oscillator [10], and through
the optomechanical instability of a silica micro-toroidal
resonator [11]. We present here an experiment where a
micro-mechanical resonator is used as a mirror in a very
high-finesse optical cavity and its displacements moni-
tored with an unprecedented sensitivity. By detuning the
cavity, we have observed a drastic cooling of the micro-
resonator by intracavity radiation pressure, down to an
e!ective temperature of 10 K. We have also obtained
an e"cient heating for an opposite detuning, up to the
observation of a radiation-pressure induced instability of
the resonator. Further experimental progress and cryo-
genic operation may lead to the experimental observation
of the quantum ground state of a mechanical resonator
[12, 13, 14], either by passive [15] or active cooling tech-
niques [16, 17, 18].

The resonator is placed at the end of a linear cavity,
along with a conventional coupling mirror (Fig. 1a). As
we are only interested in the motion at frequencies #
close to a resonance frequency #m of the resonator, the
mirror dynamics can be approximated as the one of a
single harmonic oscillator, with resonance frequency #m,
mass M , damping $m and mechanical susceptibility:

!m [#] =
1

M (#2
m ! #2 ! i$m#)

. (1)

The resonator is submitted to a radiation pressure force
Frad induced by the intracavity field. Depending on the
detuning % " 4"L/# [2"], where L is the cavity length
and # the laser wavelength, any small displacement x of
the resonator induces a variation of the intracavity power

P and of the radiation pressure (see Fig. 1b). As a con-
sequence, the spring constant k = M#2

m of the resonator
is balanced by the radiation pressure force: for a positive
detuning, the displacement creates a negative linear force
and thereby an additional binding force, increasing the
e!ective spring constant, whereas for a negative detun-
ing, the force corresponds to a softening of the oscillator.
E!ects are null at resonance, maximum at half-width of
the optical resonance, and proportional to the incident
power. These e!ects have already been directly observed
[10], as well as the bistable behaviour of the cavity for
a negative detuning [19]. In our experiment, however,
due to the high-finesse cavity and the high resonance fre-
quency, such a static approach is no longer valid and one
has to take into account the cavity storage time to eval-
uate the resonator dynamics. Additional dephasings ap-
pear and the radiation pressure force Frad can be written
in Fourier space [6]:

Frad [#] = !2
$$NL

&
M#2

m x [#] , (2)

FIG. 1: Principle of radiation-pressure cooling. a, Layout
of the optical cavity. The micro-resonator mirror is etched
upon a 1 cm2 silicon chip. The coupling mirror of the cavity
is a standard low-loss silica mirror. b, Intracavity power P
as a function of the cavity length L. Around a working point
defined by the normalized cavity detuning !, the force Frad

exerted by the intracavity field upon the micro-resonator is
proportional to the slope of the Airy peak and to the displace-
ment x of the resonator.
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Sub-kelvin optical cooling of a micromechanical
resonator
Dustin Kleckner1 & Dirk Bouwmeester1

Micromechanical resonators, when cooled down to near their
ground state, can be used to explore quantum effects such as
superposition and entanglement at a macroscopic scale1–3. Prev-
iously, it has been proposed to use electronic feedback to cool a
high frequency (10MHz) resonator to near its ground state4.
In other work, a low frequency resonator was cooled from room
temperature to 18K by passive optical feedback5. Additionally,
active optical feedback of atomic force microscope cantilevers
has been used to modify their response characteristics6, and cool-
ing to approximately 2 K has been measured7. Here we dem-
onstrate active optical feedback cooling to 1356 15mK of a
micromechanical resonator integrated with a high-quality optical
resonator. Additionally, we show that the scheme should be appli-
cable at cryogenic base temperatures, allowing cooling to near the
ground state that is required for quantum experiments—near
100 nK for a kHz oscillator.

