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Radiation forces



vS = c/
p
3baryon-photon fluid: sound speed



Radiation pressure

(Comet Hale-Bopp; by Robert Allevo)

Johannes Kepler
De Cometis, 1619



Radiation pressure

Nichols and Hull, 1901
Lebedev, 1901

Nichols and Hull, Physical Review 13, 307 (1901)





Radiation forces

•Optical tweezers
•Optical lattices

Trapping and cooling

...but usually no back-action from motion onto light!
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A bit of  history



First cavity optomechanics experiments

microwave cavity

mechanical resonator

optomechanical change of 
mechanical damping rate

Braginsky, Manukin, 
Tikhonov JETP 1970



First cavity optomechanics experiments
fixed mirror

cantileverinput laser

oscillating mirror

radiation

pressure

Frad

x

x

Vrad(x)

Veff = Vrad + VHO

Frad(x) = 2I(x)/c
λ

2F λ/2

Static behaviour

A. Dorsel, J. D. McCullen, P. Meystre,
E. Vignes and H. Walther:

Experimental proof of static bistability:

Phys. Rev. Lett. 51, 1550 (1983)

hysteresis

force vs. mirror position

Static bistability in an optical cavity experiment
Dorsel, McCullen, Meystre, Vignes, Walther PRL 1983



Basic physics: dynamics

finite cavity ring-down rate γ
⇒ delayed response to cantilever motion

sweep x

F

Dynamics: Delayed light response

quasistatic
finite sweep−rate

0

∮

Fdx

< 0 > 0

heatingcooling
x

F

C. Höhberger−Metzger and K. Karrai, Nature 432, 1002 (2004)

(with photothermal force instead of radiation pressure)

(amplification)

finite optical ringdown time        –
delayed response to cantilever motion 

Höhberger-Metzger and Karrai, 
Nature 432, 1002 (2004):
300K to 17K [photothermal force]

Höhberger-Metzger and Karrai 2004: 
300K to 17K [photothermal force]; 
2006: radiation pressure cavity 
cooling [Aspelmeyer, Heidmann/
Cohadon, Kippenberg]



A zoo of  devices



Optomechanical Hamiltonian

...any dielectric moving inside a cavity 
generates an optomechanical interaction!



The zoo of optomechanical 
(and analogous) systems



The zoo of optomechanical 
(and analogous) systems
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Why?
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FIG. 1: Overview of the accelerometer design. a, Canonical example of an accelerometer. When the device (blue frame) experiences a
constant acceleration a, a test mass m undergoes a displacement of x = ma/k. b, Frequency response |�(⇧)| of an accelerometer on a log-log
plot featuring a resonance at fm =

�
k/m/2⌅ with Qm = 10. c, False-colored SEM-image of a typical optomechanical accelerometer. A test

mass of size 150 µm⇥60 µm⇥400 nm (green) is suspended on highly stressed 150 nm wide and 560 µm long SiN nano-tethers, which allow
for high oscillator frequencies (> 27 kHz) and high mechanical Q-factors (> 106). On the upper edge of the test mass, we implement a zipper
photonic crystal nanocavity (pink). The cross-shaped cuts on the test mass facilitate undercutting the device. d, Zoom-in of the optical cavity
region showing the magnitude of the electric field |E(r)| for the fundamental bonded mode of the zipper cavity. The top beam is mechanically
anchored to the bulk SiN and the bottom beam is attached to the test mass. e, Schematic displacement profile (not to scale) of the fundamental
in-plane mechanical mode used for acceleration sensing. f, SEM-image of an array of devices with different test mass sizes.

(1�2⇥106), and strong thermo-optomechanical back-action
to damp and cool the thermal motion of the test mass.

