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and Schrödinger who first recognized a “spooky” fea-
ture of quantum machinery which lies at center of in-
terest of physics of XXI century (Einstein et al., 1935;
von Neumann, 1932). This feature implies the existence
of global states of composite system which cannot be writ-
ten as a product of the states of individual subsystems.
This phenomenon, known as “entanglement”, was origi-
nally called by Schrödinger “Verschränkung”, which un-
derlines an intrinsic order of statistical relations between
subsystems of compound quantum system (Schrödinger,
1935).

Paradoxically, entanglement, which is considered to be
the most nonclassical manifestations of quantum formal-
ism, was used by Einstein Podolsky and Rosen in their
attempt to ascribe values to physical quantities prior to
measurement. It was Bell who showed the opposite: it
is just entanglement which irrevocably rules out such a
possibility.

In 1964 Bell accepted the EPR conclusion — that
quantum description of physical reality is not complete
— as a working hypothesis and formalized the EPR de-
terministic world idea in terms of local hidden variable
model (LHVM) (Bell, 1964). The latter assumes that
(i) measurement results are determined by properties the
particles carry prior to, and independent of, the measure-
ment (“realism”), (ii) results obtained at one location are
independent of any actions performed at spacelike sepa-
ration (“locality”) (iii) the setting of local apparatus are
independent of the hidden variables which determine the
local results (“free will”). Bell proved that the above as-
sumptions impose constraints on statistical correlations
in experiments involving bipartite systems in the form of
the Bell inequalities. He then showed that the probabili-
ties for the outcomes obtained when suitably measuring
some entangled quantum state violate the Bell inequality.
In this way entanglement is that feature of quantum for-
malism which makes impossible to simulate the quantum
correlations within any classical formalism.

Greenberger, Horne and Zeilinger (GHZ) went be-
yond Bell inequalities by showing that entanglement of
more than two particles leads to a contradiction with
LHVM for nonstatistical predictions of quantum formal-
ism (Greenberger et al., 1989). Surprisingly, only in the
beginning of 90’s theoretical general results concerning
violation of Bell inequalities have been obtained (Gisin,
1991; Popescu and Rohrlich, 1992).

Transition of entanglement from gedanken exper-
iment to laboratory reality began in the mid-60s
(Freedman and Clauser, 1972; Kocher and Commins,
1967). However it were Aspect et al., who performed
first a convincing test of violation of the Bell inequalities
(Aspect et al., 1982, 1981). Since then many kinds of
beautiful and precise experimental tests of quantum
formalism against the LHVM have been performed in
laboratories (Bovino et al., 2006a; Hasegawa et al.,
2003; Kwiat et al., 1995; Ou and Mandel, 1988;
Rowe and et al., 2001) and outsides (Tittel et al.,
1998, 1999; Ursin et al., 2006; Weihs et al., 1998). All

these experiments strongly confirmed the predictions of
the quantum description1.

In fact, a fundamental nonclassical aspect of entan-
glement was recognized already in 1935. Inspired by
EPR paper, Shrödinger analyzed some physical conse-
quences of quantum formalism and he noticed that the
two-particle EPR state does not admit ascribing indi-
vidual states to the subsystems implying “entanglement
of predictions” for the subsystems. Then he concluded:
“Thus one disposes provisionally (until the entanglement
is resolved by actual observation) of only a common de-
scription of the two in that space of higher dimension.
This is the reason that knowledge of the individual sys-
tems can decline to the scantiest, even to zero, while
that of the combined system remains continually maxi-
mal. Best possible knowledge of a whole does not include
best possible knowledge of its parts — and this is what
keeps coming back to haunt us”(Schrödinger, 1935)2.

Unfortunately this curious aspect of entanglement
was long unintelligible, as it was related to the no-
tion of “knowledge” in quantum context. Only in half
of 90’s it was formalized in terms of entropic inequali-
ties based on Von Neumann entropy (Cerf and Adami,
1997; Horodecki and Horodecki, 1994; Horodecki et al.,
1996c)3. The violation of these inequalities by entangled
states is a signature of entanglement of quantum states,
however physical meaning of this was unclear. An in-
teresting attempt to solve this puzzle is due to Cerf and
Adami (1997) in terms of conditional entropy. Soon af-
terwards it turned out that the latter with minus sign,
called coherent information is a fundamental quantity re-
sponsible for capabilities of transmission of quantum in-
formation (Lloyd, 1997; Schumacher and Nielsen, 1996).
The transmission is possible exactly in those situations
in which “Schrödinger’s demon” is “coming to haunt us”
— i.e. when entropy of output system exceeds the en-
tropy of the total system. Let us mention, that in 2005
this story has given a new twist in terms of quantum
counterpart of the Slepian-Wolf theorem in classical com-
munication (Horodecki et al., 2005h, 2006e). In this ap-
proach the violation of entropic inequalities implies the
existence of negative quantum information, which is “ex-
tra” resource for quantum communication. Interestingly,
only recently a direct violation of the entropic inequalities
was experimentally demonstrated confirming the break-
ing of classical statistical order in compound quantum
systems (Bovino et al., 2005).