Using a laser tuned to the resonance fringe of a high finesse optical
cavity, it is possible to observe very small fluctuations in the length of
the cavity due to brownian motion of one or both of the endmirrors.
We have developed an optical cavity with one rigid large mirror,
6mm in diameter and with a 25mm radius of curvature, and one
tiny plane mirror, 30 mm in diameter, attached to a commercial
atomic force microscope cantilever of dimensions 4503 503 2mm
with a fundamental resonance of 12.5 kHz (Fig. 1b). An optical fin-
esse of 2,100 and a mechanical quality factor of 137,000 have been
achievedwith the system8. Themotion of the tinymirror/cantilever is
monitored bymeasuring the transmission of the cavity at a frequency
on the side of an optical resonance peak. To do this, we use about
1mW from a 780 nm tunable diode laser which is locked to the
resonance fringe using the integrated signal from a photo-multiplier
tube which monitors the light transmitted through the cavity
(Fig. 1a). The time derivative of this signal is proportional to the
velocity of the cantilever tip and is used to modulate the amplitude
of a second, 980 nm, diode laser focused on the cantilever less than
100 mm away from the tiny mirror. The radiation pressure exerted by
this feedback laser counteracts the motion of the mirror and effec-
tively provides cooling of the fundamental mode.

The effective feedback gain can be varied over several orders of
magnitude by sending the feedback laser through a variable neutral
density filter. The average power in the feedback beam when it
reaches the cantilever is of the order of 1mW at the highest gain
settings and proportionally lower otherwise. The mean modulation
depth of the feedback beam varies from nearly 100% to less than 5%
as gain is increased. The vibration spectrum of the cantilever as a
function of gain is shown in Fig. 2. The r.m.s. thermal amplitude of
the cantilever without feedback is 1.26 0.1 Å. From this value,
one can calculate that the spring constant of the cantilever is
0.156 0.01Nm21, in agreement with the manufacturer-specified

range, and the effective mass of the cantilever fundamental mode is
(2.46 0.2)3 10211 kg.

To determine the effective gain of the feedback loop and the tem-
perature of the fundamental mode, we fit a lorentzian plus a constant
background to the vibration spectrum of the cantilever for each value
of feedback gain. The temperature is determined from the area under
the lorentzian without the background, while the gain is determined
by the width of the resonance. The linewidth provides a good mea-
sure of gain because it is directly determined by the damping rate
whereas the cantilever amplitude may be affected by other sources of
noise in the feedback loop. Cooling is observed over more than three
orders of magnitude. The lowest temperature we are able to measure
is 1356 15mK, or a cantilever r.m.s. amplitude of 0.0236 0.002 Å,
with a gain (the ratio of feedback to mechanical damping) of
g5 2,4906 90 (Fig. 2b). The lowest trace in Fig. 2b, indicating an
even lower temperature, cannot be reliably fitted owing to the laser
noise floor. Since the optical finesse is not the current limiting factor,
we operate the opto-mechanical system at a finesse of only 200,
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Figure 1 | The experimental system. a, Diagram of the feedback
mechanism: a 780 nm observation laser (Obs.) is frequency locked to the
optical cavity (shown magnified at bottom) with an integrating circuit (via
the laser frequency modulation input, f. mod), using the signal from a
photomultiplier tube (PMT). This signal is also sent through a 1.25 kHz
bandpass filter at 12.5 kHz and a derivative circuit (d/dt) to provide an
intensity-modulating signal (I. mod.) for the 980 nm feedback laser (Fb.).
The feedback laser is attenuated with a variable neutral density (ND) filter to
adjust the gain of the feedback. The feedback force is exerted on the
cantilever via this laser’s radiation pressure. b, Scanning electronmicroscope
image of the tip of the cantilever with attached mirror.
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FIG. 1: Sketch of the experimental setup. (a) A cavity is built between the cantilever and a regular concave mirror of 25 mm
focal length and 99.3% reflectivity. The cavity length was slightly shorter than 25 mm such as to obtain a waist of approximately
20 µm at the location of the surface of the cantilever. In this configuration we measured a cavity finesse of 500. To minimize
damping of the mechanical mode due to gas friction, the cavity is placed in a vacuum chamber which is kept at 10!5 mbar.
The cavity is pumped with a Nd:YAG laser at 1064 nm. The beam is phase modulated at 19 MHz (MOD) by a resonant
electro-optic modulator (EOM) before it is injected into the cavity via the input mirror (IM). The beam reflected from the
cavity is sent via a beam splitter (BS) onto a high-speed PIN photodiode (PD). After amplification of the photocurrent, its
AC part is demodulated with the initial modulation frequency to obtain the PDH error signal. This error signal is then used
to feed a low-frequency control loop (PID) to stabilize the cavity length via a piezo actuator. In addition, the error signal
is fed to a spectrum analyzer (SA) to record the dynamics of the mechanical mode. (b) The cantilever is a doubly clamped
free standing Bragg mirror (520 µm long, 120 µm wide and 2.4 µm thick) that has been fabricated by using UV excimer-laser
ablation in combination with a dry-etching process [26]. The reflectivity of the Bragg mirror is 99.6% at 1064 nm. (c) Power
spectrum of the micro-mirror. We have isolated a mechanical mode at 280 kHz with a natural width of 32 Hz, corresponding
to Q ! 9000. All measurements presented in this work have been made on this mode.

