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Current research on micromechanical resonators strives for quantum-limited detection of the motion of macroscopic objects.
Prerequisite to this goal is the observation of measurement backaction consistent with quantum metrology limits. However, thermal
noise currently dominates measurements and precludes ground-state preparation of the resonator. Here, we establish the collective
motion of an ultracold atomic gas confined tightly within a Fabry–Perot optical cavity as a system for investigating the quantum
mechanics of macroscopic bodies. The cavity-mode structure selects a particular collective vibrational motion that is measured by
the cavity’s optical properties, actuated by the cavity optical field and subject to backaction by the quantum force fluctuations of
this field. Experimentally, we quantify such fluctuations by measuring the cavity-light-induced heating of the intracavity atomic
ensemble. These measurements represent the first observation of backaction on a macroscopic mechanical resonator at the standard
quantum limit.

Various types of micromechanical resonator, including singly1,2

or doubly3–5 clamped nanofabricated beams, thin membranes6

and toroidal structures7, have been fabricated and used to study
small-amplitude vibrations. With resonance frequencies in the
kilohertz to megahertz range—an exception being the gigahertz
resonator of ref. 8—these resonators remain significantly perturbed
by thermal noise at cryogenic temperatures. Nevertheless, powerful
schemes to cool a single mechanical mode of the resonator below
its ambient temperature have been demonstrated1–7. These schemes
use either active feedback or the passive dynamical backaction on
a driven resonator, the latter being equivalent to cavity-induced
laser cooling of atoms9,10. The use of these schemes to achieve
ground-state cooling has been discussed11–13.

Here, we demonstrate that the collective motion of a trapped
macroscopic ensemble of ultracold atoms may serve as the
resonator for the study of quantum micromechanics. In contrast
with the mechanical systems discussed above, such atoms may be
cooled directly to the ground state of motion. Non-classical states
of motion have been engineered in atomic ensembles14, and the
oscillatory motion of an atomic gas has been used to measure
weak forces15, analogous to measurements using microfabricated
cantilevers16. However, previous efforts have lacked the means to
measure the motion of an atomic ensemble at the quantum limit.

COLD ATOMS AS A MICROMECHANICAL OBJECT

High-finesse optical cavities have been used to sense the motion
of single atoms17,18. Their sensitivity results from the spatial
variation of the atom–cavity coupling frequency; in a near-planar
Fabry–Perot cavity, this frequency varies as g(z) = g0 sinkpz along
the cavity axis, where kp is the wave vector of light near the
cavity resonance. In the case where the detuning ∆ca = ωc − ωa

between the bare-cavity (no atoms present) and the atomic

resonance frequencies is large (|∆ca| � {g ,Γ }), a single atom of
half-linewidth Γ at position z causes the cavity resonance to be
shifted by g2(z)/∆ca. Measuring the cavity resonance thus provides
information on the atom’s position.

Such a measurement may also be applied to monitor the
motion of an ensemble of N atoms that are optically trapped (and
which, for our set-up, can be treated as independent to a good
approximation) within the resonator mode19–21. In this case, a
single collective degree of freedom couples exclusively to a single
mode of the cavity (see the Supplementary Information). For
small displacements of the atoms from their potential minima, we
define a collective position operator Z = (Neff)

−1
∑

i sin(2kp z̄i)δzi,
and the conjugate momentum P =

∑
i sin(2kp z̄i)pi, with z̄i being

the equilibrium position of the ith atom, δzi being its position
deviation from equilibrium and pi being its momentum. The
cavity then serves to monitor a specific collective motion in
the atomic ensemble, with the cavity resonance being shifted
by ∆N − Nefff0Z/h̄, where ∆N =

∑
i g2(z̄i)/∆ca is the cavity

frequency shift with all atoms localized at their potential minima
and fi = −h̄∂z g2(z̄i)/∆ca = f0 sin(2kp z̄i) is the optical dipole force
from a single cavity photon. That is, the collective displacement
sensed by the cavity is equivalent to the centre-of-mass motion
of Neff =