Figure 1c shows a scanning-electron microscope image
of the device studied here, with the test mass structure and
nano-tethers highlighted in green. The fundamental in-plane
mechanical mode of this structure is depicted in Fig. 1e
and is measured to have a frequency of fm = 27.5 kHz, in
good agreement with finite-element-method simulations from
which we also extract a motional mass of m = 10⇥10�12 kg.
The measured mechanical Q-factor is Qm = 1.4⇥106 in vac-
uum (see appendix G), which results in an estimated ath =
1.4 µg/

⌥
Hz. The region highlighted in pink corresponds to

the zipper optical cavity used for monitoring test mass mo-
tion, a zoom-in of which can be seen in Figure 1d. The cav-
ity consists of two patterned photonic crystal nanobeams, one
attached to the test mass (bottom) and one anchored to the
bulk (top). The device in Fig. 1c is designed to operate in
the telecom band, with a measured optical mode resonance at
⇥o = 1537 nm and an optical Q-factor of Qo = 9,500. With
the optical cavity field being largely confined to the slot be-
tween the nanobeams, the optical resonance frequency is sen-
sitively coupled to relative motion of the nanobeams in the
plane of the device (the x̂-direction in Fig. 1c). A displace-
ment of the test mass caused by an in-plane acceleration of the
supporting microchip can then be read-out optically using the
setup shown in Fig. 2a, where the optical transmission through
the photonic crystal cavity is monitored via an evanescently-
coupled fiber taper waveguide [25] anchored to the rigid side
of the cavity. Utilizing a narrow bandwidth (< 300 kHz) laser
source, with laser frequency detuned to the red side of the cav-
ity resonance, fluctuations of the resonance frequency due to
motion of the test mass are translated linearly into amplitude-
fluctuations of the transmitted laser light field (see inset in

Fig. 2a and appendix E). A balanced detection scheme allows
for efficient rejection of laser amplitude noise, yielding shot-
noise limited detection for frequencies above ⌅ 1 kHz.

Figure 2b shows the electronic power spectral density
(PSD) of the optically transduced signal obtained from the
device in Fig. 1c. The cavity was driven with an incident
laser power of Pin = 116 µW, yielding an intracavity photon-
number of ⇧ 430. The two peaks around 27.5 kHz arise from
thermal Brownian motion of the fundamental in- and out-
of-plane mechanical eigenmodes of the suspended test mass.
The transduced signal level of the fundamental in-plane reso-
nance, the mode used for acceleration sensing, is consistent
with an optomechanical coupling constant of gOM = 2⌅ ⇥
5.5 GHz/nm, where gOM ⇤ ⌃⇧o/⌃x is defined as the optical
cavity frequency shift per unit displacement. The dotted green
line depicts the theoretical thermal noise background of this
mode. The series of sharp features between zero frequency
(DC) and 15 kHz are due to mechanical resonances of the an-
chored fiber-taper. The noise background level of Fig. 2b is
dominated by photon shot-noise, an estimate of which is indi-
cated by the red dotted line. The cyan dotted line in Fig. 2b
corresponds to the electronic photodetector noise, and the pur-
ple dashed line represents the sum of all noise terms. The
broad noise at lower frequencies arises from fiber taper mo-
tion and acoustic pick-up from the environment. The right-
hand axis in Fig. 2b quantifies the optically transduced PSD
in units of an equivalent transduced displacement amplitude
of the fundamental in-plane mode of the test mass, showing a
measured shot-noise-dominated displacement imprecision of
4 fm/

⌥
Hz (the estimated on-resonance quantum-back-action

displacement noise is 23 fm/
⌥

Hz, and the corresponding on-
resonance SQL is 2.8 fm/

⌥
Hz; see appendix I 4).

At this optical power the observed linewidth of the mechan-

Optomechanics: general outlook

Fundamental tests of quantum 
mechanics in a new regime:
entanglement with ‘macroscopic’ objects, 
unconventional decoherence?
[e.g.: gravitationally induced?] 

Precision measurements 
small displacements, masses, forces, and 
accelerations 

Optomechanical circuits & arrays
Exploit nonlinearities for classical and 
quantum information processing, storage, 
and amplification; study collective
dynamics in arrays

Mechanics as a ‘bus’ for connecting 
hybrid components: superconducting 
qubits, spins, photons, cold atoms, ....