!"! #

 $=0

 $=0.22 %

FIG. 2: Power spectrum of the mechanical mode at two di!erent relative detuning levels " of the cavity for an input power of
2 mW. The data is obtained from the PDH power spectrum, which is directly proportional to the displacement power spectrum
of the micro-mirror. Experimental points are taken with the spectrum analyzer, averaged over 30 consecutive measurement
runs. Solid lines are Lorentzian fits to the data. The areas obtained from the fit correspond to temperatures of 300 K and 8
K, respectively.
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with

! = (1 ! i"/"c)
2 + !2, (3)

where x ["] is the Fourier component of the resonator dis-
placement, ! = #/" the detuning normalized to the cav-
ity damping rate ", and "c the cavity bandwidth. !NL is
a nonlinear phase-shift which characterizes the optome-
chanical coupling between the resonator and the light in
the cavity. It corresponds to the normalized phase-shift
of the cavity induced by the static recoil e$ect of the
resonator [19] and is given by:

!NL =
8#

$"c

P

M"2
m

. (4)

At thermodynamical equilibrium, the equation of mo-
tion of the resonator is :

x ["] = %m ["] (FT ["] + Frad ["]) , (5)

where FT is the Langevin force responsible for the Brown-
ian motion [20]. This equation of motion can be rewritten
from (2) without the radiation pressure term, but with
an e$ective mechanical susceptibility %e! ["]:

%e! ["]!1 = %m ["]!1 + 2
!!NL

!
M"2

m. (6)

In the limit of a mechanical quality factor Q = "m/%m "
1, %e! ["] still has a lorentzian shape, but with e$ective
resonance frequency and damping given by:

"e! = "m

!

1 + Re
!!NL

!

"

(7)

%e! = %m

!

1 ! 2Q Im
!!NL

!

"

, (8)

where ! is now evaluated at the resonance frequency "m.
The Q factor in eq. (8) indicates a much stronger depen-
dence of the damping upon radiation pressure e$ects as
long as the imaginary part of 1/! stays comparable to
its real part, that is for "m # "c. The radiation pressure
e$ects can then increase or decrease the damping of the
resonator, depending on the sign of the detuning. Since
the Langevin force is not modified, one gets a situation
somewhat similar to the one obtained by cold damping
[16]: the system still obeys the fluctuation-dissipation
theorem [20], but at a di$erent e$ective temperature,
given for small frequency shifts ("e! ! "m) by:

Te!

T
#

%m

%e!

. (9)

Both radiation pressure cooling and heating can therefore
be performed, depending on the sign of the cavity detun-
ing. A similar result has recently been demonstrated with
a silicon microlever, using the photothermal force rather
than radiation pressure [15].

