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A new scheme for cooling a mechanical oscillator in a cavity may allow the observation of quantum
effects on macroscopic objects and the realization of ultrasensitive gravitational-wave detectors.
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Cavity optomechanics studies the interaction between
light and mechanical systems, most often mediated by radiation pressure—the force exerted by photons hitting on
a mirror. In a typical optomechanics setup, microwave
or optical photons travel in a cavity formed by two or
more mirrors, one of which is free to move and acts like
a mechanical oscillator whose position changes because
of radiation pressure and thermal fluctuations. A recent
milestone in the field was the cavity cooling of mechanical
oscillators to a regime in which they have less than one
quantum of motion [1]. This could have important applications, ranging from the observation of quantum behavior in macroscopic systems to the development of ultrasensitive detectors that could reveal the tiny vibrations
caused by the still-elusive gravitational waves. However,
to-date-demonstrated schemes require that the frequency
of the cooling light be lower than the cavity resonant frequency by an amount corresponding to the frequency of
the mechanical oscillator. These two frequencies can be
measurably different only if the oscillator’s frequency is
sufficiently large. This poses an important limitation, as
low frequency, heavy oscillators cannot be cooled by this
method.
Now a team led by Roman Schnabel at the Albert
Einstein Institute in Hannover, Germany has reported
an optomechanical cooling scheme that gets rid of this
frequency-detuning requirement [2]. The key to their
achievement is a novel form of optomechanical coupling.
Optomechanics has been mainly investigated using “dispersive coupling,” in which displacements of the oscillating mirror change the resonant frequency of the cavity [3].
Here, the authors rely instead on “dissipative coupling,”
in which the mirror oscillations modify the coupling between the cavity and its environment, for instance by
modulating the speed at which cavity photons are lost
(i.e., the cavity bandwidth).
In the dispersive coupling regime, the most widely used
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cooling approach is “cavity cooling” [3]. In this method,
light cools a mechanical mode via a “parametric” process: quanta of mechanical excitations are up-converted
into cavity photons, which are then dissipated through
the cavity. The light frequency must be detuned from the
cavity resonant frequency: the mechanical oscillator produces lower-frequency (red) and higher-frequency (blue)
sidebands, which are shifted from the cavity resonance
by multiples of the mechanical frequency ωM . When the
driving frequency is tuned to the first red sideband, photons entering the cavity take away phonons with energy
h̄ωM from the mechanical system, cooling the oscillator. In a number of previous studies, this method allowed researchers to bring mechanical oscillators to their
quantum ground state (i.e., states in which the average
number of mechanical excitations is reduced below unity)
[1] and to realize the coherent conversion of photons to
mechanical motion and of microwave photons to optical photons [4]. But these realizations required the system to be in the “resolved sideband regime”: for the
red sideband to be distinguishable from the cavity frequency, the frequency of the mechanical oscillator (determining the shift of the sidebands) has to be larger
than the cavity bandwidth. Ground-state cooling has
been achieved for frequencies down to hundreds of megahertz, but reaching lower frequencies (such as the ∼ 100kilohertz frequency of the mechanical resonator used by
Schnabel’s team) would require cavities with extremely
narrow bandwidths, which are currently not available.
However, a recent theory shows that cavity cooling
could be possible without the requirement to resolve the
mechanical-oscillator sidebands [5] if the optomechanical
coupling is dissipative [6]. In dissipatively coupled systems, two types of fluctuating forces act on the mechanical resonator: the noise in the light injected into the cavity and the quantum fluctuation of the cavity field. These
two types of noise, which have different spectra, can inc 2015 American Physical Society
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FIG. 1: Scheme of the optomechanical setup used by Sawadsky et al.[2]. Laser light circulates in a cavity formed by
a Michelson-Sagnac interferometer and a high reflectivity
signal-recycling mirror (SRM). The Michelson-Sagnac interferometer contains a silicon nitride membrane (SiN), which
acts as a mechanical oscillator with a fundamental frequency
of 136 kilohertz. The SiN membrane can control both the
cavity frequency (dispersive coupling) and its bandwidth (dissipative coupling). With a proper balance of the two coupling
forms, the laser light cools the mechanical oscillator to an effective temperature of 111 millikelvin. (A. Sawadsky et al.[2])

terfere destructively. With proper parameter choice, such
interference can reduce the spectral density of the noise
at the frequency (−ωM ) of the oscillator, effectively cooling it. This mechanism, which does not require to resolve
the sidebands, can work with a low oscillator frequency.
