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1. — Introduction: coupling light and motion

The field of optomechanics studies the interaction between light — or, more broadly,
electromagnetic fields — and the mechanical motion of objects. This interaction, me-
diated by optical radiation pressure forces, occurs naturally in systems where a me-
chanical deformation alters the optical response of the system. The mechanical motion
that is considered is typically that of high-quality mechanical resonators. Such devices
find application in various contexts, due to their high spectral purity and susceptibility
to tiny disturbances: in atomic force microscopes, gravitational wave detectors, time-
keeping (e.g. quartz oscillators in wrist watches) and signal processing (e.g. filtering
high-frequency electronic signals in modern cell phones).

Light provides excellent means to read out the motion of a mechanical resonator, due
to the wide abundance of high-quality laser sources and photodetectors, and because it
is a probe that introduces no more extra noise than fundamental quantum (shot) noise,
even at room temperature. Optical detection of motion can happen in various ways: For
example, by monitoring the phase of light reflected from a mirror that is free to move,
or that of light passing through an optical fiber whose refractive index is locally changed
due to strain associated with a deformation of the fiber.

Indeed, a plethora of systems has been developed in recent years in which optome-
chanical coupling is exploited, ranging from single nanoscale beads trapped in focused
laser fields, through on-chip integrated devices, all the way to the km-scale interferom-
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eters that are used to detect gravitational waves. The scientific drive to develop those
systems not only lies in advancing mechanical sensing performance, but in particular also
in the possibilities offered by optical forces. These principles allow new ways to control
mechanical systems with light, e.g. to create special quantum states of motion. Op-
tomechanical systems thus provide a test bed for quantum physics in massive mechanical
systems, for example to study potential decoherence mechanisms acting on such ‘macro-
scopic’ entities. The developed control methods allow adding mechanical resonators to
the ‘quantum technology toolbox’, leveraging their long lifetimes and capability to cou-
ple to a variety of other (quantum) systems. In fact, through such couplings one thus
also gains new ways of optical control over other degrees of freedom wia the mechanical
resonator, including over light itself. The field of optomechanics thus studies a range of
phenomena from both fundamental and technological standpoints, at the intersection of
quantum optics, nano- and micro-electromechanical systems (NEMS/MEMS), and pho-
tonics. It draws inspiration from related developments for gravitational wave detection,
quantum information technology, and the control of cold ions and atoms with light fields.

To maximize optomechanical interactions, systems have been continuously improved
along two lines: On the one hand, minimizing optical and mechanical losses — confining
photons in optical cavities and phonons in mechanical resonators for the longest possible
times — effectively increases their interaction. On the other hand, co-localizing light
and motion in the smallest possible systems leads to large optomechanical coupling, as
mechanical displacements yield larger effects on small optical cavities, and as low mass
makes mechanical resonators more susceptible to optical forces. Thus, significant atten-
tion is given to nano-optomechanical systems that couple photons and phonons in small,
on-chip architectures. In this lecture, we will introduce the basic physical description of
optomechanical interactions at a tutorial level, and highlight several directions of current
research. For a much more elaborate introduction to the field, including historical con-
text, overviews of the studied systems, and in-depth theoretical descriptions, we refer the
reader to several excellent other texts, including the review on ‘Cavity optomechanics’
by M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt [1], and the book ‘Quantum
optomechanics’ by G. Milburn and W. Bowen [2].

1°'1. The canonical cavity optomechanical resonator. — Although optomechanical sys-
tems take many forms, a simple model system serves to describe many of the observed
phenomena in all of them. It is depicted in Fig. 1 and comprises an optical cavity of
which the length can change through the motion x(¢) of a mechanical resonator — in this
picture formed by the mass of the end mirror, whose motion is harmonically constrained
by a spring. We will briefly discuss the observable (classical) effects here, before turning
to a quantum description. For now, we will consider only a single optical mode (and
likewise, only a single mechanical mode). This is in many cases a valid approach, when
the damping of individual modes is small enough such that their resonant responses are
clearly separated in frequency, and a drive laser can be tuned to interact with effectively
only one cavity mode.
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Figure 1. — A typical cavity optomechanical system, with a cavity whose optical length (and thus
its frequency wc) is subject to the harmonic motion x of a mechanical resonator with frequency
Q. Optical and mechanical damping rates are x and I'y,, respectively.

The cavity resonance frequency w./27 depends on the position z as
(1) we(2) = we + TOW/0x + ...