In our experiment (Fig. 2), a silicon doubly-clamped
(1 mm $ 1 mm $ 60 µm) beam with a mirror coated

FIG. 2: Experimental setup used to monitor and to cool the
micro-mechanical oscillator. A Nd:YAG laser (! = 1, 064 nm)
is intensity-stabilized at low frequency with an electro-optic
modulator (EOM) and spatially filtered before entering the
micro-resonator cavity. The displacement signal is extracted
by means of a Pound-Drever-Hall (PDH) phase modulation
scheme using a resonant electro-optic phase modulator. The
low-frequency part of the signal is used to lock the laser fre-
quency around the cavity resonance, with a preset detuning
given by a DC o!set. The high-frequency part is used to
monitor the resonator displacements.

upon its surface is used as back mirror of a single-
ended Fabry-Perot cavity [17]. We use one particular
vibration mode, which has the following characteristics:
"m/2# # 814 kHz, an e$ective mass M = 190 µg, a
spring constant k # 5 $ 106 N.m!1, and a mechanical
quality factor Q = 10, 000 in vacuum (residual pres-
sure below 10!2 mbar), with the whole vacuum cham-
ber at room temperature T = 300 K. Both the qual-
ity of the low-loss dielectric coating and the low rough-
ness of the resonator have allowed us to reach an opti-
cal finesse F = #/" = 30, 000, with a cavity bandwidth
"c/2# = 1.05 MHz (L = 2.4 mm). Such a high finesse
dramatically increases both the radiation pressure cool-
ing e$ect and the sensitivity of the phase of the reflected
field to the resonator displacements. Using a highly stabi-
lized laser source and a Pound-Drever-Hall (PDH) phase
modulation scheme has indeed allowed us to reach a sen-
sitivity of 4$10!19 m/

%
Hz near the resonance frequency:

the thermal peak of the resonator at room temperature is
observed with a 50 dB signal-to-noise ratio with respect
to the background thermal noise of the surrounding vi-
bration modes.

The calibration of our setup is performed in two steps.
First, the calibration is performed when the cavity is
at resonance with a frequency modulation of the laser
[2, 17]. Second, we have to take into account the lower-
ing of the sensitivity for a non-zero detuning, which stems
from two origins: the lower dependence of the phase re-
sponse with cavity detuning away from resonance, and
the distorsion of the PDH signal for large detunings. For
that purpose, we drive the resonator into motion (with
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Radiation-pressure cooling and optomechanical instability of a micro-mirror

O. Arcizet, P.-F. Cohadon, T. Briant, M. Pinard, and A. Heidmann
Laboratoire Kastler Brossel, Case 74, 4 place Jussieu, 75252 Paris Cedex 05, France

PACS numbers:

Recent experimental progress in table-top experiments
[1, 2] or gravitational-wave interferometers [3] has en-
lightened the unique displacement sensitivity o!ered by
optical interferometry. As the mirrors move in response
to radiation pressure, higher power operation, though
crucial for further sensitivity enhancement, will however
increase quantum e!ects of radiation pressure, or even
jeopardize the stable operation of the detuned cavities
proposed for next-generation interferometers [4, 5, 6].
The appearance of such optomechanical instabilities [7, 8]
is the result of the nonlinear interplay between the mo-
tion of the mirrors and the optical field dynamics. In
a detuned cavity indeed, the displacements of the mir-
ror are coupled to intensity fluctuations, which modi-
fies the e!ective dynamics of the mirror. Such ”opti-
cal spring” e!ects have already been demonstrated on
the mechanical damping of an electromagnetic waveg-
uide with a moving wall [9], on the resonance frequency
of a specially designed flexure oscillator [10], and through
the optomechanical instability of a silica micro-toroidal
resonator [11]. We present here an experiment where a
micro-mechanical resonator is used as a mirror in a very
high-finesse optical cavity and its displacements moni-
tored with an unprecedented sensitivity. By detuning the
cavity, we have observed a drastic cooling of the micro-
resonator by intracavity radiation pressure, down to an
e!ective temperature of 10 K. We have also obtained
an e"cient heating for an opposite detuning, up to the
observation of a radiation-pressure induced instability of
the resonator. Further experimental progress and cryo-
genic operation may lead to the experimental observation
of the quantum ground state of a mechanical resonator
[12, 13, 14], either by passive [15] or active cooling tech-
niques [16, 17, 18].