The present-day entanglement theory has its roots
in the key discoveries: quantum cryptography with

1 However so far all the above experiments suffer from loophole,
see (Brunner et al., 2007; Gill, 2003).

2 an English translation appears in Quantum Theory and Mea-
surement, edited by J. A. Wheeler and W.H. Zurek Princeton
University Press, Princeton, 1983, p.167.

3 The other formalization was proposed in terms of majorization
relations (Nielsen and Kempe, 2001).
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FIG. 2: (a): Density noise spectrum Sq (in units of
10−26m2/Hz) against ω (units of MHz) and ∆ (units of
108Hz). We have chosen λL = 2πc/ωL = 1064nm, L =
25mm, P = 4mW, ωm/2π = 275KHz, T = 300K, m = 15ng,
mechanical quality factor Q = ωm/γm = 2.1 103 and cavity fi-
nesse equal to 400. (b): DNS for the output field quadrature
(in units of 109) against ω (units of MHz) and ∆ (units of
108Hz). (c): Srec

q (ω) (in units of 10−26m2/Hz) reconstructed
from the extracavity cavity via the function |α(∆)|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 δŷout simply decay. This is demonstrated in
Fig. 2 (b), where we show the behavior of Syout

against ω
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 effects
due to the decreasing power entering the cavity, as dis-
cussed above. In Fig. 2 (a), indeed, up to ∆ = κ 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, 2.5κ] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ∆ up to ∼ 0.45κ, 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 ∼ 0.45κ is shown.

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

q (ω)
obtained by calculating (Syout

(ω) − 1)/2κ|α(∆)|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 effects. 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, sufficient 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 effects 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 effects
of cavity-induced optomechanical coupling and to study
the role of quantum noise in their reconstruction.

Theoryvalues the stability of the locking limits the precision of the measure-
ments. For negative detuning (not shown) we observed a narrowing
of the peak, associated with an amplification of the mirror motion
(that is, ‘negative’ damping), which rapidly leads to a self-oscillation
region. In Fig. 4 the same data set is used to obtain the corresponding
cooling ratio from the relative change in area of the power spectrum,
because the total peak area is a measure of temperature. As expected,
the increase in damping is accompanied by a cooling of the mech-
anical mode. At large detuning, the cooling effect is slightly enhanced
compared with our simplemodel, whichmight be due to the reduced
contribution of thermal background of other oscillator modes. The
best experimental cooling ratio in our detuning range is more than
30. Because our experiment was performed at room temperature, this
corresponds to a cooling of the mode from 300K to less than 10K
(Fig. 2).

We explicitly compare the experimental results for positive detun-
ing with the theoretical predictions obtained if the effect is due only
to radiation pressure. To do that, we have independently evaluated

the effective mass participating in the dynamics of the system, which
leaves no free parameter for the evaluation of radiation-pressure
forces and hence allows a full quantitative treatment. The effective
mass can be much smaller than the total mass of the cantilever19,25.
For our mirror, an independent assessment both by means of spatial
tomography of the vibrational mode and by means of a calibrated
reference results in a value of 226 4 ng at the probing point (see
Supplementary Information). This results in a theoretically expected
cooling that is less strong than the experimentally observed one. To
get a clear, immediate figure of the ‘strength’ of the radiation pressure
effect required to replicate the experimental data we assume a fixed
effective mass and permit variation of the input power. We find that,
for effective masses of 18 and 26 ng, a power respectively 2.2-fold and
3.3-fold the nominal value used in the experiment is required to
match the theoretical predictions with both the observed damping
and cooling (Figs 3 and 4). In other words, radiation pressure
accounts for at least 30%of the observed cooling butmay be as strong
as 50%; that is, there is cooling by a factor between 8 and 12. We
attribute the additional cooling in our setup to the presence of photo-
thermal effects. In a similar manner to the bolometric forces reported
in ref. 7, differential heating of the outer layers of the dielectric Bragg
mirror can result in time-delayed changes in the cavity length, even-
tually introducing a retarded force that can contribute to the self-
cooling mechanism. In a thin-layered medium the delayed force
induced by photothermal effects can have typical time constants on
the order of several tens of nanoseconds (see Supplementary
Information), which is fast enough to compete with the timescale
of radiation pressure effects of 1/(2k) (about 13 ns in our experi-
ment). The direction of the force depends on the specific material
properties of the expanding layers. In our case, and in contrast with
previous experiments, it assists the cooling effect of radiation pres-
sure present for positive detuning.