We define the frequency shift per displacement as G = —dw./dz, which can be shown
to be w./L for our model system, where L is the length of the Fabry-Pérot cavity. The
cavity is driven by a laser through the partially transparent left mirror. This means
that light must also be able to leak out of the cavity. The rate at which energy is lost
from the cavity is k/27; it is equal to the spectral linewidth of the cavity’s response.
The mechanical oscillator has resonance frequency §,,/2w, typically in the Hz to GHz
range, and in any case much smaller than w./27. The damping rate (linewidth) of the
mechanical oscillator is I'y, /27. Several effects can be discerned:

e When the frequency of a laser impinging on the cavity is tuned across its resonance,
the phase of the reflected light changes by 27 over a bandwidth of ~ k. On
resonance, this extra phase shift is 7 (as compared to an off-resonant laser). If
the mechanical oscillator moves, the resulting change of the resonance frequency is
imprinted as a phase change on the reflected light of monochromatic laser of fixed
frequency. The reflected phase is thus directly proportional to mirror displacement,
and small motion can be read out with quantum-limited sensitivity, e.g. using
homodyne interferometry.

e The light in the cavity exerts a radiation pressure force on the mechanical oscillator,
which displaces it slightly in proportion to the laser power. But this changes the
cavity length, and thus the cavity’s optical response. As such, the optomechanical
interaction can be seen as an effective optical (y3) nonlinearity. Moreover, as the
force strongly depends on the oscillator position (for some given laser frequency),
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it effectively alters the restoring force that the mechanical oscillator feels, leading
to ‘softening’ or ‘stiffening’ and an associated change of the mechanical resonance
frequency (the ‘optical spring’ effect).

e If the laser is slightly detuned from the cavity resonance, a mechanical position
change will lead to a change of the light intensity in the cavity. But because
of the finite response time of the cavity (given by 1/k) this change will not be
instantaneous. As a result, the force on the oscillator will change — with some delay
— upon a change of oscillator position. Depending on the conditions, this can lead
to ‘automatic’ damping or amplification of the oscillator’s motion. These effects,
summarized under the term dynamical backaction, are especially pronounced in
systems with small optical damping « and small mechanical damping I';,,. They
are at the basis of optical cooling of the mechanical resonator, for example.

In the following, we will first discuss how quantum mechanics limits the accuracy with
which the mechanical motion can be measured. We will then introduce a quantum optical
description of the system, and use it to describe radiation pressure effects. We will in
particular discuss optical cooling and state transfer. We conclude with reviewing several
research activities that exploit multimode optomechanical systems and nonlinearities to
develop new ways to control light and motion in the classical and quantum domains.

2. — Quantum measurements of motion with light

2'1. Measuring motion with a cavity. — The position of the mirror in Fig. 1 determines
the cavity frequency, and through that the phase of an intracavity field. This, in turn,
can be detected by monitoring the light leaking out of the cavity. For a laser tuned to
resonance, a small displacement dx imparts a phase shift

(2) ¢ = 4%595

on the outgoing laser beam. One can see the effect of cavity enhancement by comparing
this shift to the 4wdx /A phase shift that a light beam acquires by direct reflection off
of a single mirror: For the Fabry-Pérot cavity, the phase shift per unit displacement
is enhanced by a factor 2¢/Lk, which is equal to the cavity Finesse (the number of
roundtrips light can make in the cavity before it decays) multiplied by a factor 2/.

2'2. Mechanical frequency response. — So what is the motion that one typically wants
to detect? A mechanical resonator is of course most likely to oscillate with a frequency
near its natural resonance frequency. There, its susceptibility to external forces is highest.
This susceptibility x(w) specifies the displacement = ®{z} induced by a harmonic force
R{Fye ™'} with frequency w and (complex) amplitude Fy through

(3) i(t) = Zoe ™t = x(w)Fpe ™t
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Figure 2. — (a) The amplitude and phase of the mechanical resonator’s oscillations are fluc-
tuating at a typical time scale 1/T'y, due to Brownian motion and quantum fluctuations. (b)
A measurement of z(t) through detecting optical power fluctuations Pop¢ will add imprecision
noise. (c) Fourier-transforming the measured fluctuations using an electronic spectrum analyzer
to show the electronic power spectral density (PSD) reveals the Lorentzian mechanical resonance
with linewidth I'm. (d) With the equipartition theorem, the spectrum can be calibrated to yield
the displacement spectral density Szz. The constant background (blue) is the measurement
imprecision.

Note that we have introduced complex representations # and F of position and force,
respectively, for mathematical convenience. The susceptibility is that of a damped har-
monic oscillator and reads

) 1 1
w)=—
m Q2 —w? —ilw’

(4) X

where m is the mass of the mechanical resonator. Near resonance of a high-Q resonator,
it can be approximated as a Lorentzian response:

i 1

(5) X(w) ~ QQO —i (w - Qm) + Fm/Q.

2'3. Mechanical fluctuation spectra and sidebands. — This sharply-peaked susceptibil-
ity thus also determines the spectrum of fluctuations that the resonator exhibits when
it is driven by a stochastic force that itself has a relatively flat spectrum. These can be
both vacuum fluctuations, giving rise to zero-point motion, or thermal noise leaking into
the resonator from its environment at elevated temperatures, giving rise to Brownian
motion. The fluctuations are spread over a bandwidth ~ I';, around the mechanical
frequency. It causes the mechanical resonator’s amplitude and phase to vary randomly
within a typical time scale 1/Ty, (see example in Fig. 2(a)). By measuring the phase
fluctuations of the optical output field, one gains a record of the mechanical fluctuations
2(t). The fluctuation spectrum can then be obtained through a Fourier transform. We
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define a ‘gated’ Fourier transform for a single record of measurement duration 7 as [3]

1 T/2
(W)= —
\/F —7/2

dtel“tz(t).