The resonator is placed at the end of a linear cavity,
along with a conventional coupling mirror (Fig. 1a). As
we are only interested in the motion at frequencies #
close to a resonance frequency #m of the resonator, the
mirror dynamics can be approximated as the one of a
single harmonic oscillator, with resonance frequency #m,
mass M , damping $m and mechanical susceptibility:

!m [#] =
1

M (#2
m ! #2 ! i$m#)

. (1)

The resonator is submitted to a radiation pressure force
Frad induced by the intracavity field. Depending on the
detuning % " 4"L/# [2"], where L is the cavity length
and # the laser wavelength, any small displacement x of
the resonator induces a variation of the intracavity power

P and of the radiation pressure (see Fig. 1b). As a con-
sequence, the spring constant k = M#2

m of the resonator
is balanced by the radiation pressure force: for a positive
detuning, the displacement creates a negative linear force
and thereby an additional binding force, increasing the
e!ective spring constant, whereas for a negative detun-
ing, the force corresponds to a softening of the oscillator.
E!ects are null at resonance, maximum at half-width of
the optical resonance, and proportional to the incident
power. These e!ects have already been directly observed
[10], as well as the bistable behaviour of the cavity for
a negative detuning [19]. In our experiment, however,
due to the high-finesse cavity and the high resonance fre-
quency, such a static approach is no longer valid and one
has to take into account the cavity storage time to eval-
uate the resonator dynamics. Additional dephasings ap-
pear and the radiation pressure force Frad can be written
in Fourier space [6]:

Frad [#] = !2
$$NL

&
M#2

m x [#] , (2)

FIG. 1: Principle of radiation-pressure cooling. a, Layout
of the optical cavity. The micro-resonator mirror is etched
upon a 1 cm2 silicon chip. The coupling mirror of the cavity
is a standard low-loss silica mirror. b, Intracavity power P
as a function of the cavity length L. Around a working point
defined by the normalized cavity detuning !, the force Frad

exerted by the intracavity field upon the micro-resonator is
proportional to the slope of the Airy peak and to the displace-
ment x of the resonator.
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Sub-kelvin optical cooling of a micromechanical
resonator
Dustin Kleckner1 & Dirk Bouwmeester1

Micromechanical resonators, when cooled down to near their
ground state, can be used to explore quantum effects such as
superposition and entanglement at a macroscopic scale1–3. Prev-
iously, it has been proposed to use electronic feedback to cool a
high frequency (10MHz) resonator to near its ground state4.
In other work, a low frequency resonator was cooled from room
temperature to 18K by passive optical feedback5. Additionally,
active optical feedback of atomic force microscope cantilevers
has been used to modify their response characteristics6, and cool-
ing to approximately 2 K has been measured7. Here we dem-
onstrate active optical feedback cooling to 1356 15mK of a
micromechanical resonator integrated with a high-quality optical
resonator. Additionally, we show that the scheme should be appli-
cable at cryogenic base temperatures, allowing cooling to near the
ground state that is required for quantum experiments—near
100 nK for a kHz oscillator.

Using a laser tuned to the resonance fringe of a high finesse optical
cavity, it is possible to observe very small fluctuations in the length of
the cavity due to brownian motion of one or both of the endmirrors.
We have developed an optical cavity with one rigid large mirror,
6mm in diameter and with a 25mm radius of curvature, and one
tiny plane mirror, 30 mm in diameter, attached to a commercial
atomic force microscope cantilever of dimensions 4503 503 2mm
with a fundamental resonance of 12.5 kHz (Fig. 1b). An optical fin-
esse of 2,100 and a mechanical quality factor of 137,000 have been
achievedwith the system8. Themotion of the tinymirror/cantilever is
monitored bymeasuring the transmission of the cavity at a frequency
on the side of an optical resonance peak. To do this, we use about
1mW from a 780 nm tunable diode laser which is locked to the
resonance fringe using the integrated signal from a photo-multiplier
tube which monitors the light transmitted through the cavity
(Fig. 1a). The time derivative of this signal is proportional to the
velocity of the cantilever tip and is used to modulate the amplitude
of a second, 980 nm, diode laser focused on the cantilever less than
100 mm away from the tiny mirror. The radiation pressure exerted by
this feedback laser counteracts the motion of the mirror and effec-
tively provides cooling of the fundamental mode.