∑
i sin2(2kp z̄i) atoms trapped at locations of maximum

sensitivity of the cavity properties to the atomic position.
With the identification of the collective variables Z and P,

we may draw directly on results obtained for the motion of
radiation-pressure-driven mechanical resonators within optical
cavities. For example, we conclude that optical dipole forces in
a driven cavity will displace the collective variable Z , shifting
the cavity resonance frequency and leading to cavity optical
nonlinearity and bistability21,22. We also find that force fluctuations
arising from the quantum fluctuations of the intracavity optical
field disturb the collective momentum P and constitute the
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Figure 1 Experimental schematic diagram. a, Ultracold atoms are produced in a
magnetic trap, formed using electromagnets coaxial with the vertically oriented
high-finesse cavity and delivered to the cavity centre. Trapping/locking light
(wavelength lt = 850 nm) and probe light (lp = 780 nm) are sent through the cavity
and monitored in transmission. An absorption image, obtained using probe light
along the ŷ axis, shows atoms trapped optically within the cavity volume. b, Energy
level scheme for the far-detuned (∆ca �

√
Ng0) cavity.

quantum backaction for cavity-based measurements of the
displacement Z (ref. 23).

To assess the impact of these dipole force fluctuations, we
consider the dynamics of the atoms–cavity system with the
cavity continuously driven by laser light of fixed detuning
∆pc from the bare-cavity resonance. The average optical force
of n̄ cavity photons displaces the collective position variable
by ∆Z = (f0/mω2

z)n̄ and thereby shifts the cavity resonance
frequency to ω′

c = ωc + ∆N − Nefff0∆Z/h̄, where ωz is the
trap frequency, which is considered identical for all atoms.
We define collective quantum operators a and a† through the
relations Z − ∆Z = Zho(a†

+ a) and P = iPho(a†
− a), with

Zho =
√

h̄/2mωz Neff and Pho = h̄/(2Zho). As discussed in the
Supplementary Information, we obtain equations of motion for a
and for the cavity field operator b as

da

dt
= −iωz a+ iκε(n− n̄), (1)

db

dt
= −iω′

cb+ iκε(a†
+a)b−κb+

√
2κbin, (2)

where κ is the amplitude decay rate of the cavity field, b is the cavity
photon annihilation operator and bin represents the coherent-state
input field that drives the cavity.

Here, we introduce a dimensionless ‘granularity’ parameter,
ε = Nefff0Zho/(h̄κ), that quantifies the coupling between quantum
fluctuations of the collective atomic and optical fields. In the
non-granular regime, defined by ε � 1, the generally complex
atoms–cavity dynamics described by equations (1) and (2) are
vastly simplified. To characterize this regime, consider the impulse
Nefff0/2κ imparted on the collective motion by the single-photon
optical force over the (2κ)−1 lifetime of a cavity photon. For
ε � 1, this impulse is smaller than the zero-point momentum
fluctuations of r.m.s. magnitude Pho; thus, the effects of optical
force fluctuations on the atomic ensemble are adequately described
by coarse graining. Likewise, the transient displacements induced
by this impulse will shift the cavity resonance by an amount that is
much smaller than κ; thus, the quantum fluctuations of the cavity
optical field are the same as in the absence of the intracavity atomic
gas, with the spectral density of photon number fluctuations being
Snn(ω)=2n̄κ(κ2

+(∆+ω)2)−1 (ref. 11), with ∆=∆pc−(ω′

c−ωc)
being the probe detuning from the atoms-shifted cavity resonance.

We then find the occupation number of the collective atomic
excitation to vary as

d

dt
〈a†a〉 = κ2ε2

[
S(−)

nn +
(
S(−)

nn −S(+)

nn

)
〈a†a〉

]
, (3)

where S(±)
nn = Snn(±ωz) and we assume 〈a†a〉 remains small. The

collective atomic motion is subject to momentum diffusion, which
heats the atomic gas at a per-atom rate of Rc = h̄ωzκ

2ε2S(−)
nn /N ,

and also to coherent damping or amplification of the
atomic motion9–11,13,24.