(6)

Averaging many such measurements yields a smooth noise power spectrum (|z, (w)|2>,
which approximates the noise spectral density Sy, (w) as

(7) lim (|, (@)[*) = Sea (@),

T—00
This is the so-called Wiener-Khinchin theorem, which relates measurable noise spectra
to the Fourier transform of the autocorrelation function of x(¢), which is the formal
definition of Sy, (w)[3].

The total size of the fluctuations is determined by the equipartition theorem, i.e.
mQ2 (2%)/2 = kgT/2 in the limit of large temperature T, where kp is the Boltzmann
constant. For negligible temperature, only vacuum fluctuations remain, with (z2) = mgpf
and

) Yopt = 2mQ

When one measures these fluctuations at frequency 2, for example using an electronic
spectrum analyser that analyses the detected photocurrent of a detector in the output
of an interferometer (see Fig. 2(c)), one is essentially probing the beat of an optical field
at the input laser frequency w; and that of optical sidebands at frequencies w) & Qy,. The
fact that the mechanical motion induces such optical sidebands is entirely equivalent to
Stokes and anti-Stokes Raman scattering, which produces down- or upconverted photons
by giving off or taking up a quantum of energy (phonon) from a mechanical resonator.
This notion is very useful, for example to distinguish quantum from classical (thermal)
fluctuations: If a mechanical resonator is in its ground state, it is incapable of providing
energy to upconvert a photon to higher energy. Thus, the fluctuation spectrum is nec-
essarily asymmetric. This asymmetry can be shown to be a direct consequence of the
commutation relations and can be observed e.g. by distinguishing Stokes and anti-Stokes
photons through judicious spectral filtering. Indeed, such tests of sideband asymmetry
are now standard ways to determine that a resonator has been prepared in its ground
state[4].

2'4. Imprecision and backaction; the Standard Quantum Limit. — What is the smallest
motion that can be resolved? In order to evaluate sensitivity, we need to consider the
noise added by the measurement. A practical measurement of x(t) suffers from noise, such
that a recorded trace looks more like Fig. 2(b). As a result, the observed noise spectral
densities are larger than the actual fluctuations in absence of a measurement. Even if one
works hard to remove all sources of technical noise, one is left with unavoidable quantum
uncertainty, related to the fact that (1) the probe — light in this case — suffers from
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quantum uncertainty, and (2) measurements tend to act back on the object under study.
Here we will qualitatively discuss these two factors and show how they are related.

On the one hand, the shot noise of the light carrying the measured signal to the
detector will produce fluctuations of the detected photocurrent. This produces a white
(frequency-independent) noise ‘background’ in the spectra of S, (w) that we derive from
the measurement, which is called the measurement imprecision (fig. 2(d)). Since the
amount of shot noise (as apparent on the photocurrent spectral density) scales linearly
with the light intensity and the signal we seek to detect quadratically, the measurement
imprecision (expressed as apparent displacement fluctuations S,,(w)) reduces when we
increase the laser power. In other words, we can detect phase fluctuations more accu-
rately if we use a larger number of photons; a direct consequence of the number-phase
uncertainty relationship.

However, this reduction of the measurement imprecision with increasing laser power
does not come without a price. For large enough power, the shot noise of the light in
the cavity starts to significantly affect the mechanical oscillator by exerting a stochastic
radiation pressure force. This measurement backaction causes extra mechanical fluctua-
tions SP2(w) = |xm(w)|” Sba (w), where S (w) is the spectral density of the radiation
pressure force fluctuations. If the cavity lifetime is shorter than the mechanical period,
Sba (w) can be considered to be white noise (flat spectrum), as it originates in delta-
correlated shot noise. It scales linearly with optical power, increasing fluctuations of the
mechanical resonator even if the imprecision goes down. The total noise added by the
measurement, S2dd = gimp 4 gba " eyalyated at the resonance frequency of the mechan-
ical oscillator, has a minimum for a certain optical power. This is called the Standard
Quantum Limit (SQL). Figure 3 shows the different contributions to the noise spectra
for varying probe power. It can be shown that the minimum noise is precisely equal to
the spectral density of the zero-point fluctuations,

(9) S2dd () < S Q) = 2@ S
xTxT — Yxx Fm QOFm

Here, the horizontal bars denote that we are comparing ‘symmetrized’ spectral densities,
averaged over positive and negative frequencies:

(10) Sz (W) = (Spz (W) + Sz (—w)) /2.