The effective feedback gain can be varied over several orders of
magnitude by sending the feedback laser through a variable neutral
density filter. The average power in the feedback beam when it
reaches the cantilever is of the order of 1mW at the highest gain
settings and proportionally lower otherwise. The mean modulation
depth of the feedback beam varies from nearly 100% to less than 5%
as gain is increased. The vibration spectrum of the cantilever as a
function of gain is shown in Fig. 2. The r.m.s. thermal amplitude of
the cantilever without feedback is 1.26 0.1 Å. From this value,
one can calculate that the spring constant of the cantilever is
0.156 0.01Nm21, in agreement with the manufacturer-specified

range, and the effective mass of the cantilever fundamental mode is
(2.46 0.2)3 10211 kg.

To determine the effective gain of the feedback loop and the tem-
perature of the fundamental mode, we fit a lorentzian plus a constant
background to the vibration spectrum of the cantilever for each value
of feedback gain. The temperature is determined from the area under
the lorentzian without the background, while the gain is determined
by the width of the resonance. The linewidth provides a good mea-
sure of gain because it is directly determined by the damping rate
whereas the cantilever amplitude may be affected by other sources of
noise in the feedback loop. Cooling is observed over more than three
orders of magnitude. The lowest temperature we are able to measure
is 1356 15mK, or a cantilever r.m.s. amplitude of 0.0236 0.002 Å,
with a gain (the ratio of feedback to mechanical damping) of
g5 2,4906 90 (Fig. 2b). The lowest trace in Fig. 2b, indicating an
even lower temperature, cannot be reliably fitted owing to the laser
noise floor. Since the optical finesse is not the current limiting factor,
we operate the opto-mechanical system at a finesse of only 200,
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Figure 1 | The experimental system. a, Diagram of the feedback
mechanism: a 780 nm observation laser (Obs.) is frequency locked to the
optical cavity (shown magnified at bottom) with an integrating circuit (via
the laser frequency modulation input, f. mod), using the signal from a
photomultiplier tube (PMT). This signal is also sent through a 1.25 kHz
bandpass filter at 12.5 kHz and a derivative circuit (d/dt) to provide an
intensity-modulating signal (I. mod.) for the 980 nm feedback laser (Fb.).
The feedback laser is attenuated with a variable neutral density (ND) filter to
adjust the gain of the feedback. The feedback force is exerted on the
cantilever via this laser’s radiation pressure. b, Scanning electronmicroscope
image of the tip of the cantilever with attached mirror.
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FIG. 1. Schematic description of the experiment. a, Colorized scanning electron micrograph showing the aluminum (grey) elec-
tromechanical circuit fabricated on a sapphire (blue) substrate, in which a 15 µm diameter membrane is lithographically suspended
50 nm above a lower electrode. The membrane’s motion modulates the capacitance, and hence, the resonance frequency of the super-
conducting microwave circuit. b, A coherent microwave drive inductively coupled to the circuit acquires modulation sidebands due to
the thermal motion of the membrane. The upper sideband is amplified with a nearly quantum-limited Josephson parametric amplifier
within the cryostat. c, The microwave power in the upper sideband provides a direct measurement of the thermal occupancy of the me-
chanical mode, which may be calibrated in situ by varying the temperature of the cryostat. The mechanical mode shows thermalization
with the cryostat at all temperatures, yielding a minimum thermal occupancy of 30 mechanical quanta without employing sideband-
cooling techniques. The inset illustrates the concept of sideband cooling. When the circuit is excited with a detuned microwave drive
such that ! = !"m, the narrow line shape of the electrical resonance ensures that photons are preferentially scattered to higher energy,
providing a cooling mechanism for the membrane.
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Abstract. We consider the dynamics of a movable mirror in a Fabry-Perot
cavity coupled through radiation pressure to the cavity field and in contact with a
thermal bath at finite temperature. In contrast to previous approaches, we consider
arbitrary values of the effective detuning between the cavity and an external input
field. We analyse the radiation-pressure effect on the Brownian motion of the
mirror and its significance in the density noise spectrum of the output cavity field.
Important properties of the mirror dynamics can be gathered directly from this
noise spectrum. The presented reconstruction provides an experimentally useful
tool in the characterization of the energy and rigidity of the mirror as modified
by the coupling with light. We also give a quantitative analysis of the recent
experimental observation of self-cooling of a micromechanical oscillator.
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Ground-state cooling of a micromechanical oscillator: Comparing cold damping
and cavity-assisted cooling schemes
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We provide a general framework to describe cooling of a micromechanical oscillator to its quantum ground
state by means of radiation-pressure coupling with a driven optical cavity. We apply it to two experimentally
realized schemes, back-action cooling via a detuned cavity and cold-damping quantum-feedback cooling, and
we determine the ultimate quantum limits of both schemes for the full parameter range of a stable cavity. While
both allow one to reach the oscillator’s quantum ground state, we find that back-action cooling is more efficient
in the good cavity limit, i.e., when the cavity bandwidth is smaller than the mechanical frequency, while cold
damping is more suitable for the bad cavity limit. The results of previous treatments are recovered as limiting
cases of specific parameter regimes.