The experimental data are consistent with radiation-pressure cool-
ing assisted by photothermal effects. Residual heating of the can-
tilever due to absorption was not observed (see Supplementary
Information). Improvements in the reflectivity of the Bragg mirror
will further reduce and eventually eliminate photothermal contribu-
tions to the cooling because it will permit a higher finesse to be
achieved and the optical absorption to be limited. An interesting
analogy by which to understand this cooling mechanism can be
found in thermodynamics. If a system (the mirror), initially at
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Figure 3 | Radiation-pressure-induced damping of mirror dynamics. The
measured width of the mechanical mode at 278 kHz is shown at different
detuning levels of the cavity and for input laser powers of 1mW(blue points)
and 2mW (black points). The data are obtained directly from lorentzian fits
on themeasured power spectra of the PDH error signal. Error bars represent
absolute errors based on experimental uncertainty. Solid lines represent
theoretical predictions of purely radiation-pressure effects for F< 500,
Q< 9,000 and an effective mass of 9 ng. The inferred effective mass of
226 4 ng indicates the presence of an additional damping force of
photothermal nature (see the text).
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Figure 4 | Self-cooling of themechanical resonator. The cooling ratio of the
mechanical mode is shown as a function of detuning and for input laser
powers of 1mW (blue points) and 2 mW (black points). The data are
obtained as the normalized area of the measured PDH power spectrum,
compensated for the detuning dependent sensitivity of the PDH cavity
response. Error bars represent absolute errors based on experimental
uncertainty. The self-cooling effect increases for increasing laser power and
detuning, in agreement with the theoretical predictions (solid lines). The
right ordinate shows the inferred effective temperature of the mechanical
oscillator. Radiation pressure contributes between 30% and 50% to the
overall cooling, which is assisted by photothermal effects.
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Figure 2 | Power spectrumof themechanical mode at two different relative
detuning levels D of the cavity for an input power of 2mW. The data were
obtained from the PDH power spectrum, which was directly proportional to
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(black, D5 0; blue, D5 0.44k) were taken with the spectrum analyser,
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fits to the data. The areas obtained from the fit correspond to temperatures
of 300K (red) and 8K (blue).
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FIG. 2: (a): Density noise spectrum Sq (in units of
10−26m2/Hz) against ω (units of MHz) and ∆ (units of
108Hz). We have chosen λL = 2πc/ωL = 1064nm, L =
25mm, P = 4mW, ωm/2π = 275KHz, T = 300K, m = 15ng,
mechanical quality factor Q = ωm/γm = 2.1 103 and cavity fi-
nesse equal to 400. (b): DNS for the output field quadrature
(in units of 109) against ω (units of MHz) and ∆ (units of
108Hz). (c): Srec

q (ω) (in units of 10−26m2/Hz) reconstructed
from the extracavity cavity via the function |α(∆)|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 δŷout simply decay. This is demonstrated in
Fig. 2 (b), where we show the behavior of Syout

against ω
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 effects
due to the decreasing power entering the cavity, as dis-
cussed above. In Fig. 2 (a), indeed, up to ∆ = κ 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, 2.5κ] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ∆ up to ∼ 0.45κ, 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 ∼ 0.45κ is shown.
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get a clear, immediate figure of the ‘strength’ of the radiation pressure
effect required to replicate the experimental data we assume a fixed
effective mass and permit variation of the input power. We find that,
for effective masses of 18 and 26 ng, a power respectively 2.2-fold and
3.3-fold the nominal value used in the experiment is required to
match the theoretical predictions with both the observed damping
and cooling (Figs 3 and 4). In other words, radiation pressure
accounts for at least 30%of the observed cooling butmay be as strong
as 50%; that is, there is cooling by a factor between 8 and 12. We
attribute the additional cooling in our setup to the presence of photo-
thermal effects. In a similar manner to the bolometric forces reported
in ref. 7, differential heating of the outer layers of the dielectric Bragg
mirror can result in time-delayed changes in the cavity length, even-
tually introducing a retarded force that can contribute to the self-
cooling mechanism. In a thin-layered medium the delayed force
induced by photothermal effects can have typical time constants on
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Information), which is fast enough to compete with the timescale
of radiation pressure effects of 1/(2k) (about 13 ns in our experi-
ment). The direction of the force depends on the specific material
properties of the expanding layers. In our case, and in contrast with
previous experiments, it assists the cooling effect of radiation pres-
sure present for positive detuning.