The appearance of the SQL is directly related to Heisenberg’s uncertainty princi-
ple. As we are continuously monitoring the trajectory z(t) in time, we gain knowledge
about the oscillator’s position and momentum. The uncertainty principle of course for-
bids to do this with arbitrary accuracy on both degrees of freedom. However, several
clever measurement schemes exist to reduce the noise on the measurement of one of the
quadratures of motion (so-called ‘back-action evading’ measurements) [5, 6, 7]. These in-
clude the possibility to take pulsed, ‘snap-shot’ measurements of displacement — which
naturally gain no information on momentum — and also provide routes to creating



8 EwWOLD VERHAGEN

1000 ¢
100k Spectral density of
zero-point fluctuations
10F

0.100

Syx/S2Ef
SXX
N

0.010F

Frequency

0.001F

0.001 0.010 0.100 1 10 100 1000

PIPsqL

Figure 3. — Total displacement noise added by a measurement (purple) as a function of laser
power. It is a combination of imprecision (blue) and backaction (red). Insets depict the measured
spectra in three power regimes, when measuring zero-point fluctuations (grey).

squeezed states of the mechanical resonator, which exhibit reduced fluctuations in one
of its quadratures [8, 9, 10]. Moreover, squeezed light can be used to shift the SQL to a
different power for a chosen range of frequencies. Such methods are crucial to the work-
ing of the next generation gravitational wave detectors, which will operate at conditions
close to the quantum limit [11].

We note that many optomechanical systems can now operate at measurement strengths
way beyond the standard quantum limit power Psqr,. That does not automatically mean
that radiation-pressure-induced fluctuations dominate the resonator’s motion: After all,
since for most systems kpT > hf)y,, thermal fluctuations typically dwarf quantum mo-
tion. However, several optomechanical experiments achieved the regime where quantum
backaction induces fluctuations of comparable size to thermal motion [12, 13, 14].

3. — A quantum optical description of cavity optomechanics

3'1. The optomechanical Hamiltonian. — In the preceding section, we already rec-
ognized the (back)action of optical forces in optomechanical systems. The interactions
mediated by these forces lead to rich behaviour. To introduce this, we will now discuss
the basic cavity optomechanical system in terms of the annihilation operators a and b
of the optical cavity and mechanical resonator modes, respectively. The Hamiltonian of
the combined oscillators can be written as

hweata + hQmbTb — hGzata,

(11) H = hwe(#)a"a + 12,7
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where we recognized that the optical frequency depends linearly on the position z as
we(Z) = we — GZ. We choose the origin of z such that the mean position Z = (Z) = 0.
From the interaction term on the right, we immediately recognize the radiation pressure
force

(12) F,, = hGa'a.

Since Z can be expressed in terms of the phonon ladder operators as & = xzpf(l; + IST)7
we can write the cavity optomechanical Hamiltonian as

(13) H = hweata + iQub'b — hgoa®a(b + b1,

where we have introduced the vacuum optomechanical coupling rate go = Gx,p¢. This
parameter signifies the optical frequency shift for a displacement by the size of the quan-
tum ground state, and is a general measure of photon-phonon coupling strength, ignorant
of e.g. the arbitrariness in defining z. Significant advances have been made towards op-
timizing this parameter, especially in nanoscale devices. In electromechanical systems,
mechanical motion is coupled to the GHz-frequency electromagnetic modes of on-chip
superconducting LC-resonators. Especially large coupling strengths are obtained by let-
ting the motion of thin micron-scale aluminum drums affect the capacitance across a
gap of few tens of nm [15]. Largest coupling strength are achieved in nanophotonic
systems, such as high-index ring resonators where light is coupled to breathing motion
of the ring [16], and especially photonic crystal cavities [17, 18, 19, 20, 21]. There,
light trapped in nanobeam cavities within wavelength-scale mode volumes interacts with
localized mechanical vibrations, either flexural beam vibrations at MHz frequencies or
breathing motion of the beam at GHz frequencies. In such systems, coupling rates go/27
up to a few tens of MHz have been achieved [22]. Optomechanical shifts are optimized
through design, and originate in the movement of dielectric boundaries near large field
concentrations (akin to an optical gradient force) [23] or in strain-induced changes of the
refractive index (electrostriction) [24].

3'2. The linearized Hamiltonian. — Interestingly, the interaction term in Hamilto-
nian 13 is cleary nonlinear; it contains products of more than two operators. This in
principle can lead to very interesting quantum behaviour, including the generation of
nonclassical states of motion and light and single-quantum interactions [25, 26]. This
nonlinearity can be seen, for example, in a simple thought experiment: A photon en-
tering the cavity on resonance exerts a force, displacing the resonator. This, in turn,
shifts the cavity frequency such that a second photon of the same frequency can no
longer enter the cavity, establishing a form of single-photon blockade. However, for any
such effect to be observable, the cavity linewidth — which the Hamiltonian ignored —
should be smaller than the mechanical frequency and the photon-phonon coupling rate;
go > > k. This is so far out of reach for solid-state optomechanical systems, by
about two orders of magnitude.
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While it is conceivable that the single-quantum nonlinear regime of optomechanics is
reached in the future, a great degree of quantum control is still achievable for interac-
tion strengths reachable today, by enhancing the interaction through suitable laser drive
fields [1, 2]. To see how this comes about, we first transform the Hamiltonian 13 to
a frame rotating at the laser frequency w;. A transformation is performed through a
unitary operator U, which changes the Hamiltonian H as

(14) H - UHU' — UindU" /ot
To shift to a rotating frame, we take U= exp (iwldet) (1), to arrive at
(15) H = —hAaTa + i,bth — hgoata(b + b),

where we introduced the laser detuning A = w) — w.. We note that in the Heisen-
berg picture, this Hamiltonian now describes the evolution of slowly varying operators a
(analogous to the light field in the cavity), etc.