So far we have neglected the force fluctuations on the
atoms associated with incoherent scattering. As in free space,
spontaneous emission by atoms driven by laser light leads to
momentum diffusion due to both recoil kicks and fluctuations
of the optical dipole force25,26. Allowing the trapped atoms
to be distributed evenly along the cavity axis, the total
light-induced per-atom heating rate becomes R = Rfs + Rc, where
Rfs = (f 2

0 /2m)(n̄/κ)(1/C) is the free-space diffusive heating rate in
a standing wave of light25,26. For this atomic distribution, Neff =N/2
and we obtain Rc = Rfs × C(1 + (∆ − ωz)

2/κ2)−1. Thus, in the
strong coupling regime of cavity quantum electrodynamics, with
single-atom cooperativity C = g2

0 /2κΓ � 1, diffusive heating may
be dominated by backaction heating (Rc) for probe frequencies
near the cavity resonance (|∆−ωz| < κ).

QUANTIFICATION OF MEASUREMENT BACKACTION

In our experiment, this backaction heating was measured
bolometrically. Because the mechanical Q of the collective
vibrational motion is low (∼40 as determined in ref. 21),
backaction-induced excitation of this motion soon leads to a rise
in the total thermal energy of the atomic sample. We quantify
this energy increase by measuring the evaporative loss of trapped
atoms from a finite-depth optical trap. By using an ultracold atomic
gas, with temperature T � h̄κ/kB, we may neglect the coherent
amplification or damping of atomic motion (the last two terms of
equation (3)). The atom heating rate is then related directly to the
spectral density of photon fluctuations in the cavity.

For this heating measurement, we prepared an ultracold gas of
87Rb atoms within a high-finesse Fabry–Perot optical resonator21

(Fig. 1). One lowest-order transverse mode of the cavity was
excited resonantly with light at wave vector kt = 2π/(850 nm).
This light, far detuned from atomic resonances, formed a
one-dimensional optical lattice of depth U/kB = 6.6(7) µK in
which the atoms were trapped and evaporatively cooled to
a temperature of T = 0.8 µK, as determined by time-of-flight
measurements after the atoms were released from the trap.
The atoms occupied approximately 300 adjacent sites in the
optical lattice. Given kBT < h̄ωz , where ωz = 2π × 42 kHz is
the axial trap frequency in each lattice site, all axial vibration
modes, including the motion pertinent to cavity-based position
measurements, were cooled to their ground state. The atomic
sample was probed using light with wave vector kp = 2π/(780 nm)
that was nearly resonant with another lowest-order transverse
mode of the cavity. For this light, the cavity mirrors, separated
by 194 µm and each with 5 cm radius of curvature, exhibited
measured losses and transmissions per reflection of 3.8 and
1.5 p.p.m., respectively, yielding κ = 2π× 0.66 MHz. The bare-
cavity resonance frequency for this mode ωc was maintained
at a detuning of |∆ca| = 2π× (30–100) GHz from the 87Rb D2
atomic resonance. The cavity was stabilized by passive in vacuo
vibration isolation and by active feedback based on transmission
measurements of the trapping light at wave vector kt.