The experimental data are consistent with radiation-pressure cool-
ing assisted by photothermal effects. Residual heating of the can-
tilever due to absorption was not observed (see Supplementary
Information). Improvements in the reflectivity of the Bragg mirror
will further reduce and eventually eliminate photothermal contribu-
tions to the cooling because it will permit a higher finesse to be
achieved and the optical absorption to be limited. An interesting
analogy by which to understand this cooling mechanism can be
found in thermodynamics. If a system (the mirror), initially at
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Figure 3 | Radiation-pressure-induced damping of mirror dynamics. The
measured width of the mechanical mode at 278 kHz is shown at different
detuning levels of the cavity and for input laser powers of 1mW(blue points)
and 2mW (black points). The data are obtained directly from lorentzian fits
on themeasured power spectra of the PDH error signal. Error bars represent
absolute errors based on experimental uncertainty. Solid lines represent
theoretical predictions of purely radiation-pressure effects for F< 500,
Q< 9,000 and an effective mass of 9 ng. The inferred effective mass of
226 4 ng indicates the presence of an additional damping force of
photothermal nature (see the text).
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Figure 4 | Self-cooling of themechanical resonator. The cooling ratio of the
mechanical mode is shown as a function of detuning and for input laser
powers of 1mW (blue points) and 2 mW (black points). The data are
obtained as the normalized area of the measured PDH power spectrum,
compensated for the detuning dependent sensitivity of the PDH cavity
response. Error bars represent absolute errors based on experimental
uncertainty. The self-cooling effect increases for increasing laser power and
detuning, in agreement with the theoretical predictions (solid lines). The
right ordinate shows the inferred effective temperature of the mechanical
oscillator. Radiation pressure contributes between 30% and 50% to the
overall cooling, which is assisted by photothermal effects.
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Figure 2 | Power spectrumof themechanical mode at two different relative
detuning levels D of the cavity for an input power of 2mW. The data were
obtained from the PDH power spectrum, which was directly proportional to
the displacement power spectrum of the micromirror. Experimental points
(black, D5 0; blue, D5 0.44k) were taken with the spectrum analyser,
averaged over 30 consecutive measurement runs. Solid lines are lorentzian
fits to the data. The areas obtained from the fit correspond to temperatures
of 300K (red) and 8K (blue).
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FIG. 2: (a): Density noise spectrum Sq (in units of
10−26m2/Hz) against ω (units of MHz) and ∆ (units of
108Hz). We have chosen λL = 2πc/ωL = 1064nm, L =
25mm, P = 4mW, ωm/2π = 275KHz, T = 300K, m = 15ng,
mechanical quality factor Q = ωm/γm = 2.1 103 and cavity fi-
nesse equal to 400. (b): DNS for the output field quadrature
(in units of 109) against ω (units of MHz) and ∆ (units of
108Hz). (c): Srec

q (ω) (in units of 10−26m2/Hz) reconstructed
from the extracavity cavity via the function |α(∆)|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 δŷout simply decay. This is demonstrated in
Fig. 2 (b), where we show the behavior of Syout

against ω
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 effects
due to the decreasing power entering the cavity, as dis-
cussed above. In Fig. 2 (a), indeed, up to ∆ = κ 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, 2.5κ] (units of Hz). The ! points (red
curve, rightmost vertical scale [units of Hz]) show the increas-
ing width of the peaks for ∆ up to ∼ 0.45κ, 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 ∼ 0.45κ is shown.

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

q (ω)
obtained by calculating (Syout

(ω) − 1)/2κ|α(∆)|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 effects. 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, sufficient 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 effects 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 effects
of cavity-induced optomechanical coupling and to study
the role of quantum noise in their reconstruction.

Theoryvalues the stability of the locking limits the precision of the measure-
ments. For negative detuning (not shown) we observed a narrowing
of the peak, associated with an amplification of the mirror motion
(that is, ‘negative’ damping), which rapidly leads to a self-oscillation
region. In Fig. 4 the same data set is used to obtain the corresponding
cooling ratio from the relative change in area of the power spectrum,
because the total peak area is a measure of temperature. As expected,
the increase in damping is accompanied by a cooling of the mech-
anical mode. At large detuning, the cooling effect is slightly enhanced
compared with our simplemodel, whichmight be due to the reduced
contribution of thermal background of other oscillator modes. The
best experimental cooling ratio in our detuning range is more than
30. Because our experiment was performed at room temperature, this
corresponds to a cooling of the mode from 300K to less than 10K
(Fig. 2).