We now consider that the cavity is driven by a coherent laser to large amplitude. It
then makes sense to write @ = o + da, where a = (@) = /7. is the (complex) amplitude
of the light field in the cavity expressed as the square root of the mean number of photons
7., and all fluctuations of the optical field are contained in da. Thus, when expanding
the photon number, we get

(16) a'a = |af* + a*da + adal + datsa.

We now insert this in eq. 15 and neglect all terms with éaféa assuming large drive
|a| > 1. The interaction part of the Hamiltonian (last term in eq. 15) then reads

(17) Hine =~ —hgola|?(b + b)) — hgo(a*da + adal)(b + bY).

The first term corresponds to a constant shift of the mechanical displacement due to
the radiation pressure of the classical drive field. We can omit it by implementing an
appropriate shift of the displacement’s origin and then in the following always use a new
detuning with respect to the (shifted) cavity resonance A — A —2g3|a|?/Qy,. Moreover,
for a single optical mode we can always choose an appropriate gauge of intracavity phase
such that « is real. The interaction then becomes

(18) Hine ~ —hg(8a + 6a7) (b + b1).

Here we have introduced the linearized coupling rate g = goa. This Hamiltonian
describes two linearly coupled harmonic oscillators at resonance frequencies —A and
Qm, coupled at a rate g that is controllable with the external laser drive. Note that the

(*) For this transformation, UaUt = e 1%, UatUt = e“1*at, and Uih@UT/ﬁt = hwa'a.
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optical cavity mode da is the displaced field, describing the fluctuations of the light field,
i.e. the photons in sidebands of the drive field o. All dynamics of the system can be
deduced from the full Hamiltonian, by retrieving the evolution of an operator A in the
Heisenberg picture through A = %[PAI LA] 1)

This interaction Hamiltonian describes many phenomena in optomechanics: it shows
how mechanical position fluctuations (5+ BT) are transduced to the optical phase quadra-
ture (6a + dat) to facilitate motion measurement. And just like in classical coupled
oscillators, or atom-light coupling in cavity QED, we can distinguish weak and strong
coupling regimes when 29 < {k,[',} and 2g > {k,T',}, respectively. In the strong
coupling regime, fluctuation spectra display normal mode splitting and Rabi oscillations
between photons and phonons occur [27, 28, 15, 29]. In the weak coupling regime, the
optical cavity (plus the bath it decays to) can be considered to influence the decay rate
of the mechanical resonator in processes analogous to the Purcell effect in cavity QED.
This is in fact the source of optical cooling and amplification, effects known as dynamical
backaction [1, 30, 31].

4. — Optomechanical cooling and state transfer

4'1. The resolved sideband regime. — If the optical (and mechanical) damping is smaller
than the mechanical frequency, the two oscillators are only coupled efficiently when they
are tuned to resonance, i.e. for A ~ +,,. To see what effect this has, we first shift to
an interaction picture by applying a new unitary (rotating frame) transformation

N Cnsatsariio P
(19) U=e¢ iAda'dat+iQmb bt7

such that the Hamiltonian becomes
(20) ﬁint = —hg <6&8T€1(A+Qm)t + 5&T66_1(A+Qm)t + 6&Bei(A_Qm)t + 6&T6T6_i(A_Qm)t)

Provided that (k,T'y) < Qm, the so-called resolved sideband regime, and likewise
g < Qu, we can apply the rotating wave transformation to neglect some terms in the
above Hamiltonian. In particular, if the laser is detuned to the red mechanical sideband of
the cavity (A = —Q,,), we can neglect the last two terms in the interaction Hamiltonian
on the basis that they are oscillating very fast (at £2€,,) compared to the slowly varying
(resonant) first two terms and the cavity dynamics. For that detuning,

(21) Hine = —hg(8a'b 4 dab").

The evolution that this ‘beam-splitter’ Hamiltonian describes corresponds to a continuous
swapping of the states between the optical and mechanical degrees of freedom at a rate
2g. It thus enables state transfer between the optical and mechanical modes. For a
coherent drive, the optical field da corresponds to the vacuum, such that transfer of this
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state to the mechanical mode naturally cools it. This is the principle of resolved sideband
cooling [32, 33].
For blue detuning (A = ), a similar argument selects the last two terms:

(22) Hine = —hg(5a"t + dab).

With this ‘two-mode squeezing’ Hamiltonian, the simultaneous creation of a photon and
a photon can lead to entanglement between the light field and the mechanical motion,
as well as the aforementioned amplification and self-oscillations.