The atom–cavity coupling frequency g0 = 2π× 14.4 MHz was
determined from measured cavity parameters and by summing
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Figure 2 Cavity-based observation of evaporative atomic losses due to
cavity-light-induced diffusive heating. a, The intracavity photon number, n̄
(points, average of 30 measurements), is monitored as the atom number is reduced
by evaporation, and the cavity resonance is brought across the fixed probe
frequency. The expected n̄ (t ) excluding (dashed line) or including (solid line)
cavity-enhanced diffusive heating are shown. b, The atom number N (t ) is inferred
from the measured photon number based on the cavity line shape. Atoms are lost at
a background rate of 0.9(1) s−1 per atom away from the cavity resonance, and three
times faster near resonance. Inset: The relation between 2∆ca∆N/g 2

0 and the atom
number measured directly by absorption imaging matches with predictions (line).

over all excitations from the |F = 1,mF = −1〉 hyperfine ground
state by σ+ probe light on the D2 resonance line. With the atomic
resonance half-linewidth being Γ = 2π×3.0 MHz, the single-atom
cooperativity of C = g2

0 /2κΓ = 52 satisfies the criterion for
strong coupling.

To measure the backaction heating near the cavity resonance,
N = 105 atoms were loaded into the cavity, causing the cavity
resonance to be shifted by ∆N = 2π×100 MHz at the atom–cavity
detuning of ∆ca = 2π×100 GHz. The cavity was then driven with
probe light detuned by ∆pc = 2π× 40 MHz from the bare-cavity
resonance. Light transmitted through the cavity was directed to
single-photon counting devices. The cavity photon number n̄
was obtained from the transmission signal using the measured
quantum efficiency of 0.040(8) for detecting intracavity photons.

Whereas the transmitted probe intensity was initially negligible
owing to the large detuning between the probe and cavity resonance
frequencies, the ongoing loss of atoms from the optical trap
eventually brought the atoms–cavity resonance near the probe
frequency, leading to discernible transmission (Fig. 2a). We used
this transmission signal to determine the atom number N and
its rate of change dN/dt as functions of time. We related ∆N to
the instantaneous transmitted probe power by assuming a Voigt
line shape for the cavity transmission with a gaussian kernel of
r.m.s. frequency width σ = 2π× 1.1 MHz chosen to account for
broadening due to technical fluctuations in ∆pc. We also modified
the line shape to account for the probe-induced displacements
of the collective position Z that were as high as 3.5 nm for the
maximum cavity photon number (n̄ = 1.9) used here21. As shown
in Fig. 2b, the atom loss rate was strongly enhanced near resonance
owing to increased light-induced heating.

From the observed loss rate, we determined the per-atom
heating rate of the trapped atomic sample as R = −Ud(lnN )/dt
(Figs 2,3). Atoms experiencing intracavity intensity fluctuations
of cavity-resonant light were heated at a per-atom rate that is
R/Rfs ' 40 times larger than that of atoms exposed to a standing

R
/R
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Figure 3 Cavity heating of the collective atomic motion in a strongly coupled
Fabry–Perot cavity over spontaneous emission dominated free-space heating.
The measured ratio R/Rfs is shown with 1σ statistical error bars. For each
measurement, a 12-ms-long range of the probe transmission measurement data
was used to determine dN/dt and n̄. Systematic errors, at a level of 23% at the
cavity resonance, arise from uncertainty in the background loss rate, the
background light level and overall photodetection efficiency. The grey line shows the
theoretical prediction (with no adjustable parameters) as described in the text. The
dashed line shows an upper bound on the off-resonance heating rate based on
measurements at ∆ca = 2π×29.6 GHz and ∆= 2π×40MHz.

wave of light of equal intensity in free space. The cavity-induced
heating was abated for light detuned from the cavity resonance.
Whereas this cavity-enhanced diffusion has been inferred from the
lifetime27 and spectrum28 of single atoms in optical cavities, our
measurements are carried out under experimental conditions that
enable its direct quantification.