Here the authors use dissipative coupling in tandem
with dispersive coupling to demonstrate experimentally
a general form of optomechanical cooling. In their setup
(see Fig. 1) the optical cavity is formed by a MichelsonSagnac interferometer (in which light, divided by a beam
splitter, propagates in two different directions of a ring
cavity) and a highly reflective “signal-recycling” mirror
placed at the interferometer’s output [7]. This mirror
serves as a way to adjust the cavity resonance and, by
sending some light back to the interferometer, amplifies
the light field in the cavity. Inside the interferometer, a
movable silicon nitride membrane acts as the mechanical oscillator of interest, with a fundamental frequency
of 136 kilohertz. Its position modifies both the amount
of light inside the cavity and that emitted from the output port, thereby affecting the bandwidth as well as the
resonant frequency of the cavity. It is through this membrane that dispersive coupling (i.e., modulation of the
cavity frequency) and dissipative couplings (i.e., modulation of the cavity bandwidth) are realized. In the experiment, the cavity bandwidth is tunable between 0.7
and 1.5 megahertz and is much larger than the mechanical oscillator frequency.
In stark contrast to dispersive-coupling systems, SchnDOI: 10.1103/Physics.8.8
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abel et al.’s experiments demonstrate cooling of the mechanical oscillator over a wide detuning range, below and
above the cavity resonance. Most importantly, cooling
can be driven by a light source with a frequency arbitrarily close to the cavity resonance. The setup could
thus cool heavy mechanical oscillators with low frequencies. The authors measured the effective temperature
of the oscillating membrane by monitoring the noise of
its displacement. From an initial thermal temperature
of 300 kelvin, the mechanical mode reached an effective
thermal temperature of 111 millikelvin, a three-ordersof-magnitude reduction of the thermal occupation of the
mechanical mode.
The scheme of Schnabel et al. opens new avenues for
realizing optomechanical cooling schemes that are relevant to a number of research fields. First, it might allow
increasingly heavy mirrors to be cooled to their quantum ground states, opening the door for the testing of
quantum effects on macroscopic scales [3]: Oscillators
made of billions of atoms could be entangled or prepared in a superposition of quantum states, realizing, for
instance, macroscopic “Schrödinger cats.” Second, since
mechanical motion can affect the electromagnetic energy
stored in a system, mechanical resonators could be coupled to a variety of quantum systems, such as superconducting qubits, cold atoms, and semiconductor microcavities. They could thus serve as a medium to connect
devices working at very different frequency ranges, facilitating the construction of hybrid quantum information
systems [4]. But one of the most intriguing applications
would be in gravitational wave (GW) detection. The “advanced LIGO” experiment [8], an upcoming extension of
LIGO (Laser Interferometer Gravitational-Wave Observatory), will use a similar interferometric setup formed by
a Michelson interferometer and a signal-recycling mirror.
In such a system, a test mass would serve as a mechanical oscillator that could sense gravitational waves. It
has been predicted [9] that the optical field in the cavity
would produce an “optical spring” that acts on the mass
just like an elastic spring, increasing the sensitivity of
the detector. Unfortunately, further work [7] has shown
that, for purely dispersive optomechanical coupling, such
an optical spring would be inherently unstable, leading
to uncontrollable mechanical oscillations. But this issue could be avoided by adding dissipative coupling, using its interplay with dispersive couplings to stabilize the
mechanical oscillator [7]. The new experimental demonstration could thus enable an important route towards
more sensitive gravitational wave detectors.
This research is published inPhysical Review Letters.
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