4°2. Cooling rate and engineered reservoir. — Particular attention has been given to
optomechanical cooling, as it provides a way to prepare macroscopic resonators, which
normally suffer from significant thermal fluctuations, to their quantum ground state [32,
33]. Laser cooling happens most effectively in the weak coupling regime at detuning A =
—Qum, where the state transfer Hamiltonian 21 applies. Without cooling, a mechanical
resonator in equilibrium with a bath at temperature 7', to which it is coupled with rate
T, is typically in a large thermal state with mean phonon occupation 7y, = kgT'/h ), .
The cooling process can be pictured hand-wavingly as follows: under the influence of
the interaction, the displaced optical field da is swapped to the mechanical resonator,
bringing it to its ground state. In turn, the thermal phonons are swapped to the optical
mode, from which they rapidly dissipate in the cold bath that the optical mode is coupled
to with decay rate x. Thus, the optical cavity provides a path of decay for the mechanical
resonator, in addition to the intrinsic mechanical decay 'y, (see Fig. 4). It introduces a
reservoir to the mechanical resonator that is intrinsically cold. The rate of decay via the
cavity is

442
(23) 1_‘opt - 7
Provided that the total mechanical damping rate I'cg = I'opt + I'y remains smaller
than the cavity decay rate k, the cooling rate can be increased by ramping up the laser
intensity. When the red-detuned cooling laser is applied, the total damping rate of the
resonator changes to I'eg = I'opt + I'my, and the fluctuations are reduced. In a classical
theory, the effective temperature of the mechanical mode could go to zero, according
to Tef = TTm/Tee. This is however only true for narrow-linewidth cavities, such that
Stokes processes, described by the interaction terms in eq. 22, are suppressed. If not,
these interactions — which are essentially the aforementioned quantum backaction — add
more phonons to the resonator than can be cooled. It can be shown that the minimum
achievable phonon number (in the limit of large laser power) is figmin = (/40w )? [32, 33].
In conclusion, in the resolved sideband regime the phonon number can become smaller
than 1 and the system can be cooled close to the mechanical ground state. This has been
achieved in 2011 for the first time at NIST in a nanoscale electromechanical system, and
since then reached in various other systems [34, 35, 36].
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Figure 4. — (left) Schematic of optical cooling as a competition between different environments.
The mechanical resonator ‘b’ is coupled at rate g to an optical mode a. Decay to the optical
bath thus competes with the intrinsic mechanical bath, characterized by a much larger thermal
occupancy nyn. Thus, thermomechanical fluctuations entering the mechanical mode at rate y can
be quickly dissipated in the optical bath, which is carrying no more than quantum fluctuations,
leading to a net cooling of the mechanical oscillator. (right) The cooling can be seen as a cavity
enhancement of anti-Stokes scattering processes A~. In the resolved sideband regime Qm > &
the Stokes scattering A7 is sufficiently suppressed to not imprint excess backaction fluctuations.

5. — Controlling photons and phonons

The above dynamics reveal a glimpse into the effects that are studied in optome-
chanics research which is by no means exhaustive. The interactions in these relatively
simple systems have sparked a wide variety of pursuits towards controlling both photons
and phonons in new ways, in both quantum and classical contexts. The latter includes
applications within time-keeping and signal synthesis and processing that exploit the gen-
eration of narrow-band mechanical oscillations. Indeed, in the standard optomechanical
system a blue-detuned laser drive induces mechanical amplification through dynamical
backaction, i.e., enhancement of the Stokes scattering process. For high enough optical
power, this negative I'g,¢y overcomes intrinsic dissipation, resulting in a net mechanical
gain. Laser powers above this parametric instability threshold thus drive the mechanical
resonator into a regime of large self-oscillations reminiscent of lasing behaviour. The
amplitude of these oscillations is limited through nonlinear effects.

5'1. Optomechanically-induced transparency and cooperativity. — Moreover, the cou-
pling between optical and mechanical modes, induced by a detuned drive laser, also
provides a way to control the propagation of optical signals. An example is the effect
of optomechanically-induced transparency (OMIT): If a cavity is critically coupled to
an input/output channel, an optical ‘probe’ laser field tuned to cavity resonance we is
normally absorbed. But in the presence of a red-detuned drive at w. — ,, the beat of
drive and probe can resonantly induce mechanical vibrations. These in turn stimulate
the creation of a modulation sideband of the drive laser at w. — which can destructively
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interfere with the probe field in the cavity. The result is a narrow frequency window of fi-
nite optical transparency. In essence, the two-way optomechanical coupling described by
eq. 21 provides an extra path photon-phonon-photon that excitations can take in the sys-
tem, and that can interfere with other paths. Similar effects of optomechanically-induced
absorption and amplification arise in the red-detuned regime due to the interaction in
eq. 22.

The OMIT window can be controlled by the drive laser, and leads to near-ideal
transmission at high drive power. The transparency becomes significant (exceeding 1/4)
if the so-called optomechanical cooperativity C exceeds unity. The cooperativity is defined
as

(24) C=

This quantity, which combines coupling strength and dissipation, describes the strength
of many other optomechanical effects as well. For example, the condition C' = 1 also
defines the optical field strength at which the standard quantum limit is reached.

A related quantity of importance is the quantum cooperativity Cq = C/Tiyy, which is
effectively the cooperativity with mechanical dissipation rate replaced by thermal deco-
herence rate v = I'yiign. Reaching Cy > 1 is a general condition for achieving optome-
chanical control in the quantum regime: It enables laser cooling to thermal occupancies
below 1 (either through sideband or active feedback cooling) [34, 35, 14], the observation
of radiation pressure shot noise at equal level as thermal fluctuations [12], effects such as
optical and mechanical quantum squeezing [37, 38], quantum-coherent transfer of signals
[29, 39], etc.