DOI: 10.1103/PhysRevA.77.033804 PACS number!s": 42.50.Lc, 42.79.Gn, 85.85.!j

I. INTRODUCTION

Cooling of mechanical resonators close to their quantum
ground state has become an important topic for various fields
of physics, such as ultrahigh precision measurements #1$, the
detection of gravitational waves #2$, and the study of the
transition between classical and quantum behavior of a me-
chanical system #3$. It is also a prerequisite for any possible
use of optomechanical systems for quantum information pro-
cessing #4,5$. Recently, various experiments have demon-
strated significant cooling of the vibrational mode of a me-
chanical resonator coupled to an optical cavity #6–16$. In
these experiments cooling has been achieved by exploiting in
two different ways the radiation-pressure interaction between
a mechanical mode and the intracavity field: !i" by back-
action, or self-cooling #17$, in which the off-resonant opera-
tion of the cavity results in a retarded back-action on the
mechanical system and hence in a “self”-modification of its
dynamics #9,11,13,14,18$; and !ii" by cold-damping quantum
feedback #19–21$, where the oscillator position is measured
through a phase-sensitive detection of the cavity output and
the resulting photocurrent is used for a real-time correction
of the dynamics #6,10,12,15$.

We generalize and extend the previous treatments of these
schemes #17,19–21,28,29$ to the full parameter range of a
stable cavity by deriving the quantum steady state of the
micromechanical oscillator in a linearized quantum Langevin
equation !QLE" approach. Comparing the two schemes we
find that back-action cooling is more efficient in the good
cavity limit, i.e., when the cavity bandwidth is smaller than
the mechanical frequency, while cold damping is more suit-
able in the opposite limit of a bad cavity. We also show that,
contrary to common belief, the feedback gain in cold-
damping schemes is necessarily bounded by an upper limit to
achieve quantum ground-state cooling.

The paper is organized as follows. In Sec. II we describe
the dynamics of the system in terms of linearized quantum
Langevin equations. In Secs. III and IV we evaluate the
steady-state energy of the mechanical oscillator for the two

cases of back-action cooling with a detuned cavity and cold-
damping feedback cooling. In Sec. V we conclude by com-
paring in detail the two cooling schemes.

II. QUANTUM LANGEVIN EQUATIONS FOR THE
SYSTEM

We consider a driven optical cavity coupled by radiation
pressure to a micromechanical oscillator. The typical experi-
mental configuration is a Fabry-Perot cavity with one mirror
much lighter than the other !see, e.g., #7,9–12,16$", but our
treatment applies to other configurations such as the silica
toroidal microcavity of Refs. #13,22$. Radiation pressure
typically excites several mechanical degrees of freedom of
the system with different resonant frequencies. However, a
single mechanical mode can be considered when a bandpass
filter in the detection scheme is used #23$ and coupling be-
tween the different vibrational modes can be neglected. The
Hamiltonian of the system reads #24$

H = "#ca
†a +

1
2

"#m!p2 + q2" ! "G0a†aq + i"E!a†e!i#0t

! aei#0t" . !1"