We explicitly compare the experimental results for positive detun-
ing with the theoretical predictions obtained if the effect is due only
to radiation pressure. To do that, we have independently evaluated

the effective mass participating in the dynamics of the system, which
leaves no free parameter for the evaluation of radiation-pressure
forces and hence allows a full quantitative treatment. The effective
mass can be much smaller than the total mass of the cantilever19,25.
For our mirror, an independent assessment both by means of spatial
tomography of the vibrational mode and by means of a calibrated
reference results in a value of 226 4 ng at the probing point (see
Supplementary Information). This results in a theoretically expected
cooling that is less strong than the experimentally observed one. To
get a clear, immediate figure of the ‘strength’ of the radiation pressure
effect required to replicate the experimental data we assume a fixed
effective mass and permit variation of the input power. We find that,
for effective masses of 18 and 26 ng, a power respectively 2.2-fold and
3.3-fold the nominal value used in the experiment is required to
match the theoretical predictions with both the observed damping
and cooling (Figs 3 and 4). In other words, radiation pressure
accounts for at least 30%of the observed cooling butmay be as strong
as 50%; that is, there is cooling by a factor between 8 and 12. We
attribute the additional cooling in our setup to the presence of photo-
thermal effects. In a similar manner to the bolometric forces reported
in ref. 7, differential heating of the outer layers of the dielectric Bragg
mirror can result in time-delayed changes in the cavity length, even-
tually introducing a retarded force that can contribute to the self-
cooling mechanism. In a thin-layered medium the delayed force
induced by photothermal effects can have typical time constants on
the order of several tens of nanoseconds (see Supplementary
Information), which is fast enough to compete with the timescale
of radiation pressure effects of 1/(2k) (about 13 ns in our experi-
ment). The direction of the force depends on the specific material
properties of the expanding layers. In our case, and in contrast with
previous experiments, it assists the cooling effect of radiation pres-
sure present for positive detuning.

The experimental data are consistent with radiation-pressure cool-
ing assisted by photothermal effects. Residual heating of the can-
tilever due to absorption was not observed (see Supplementary
Information). Improvements in the reflectivity of the Bragg mirror
will further reduce and eventually eliminate photothermal contribu-
tions to the cooling because it will permit a higher finesse to be
achieved and the optical absorption to be limited. An interesting
analogy by which to understand this cooling mechanism can be
found in thermodynamics. If a system (the mirror), initially at
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Figure 3 | Radiation-pressure-induced damping of mirror dynamics. The
measured width of the mechanical mode at 278 kHz is shown at different
detuning levels of the cavity and for input laser powers of 1mW(blue points)
and 2mW (black points). The data are obtained directly from lorentzian fits
on themeasured power spectra of the PDH error signal. Error bars represent
absolute errors based on experimental uncertainty. Solid lines represent
theoretical predictions of purely radiation-pressure effects for F< 500,
Q< 9,000 and an effective mass of 9 ng. The inferred effective mass of
226 4 ng indicates the presence of an additional damping force of
photothermal nature (see the text).
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Figure 4 | Self-cooling of themechanical resonator. The cooling ratio of the
mechanical mode is shown as a function of detuning and for input laser
powers of 1mW (blue points) and 2 mW (black points). The data are
obtained as the normalized area of the measured PDH power spectrum,
compensated for the detuning dependent sensitivity of the PDH cavity
response. Error bars represent absolute errors based on experimental
uncertainty. The self-cooling effect increases for increasing laser power and
detuning, in agreement with the theoretical predictions (solid lines). The
right ordinate shows the inferred effective temperature of the mechanical
oscillator. Radiation pressure contributes between 30% and 50% to the
overall cooling, which is assisted by photothermal effects.
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Figure 2 | Power spectrumof themechanical mode at two different relative
detuning levels D of the cavity for an input power of 2mW. The data were
obtained from the PDH power spectrum, which was directly proportional to
the displacement power spectrum of the micromirror. Experimental points
(black, D5 0; blue, D5 0.44k) were taken with the spectrum analyser,
averaged over 30 consecutive measurement runs. Solid lines are lorentzian
fits to the data. The areas obtained from the fit correspond to temperatures
of 300K (red) and 8K (blue).
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