5'2. Beyond single-mode interactions. — A wide array of possibilities emerges when
extending optomechanical systems beyond the single optical and single mechanical modes
that compose the model system we discussed so far. For example, if two mechanical
modes are both coupled to a single optical cavity mode, as depicted in Fig. 5(a), a laser
field can lead to mechanical coupling: If the laser is detuned from cavity resonance, the
motion of one resonator will lead to a change of the intracavity photon number and thus
a change of the force on the other resonator, and vice versa. The condition for strong
mechanical coupling is C' > 1 [40], and if the coupling exceeds decoherence (for C; > 1),
the light field entangles the mechanical resonators [41]. Moreover, when combined with
self-oscillation and mechanical amplification, such systems allow the control and study
of synchronization of (nano)mechanical oscillators [42, 43, 44].

Conversely, if two optical modes are coupled to a single mechanical mode, as depicted
in Fig. 5(b), optical control fields can stimulate coupling of the two optical modes via
the mechanical resonator. The state-transfer Hamiltonian 21 can be straightforwardly
extended to two optical modes if they are both excited by suitably red-detuned drive
fields. For large — and matched — cooperativities, probe light entering one cavity
on resonance will exit via the other. This mode conversion process preserves quantum
coherence if C, > 1 [45, 46, 47].
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Figure 5. — Examples of multimode optomechanical systems. (a) Two mechanical resonators can
be coupled via radiation pressure of a single cavity mode. (b) Two optical resonators interacting
with a single mechanical resonator facilitate state transfer from one cavity to the other via the
mechanical resonator.

Interestingly, the two cavity modes do not need to be at equal frequency, as long
as they are driven with suitable drive fields that create the couplings (Fig. 6(a)). In
fact, the parametric optomechanical coupling even allows state transfer from microwave
to optical signals [48]. This provides a promising technological opportunity, as such a
quantum-coherent link would be a nice way to connect optical photons — which can
transport quantum information virtually decoherence free at room temperature — to
quantum computers based on superconducting circuits that operate at GHz frequencies.
Multiple groups are thus pursuing the creation of such interfaces, by suitably combining
optical and microwave cavities with nanomechanical resonators [49, 50, 51, 52, 53].

5'3. Beyond reciprocity. — The fact that the parametric coupling mechanisms we
discussed provide conversion between optical and mechanical excitations at different fre-
quencies offers more interesting opportunities. These relate to the notion that optome-
chanical interactions can effectively break time-reversal symmetry for light or sound. For
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Figure 6. — Wavelength conversion and nonreciprocity using optomechanical coupling. (a) Two
drive fields mediate conversion of an optical signal from one cavity mode to another, via the
mechanical resonator. (b) As the phases of drive fields are imprinted on the photon-phonon
transfer in a nonreciprocal fashion, mechanically-mediated mode conversion can lead to effective
magnetif fields for light and sound.
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charged particles such as electrons, magnetic fields can break time-reversal symmetry
and induce rich physical behaviour, from cyclotron orbits that depend on propagation
direction, to the Aharonov-Bohm effect which imprints a direction-dependent phase on
the wavefunction of a particle traversing a loop that encloses a magnetic flux, and one-
way transport in topologically protected edge states of quantum Hall insulators. These
effects have in common that they break reciprocity: If source and detector are exchanged,
transport amplitude and phase is not preserved.

Photons and phonons, in contrast, do not interact with magnetic fields (except very
weakly in magneto-optic materials). To create on-chip nonreciprocal and topological
components that break time-reversal symmetry in a similar way, optomechanical inter-
actions in multimode systems provide an interesting toolbox. When going from eq. 17
to eq. 18, we ignored the phase of the drive field . This was possible for a single op-
tical mode through an appropriate change of gauge. But in multimode systems, the
phase difference of drive fields cannot be generally gauged away, such that we should
remember to describe the coupling rates g for all modes as complex quantities, with
phases directly related to those of the optical drive fields. For example, for red detuned
drives the interaction Hamiltonian is generally of the form —h(gédﬁ) + g*é&IBT) for each
coupling. Here we see that the optical drive phase is imprinted nonreciprocally on the
photon-phonon transfer: If the creation of a phonon upon annihilation of a photon gains
a positive phase, the reverse path creating a photon in the same mode gains a negative
phase. This is reminiscent of the Peierls phase that electron wavefunctions gain as they
travel in a magnetic vector potential. So if a photon transferred from mode 1 to mode
2 via a mechanical resonator acquires a phase A¢ = arg(g;) — arg(ga) (where g; defines
the drive-induced coupling rate of the resonator to each mode i), the reverse process
from mode 2 to 1 acquires a phase —A¢. In analogy to the electronic Aharonov-Bohm
effect, this becomes observable when a path with such a nonreciprocal phase is interfered
with a different path (see Fig. 6(b)). In suitably driven optomechanical systems, this has
been used to create nonreciprocal optical and microwave elements such as isolators and
circulators, by implementing constructive interference of paths from one port to another,
but destructive in the opposite direction [54, 55, 56, 57, 58, 59, 60, 61, 62, 63]. Simi-
lar mechanisms can also be used to break reciprocity for optically-mediated mechanical
mode transfer [64, 65].