To compare the observed heating rate with that expected based
on quantum-measurement backaction (Fig. 3), we account for
technical fluctuations in the probe detuning ∆ by a convolution
of the predicted frequency dependence with the aforementioned
gaussian kernel. For ∆= 0, this convolution reduces the measured
heating rate per photon by a factor of 0.7 below what is expected
in the absence of technical fluctuations. The measured atom
heating rates agree well with their predicted value, confirming
that the backaction heating of the atomic ensemble is at the level
required for quantum-limited measurements. Using the relation
between Rc and Snn, the measured heating rate may be interpreted
as a measurement of the spectral density of intracavity photon
number fluctuations where the atomic ensemble is used as a
mechanical sensing medium for these fluctuations. From the
measured maximum heating rate of R/Rfs = 43(10), the error
being predominantly systematic, and incorporating the convolved
cavity line shape, we obtain the spectral noise power of photon
fluctuations in a resonantly driven cavity as Snn/n̄ = 4.0(9)×10−7

s, in agreement with the predicted Snn/n̄ = 2/κ = 4.8×10−7 s.
We have shown that heating due to cavity-induced fluctuations

of the optical dipole force dominates the heating of a trapped
atomic gas near resonance. To highlight this finding further, we
measured the atom heating rate due to intracavity light that
is far from the cavity resonance, for which we should observe
the spontaneous-emission-dominated heating of atoms in free
space. For a atom–cavity detuning of ∆ca = 2π× 29.6 GHz and
N ' 9,000 atoms, we excited the cavity for a variable time with
probe light at detuning ∆ = 2π× 40 MHz with an intracavity
photon number of n̄ = 2. From the decay rate of N , we observed a
probe-light-induced per-atom loss rate that, if ascribed completely
to diffusive heating of the atomic sample, yields a heating rate
of R/Rfs = 2.9(7), far smaller than that observed at the cavity
resonance. Yet, these losses exceeded those expected based on
diffusion from Rayleigh scattering. This discrepancy may be
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explained by further effects of Raman scattering. Atoms scattered
by the σ+ probe light into different hyperfine ground states couple
to the cavity probe light with different strength, thereby changing
the relationship between ∆N and the atom number N . These extra
effects seem sufficient to account for our observations at the large
probe detuning, yet are shown by our measurements to contribute
only slightly to the atom losses observed from probe light at the
cavity resonance.

This work demonstrates the bright prospects for studying
quantum aspects of the motion of macroscopic (Neff ' 105 atoms)
mechanical systems. The optical confinement of ultracold atoms
within a high-finesse optical resonator enabled the construction
of a nearly ground-state mechanical resonator. The quantitative
measurement of quantum backaction on a macroscopic object
is a powerful demonstration of the ultracold-atom approach to
quantum micromechanics.

Working in the non-granular regime and with an atomic
medium at sufficiently low temperatures so that coherent
amplification and damping could be neglected, we may interpret
the measured backaction heating as a direct measurement of the
spectrum of photon fluctuations in a driven cavity, a quantity
of fundamental interest in quantum optics. We note that these
fluctuations are not visible in the coherent light transmitted
through the cavity, for which the shot-noise spectrum remains
white (see the Supplementary Information). Specifically, in a
cavity driven by coherent laser light, the atoms serve as an
in situ heterodyne detector of cavity-enhanced fluctuations of the
electromagnetic field, with the two quadratures of collective motion
serving as two heterodyne receivers at the beat frequency ωz . At
present, by quantifying only the total heating rate of the trapped
atomic gas, we cannot access information on the individual noise
quadratures. However, augmented by time-resolved measurements
of the collective motion, as demonstrated in ref. 21, our set-up may
also serve to probe quadrature-squeezed light before the intracavity
squeezing is degraded by attenuation outside the cavity29.

We have demonstrated that atoms in a strong-coupling
cavity are heated optically at a rate that exceeds that calculated
for free-space illumination. This fact presents a challenge to
cavity-aided non-destructive measurements of atom number or
spin with uncertainty below the standard quantum limit30–35. In
such measurements, the sensitivity gained by increasing the probe
light fluence is eventually offset by the increased disturbance of
the atoms due to incoherent light scattering. Our work suggests
that cavities with single-atom cooperativity beyond C = 1 will yield
benefits to these measurements only if the measurement is made
insensitive to the atomic position, for example, by placing atoms at
antinodes of the cavity field or in traps for which ωz � κ.
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