The first term describes the energy of the cavity mode, with
lowering operator a !#a ,a†$=1", cavity frequency #c, and
decay rate $. The second term gives the energy of the me-
chanical mode, modeled as harmonic oscillator at frequency
#m and described by dimensionless position and momentum
operators q and p !#q , p$= i". The third term is the radiation-
pressure coupling of rate G0= !#c /L"%" /m#m, where m is
the effective mass of the mechanical mode #23$, and L is an
effective length that depends upon the cavity geometry: it
coincides with the cavity length in the Fabry-Perot case and
with the toroid radius in the case of Refs. #13,22$. The last
term describes the input driving by a laser with frequency
#0, where E is related to the input laser power P by &E&
=%2P$ /"#0. One can adopt the single cavity mode descrip-
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The concept that electromagnetic radiation can exert
forces on material objects was predicted by Maxwell,
and the radiation pressure of light was first observed ex-
perimentally more than a century ago [1, 2]. The force F
exerted by a beam of power P retroreflecting from a mir-
ror is F = 2P/c. Because the speed of light is so large,
this force is typically extremely feeble but does manifest
itself in special circumstances (e.g., in the tails of comets
and during star formation). Beginning in the 1970s, re-
searchers were able to trap and manipulate small parti-
cles and even individual atoms with optical forces [3, 4].

Recently there has been a great surge of interest in
the application of radiation forces to manipulate the
center-of-mass motion of mechanical oscillators cover-
ing a huge range of scales from macroscopic mirrors in
the Laser Interferometer Gravitational Wave Observa-
tory (LIGO) project [5, 6] to nano- or micromechanical
cantilevers [7–12], vibrating microtoroids [13, 14], and
membranes [15]. Positive radiation pressure damping
permits cooling of the motion; negative damping per-
mits parametric amplification of small forces [13, 16, 17].
Cooling a mechanical system to its quantum ground
state is a key goal of the new field of optomechanics. Ra-
diation pressure also appears in the form of unavoidable
random backaction forces accompanying optical mea-
surements of position as the precision of those measure-
ments approaches the limits set by quantum mechanics
[18, 19]. The randomness is due to the photon shot noise,
the observation of which is a second key goal of the field.

In pioneering work, Braginsky and collaborators [20,
21] first detected mechanical damping due to radiation
in the decay of an excited oscillator. Very recently, both
measurement and mechanical damping of (the much
smaller) random thermal Brownian motion (i.e., cooling
of the center-of-mass motion) was achieved by several
groups using different techniques (see also Ref. [22] for
a brief review). These include intrinsic optomechanical
cooling (to be described below) by photothermal forces
[7] or radiation pressure [6, 8, 9, 14, 15] and active feed-

back cooling [10, 23] based on position measurements.

Retarded radiation forces

The typical experimental setup in optomechanics con-
sists of an optical cavity where one of the end-mirrors
can move (Fig. 1). For example, experimentalists have
attached micromirrors to atomic force microscope can-
tilevers or doubly clamped beams [8–10]. When the cav-
ity is illuminated by a laser, the circulating light gives
rise to a radiation pressure force that deflects the mir-
ror. Any displacement of the mirror will, in turn, change
the cavity’s length, shifting the optical cavity mode fre-
quency with respect to the fixed laser frequency, and
thereby alter the circulating intensity. It is this coupled
dynamics that produces a wealth of interesting effects in
such systems.

The role of the cavity is twofold: It resonantly en-
hances the circulating intensity, and it makes the inten-
sity depend very sensitively on the position. Although
the setup described here may seem rather special at first,
it is in fact just one incarnation of a very generic non-
linear nonequilibrium situation: On the most general
level, we are dealing with a resonance (the optical cavity
mode) that is driven (by a laser), and whose resonance
frequency is pulled by the displacement of some me-
chanical degree of freedom (the movable mirror). Hav-
ing the resonance frequency depend in this manner on
the position immediately implies that there will be a me-
chanical force. Given this general description, it is no
wonder the same physics has by now been realized in
a diverse variety of physical systems, including super-
conducting microwave circuits [12] and ultracold atoms
[24, 25]. However, in the following we will employ the
terms appropriate for a simple optical setup, keeping in
mind that the concepts can readily be translated to other
situations.
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That’s it for now
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