These effects rely on optical and mechanical resonances, and are thus inherently lim-
ited in bandwidth. The bandwidths can exceed the mechanical linewidth, as often the
optically damped linewidth g is the relevant bandwidth over which transport can be
controlled. Nonetheless, also those are typically limited fundamentally by the cavity
linewidth and/or the mechanical frequency. Various schemes seek to control photon and
phonon transport over larger bandwidths, by exploiting propagating light and sound
waves in waveguides rather than cavities. While the absence of resonant enhancement
makes cavity-less approaches challenging, promising results have been achieved [66, 67].

Extending the creation of effective magnetic fields for optical or mechanical transport
to large numbers of modes in optomechanical lattices provides many opportunities. These
include in particular the creation of topological insulators for light and sound [68], with
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intriguing properties such as one-way conduction of signals along the edge of the array,
topologically protected against backscattering. A flexible platform towards such goals is
offered by periodically structured dielectric slabs: Suitable patterns can offer simultane-
ous two-dimensional bandgaps for both light and sound at the nanoscale, with point or
line defects in the structure serving as optomechanical resonators and waveguides con-
necting them [69]. While the control over fabrication disorder makes the implementation
of such arrays challenging, continuous technical improvements could bring it into reach
in the near future.

5'4. Beyond linearity. — To create non-classical states of light or motion, a certain re-
source of nonlinearity is needed. Although the intrinsic nonlinearity of the optomechani-
cal Hamiltonian 13 can have pronounced effects on thermal fluctuations with 7, > 1 [22],
the regime where this nonlinearity is significant at the single-quantum level is still out of
reach for massive mechanical resonators.

Various techniques are however pursued to introduce nonlinearity in different ways. A
straightforward strategy to create a Hamiltonian describing a nonlinear coupling between
optical fields and motion is to enhance so-called quadratic coupling through design. If a
system is designed such that the linear term in the relation between optical frequency and
position in eq. 1 vanishes, the first leading term will likely be quadratic (w. o< #2). In the
resolved sideband regime, this leads to a Hamiltonian that directly couples phonon num-
ber b'h to the light field. This naturally occurs for example when a vibrating membrane is
placed exactly in the middle of a Fabry-Pérot cavity [70]. Especially if the reflectivity of
the membrane is high, the quadratic variation with position can be pronounced [71, 72].
Quadratic coupling can in principle lead to the creation of nonclassical states (e.g. resem-
bling superpositions of  and —x), and to the detection of quantum jumps when single
mechanical quanta enter or exit the mechanical mode [70, 73]. However, careful analysis
shows that sufficient cancellation of linear coupling puts stringent demands on loss and
fabrication precision that are equivalent to those to reach single-photon strong coupling
go > K [74] — although nanoscale confinement in specific electromechanical systems may
somewhat relax those demands [75].

Thus, a multitude of efforts aim to couple intrinsically nonlinear quantum systems to
mechanical resonators in one way or another. An interesting approach is to leverage the
fact that single-photon detectors are inherently nonlinear [76, 77, 78] For a laser tuned
to the blue sideband of an optical cavity, the detection of a single photon emitted on
cavity resonance (in the Stokes sideband) ‘heralds’ the presence of a single phonon if the
resonator was initially cooled to its ground state, as the phonon and Stokes photon must
have been created as a pair through the a'b' term in the Hamiltonian. A subsequent
‘click’ that detects an anti-Stokes photon for a red-detuned laser can prove the presence
of that phonon — as long as it was performed within a mechanical decoherence time.
Such protocols have been used for example to study entanglement between mechanical
vibrations of distant photonic crystal nanobeams, and nonclassical states of motion that
are conditioned on the detection of single photons [79, 80]

To introduce quantum nonlinearity in a more deterministic fashion, researchers strive
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to couple mechanical resonators to two-level systems, creating mechanical analogues of
cavity or circuit quantum electrodynamics — or the motion of trapped ions coupled to
two-level transitions [81]. For example, it has been proposed and demonstrated that
mechanical motion can influence the transition frequencies of semiconductor quantum
dots and nitrogen vacancy centers [82, 83, 84, 85, 86], or coupled to the latter via a
magnetic field gradient [86]. Moreover, optical emitters placed in suitable laser-driven
optomechanical systems can lead to phonon-emitter interactions [87, 88]. At this moment
the most advanced demonstrations have been provided using the techniques of circuit
QED, coupling superconducting qubits based on Josephson junctions to high-frequency
bulk or surface acoustic wave resonators through piezo-electric interactions, achieving
high levels of control over the quantum motion of resonators involving billions to trillions
of moving atoms [89, 90, 91, 92].

6. — Conclusions

The field of cavity optomechanics, and in particular nano-optomechanics, has proven
a fertile ground to explore various intriguing physical concepts and develop technology
that could impact classical and quantum information processing as well as sensing and
metrology. Spectacular advances in system performance and control techniques, as well
as interfacing with other (quantum) systems in hybrid architectures, continue to show
the ability of optomechanics to create new scientific opportunities.
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