Tang lab (Yale)

Painter lab



Towards the quantum regime of 
mechanical motion

Schwab and Roukes, Physics Today 2005

• nano-electro-mechanical systems

• optomechanical systems

Superconducting qubit coupled to nanoresonator: Cleland & Martinis 2010



Laser-cooling towards the ground state

FM et al., PRL 93, 093902 (2007)
Wilson-Rae et al., PRL 99, 093901 (2007)

analogy to (cavity-assisted) 
laser cooling of atoms
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Classical dynamics



Equations of motion

input laser optical
cavity

cantilever

mechanical
frequency

equilibrium
position

mechanical
damping

detuning
from resonance

cavity
decay rate

laser
amplitude

radiation
pressure



Linearized optomechanics

(solve for arbitrary            )

Effective 
optomechanical 
damping rate

Optomechanical 
frequency shift
(“optical spring”)



Linearized dynamics

Effective 
optomechanical 

damping rate
Optomechanical 
frequency shift

(“optical spring”)

cooling heating/
amplification

softer stiffer

laser
detuning



Quantum picture
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Optomechanical Interaction: Nonlinear

â†â(b̂† + b̂)



Converting photons into phonons

photon



Converting photons into phonons

phonon



“Linearized” Optomechanical Hamiltonian

bare optomechanical coupling
(geometry, etc.: fixed!)

“laser-enhanced
optomechanical coupling”: g = g0↵

tuneable! phase!

↵
laser-driven

cavity amplitude

~g0â†â(b̂+ b̂†)

~g0(↵�â† + ↵⇤�â)(b̂+ b̂†)

â = ↵+ �â



Mechanics & Optics

mechanical oscillator driven optical cavity

After linearization: two linearly coupled harmonic oscillators!



Different regimes

pu
m
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ty

beam-splitter
(cooling) QND squeezer

(entanglement)

red-detuned blue-detuned



“The slopes of  
Optomechanics”





Linear Optomechanics
Displacement detection
Optical Spring
Cooling & Amplification
Two-tone drive: “Optomechanically 
induced transparency”
State transfer, pulsed operation
Wavelength conversion
Radiation Pressure Shot Noise
Squeezing of Light
Squeezing of Mechanics
Entanglement
Precision measurements

Nonlinear Optomechanics
Self-induced mechanical oscillations
Synchronization of oscillations
Chaos

Nonlinear Quantum 
Optomechanics

Phonon number detection
Phonon shot noise
Photon blockade
Optomechanical “which-way” 
experiment
Nonclassical mechanical q. states
Nonlinear OMIT
Noncl. via Conditional Detection
Single-photon sources
Coupling to other two-level 
systems

Optomechanical Circuits
Bandstructure in arrays
Synchronization/patterns in arrays
Transport & pulses in arrays



Note:

Yesterday’s red is today’s green!



Optomechanical 
wavelength
conversion



signal in wave
le

ngth
 c

onve
rte

r

!1

signal out
!2



b̂

â1
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optics to optics:

Painter 2012

Wang 2012



Lehnert, Regal 2014

Cleland 2013

Schliesser, Polzik 2014

microwave/RF to optics:



Detecting the 
phonon number



“Membrane in the middle” setup

membrane 
transmissionfr

eq
ue

nc
y

membrane displacement

op
tic

al
 fr

eq
ue

nc
y Thompson, Zwickl, Jayich, Marquardt, 

Girvin, Harris, Nature 72, 452 (2008)



Experiment (Harris group, Yale)

50 nm SiN membrane

Mechanical frequency:
ωM=2π⋅134 kHz

Mechanical quality factor:
Q=106÷107

Optomechanical cooling
from 300K to 7mK

Thompson, Zwickl, Jayich, Marquardt, 
Girvin, Harris, Nature 72, 452 (2008)



Towards Fock state detection of 
a macroscopic object

Detection of displacement x: not what we need!

membrane 
transmissionfr

eq
ue

nc
y

membrane displacement
phase shift of measurement beam:

(Time-average over 
cavity ring-down time)

QND measurement
of phonon number!



Towards Fock state detection of 
a macroscopic object
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Towards Fock state detection of 
a macroscopic object

Ideal single-sided cavity: Can observe only 
phase of reflected light, i.e. x2: good 

Two-sided cavity: Can also observe transmitted 
vs. reflected intensity: linear in x!

- need to go back to two-mode Hamiltonian!
- transitions between Fock states!

Single-sided cavity, but with losses: same story
Detailed analysis (Yanbei Chen’s group, PRL 2009) 
shows: need

absorptive part of photon 
decay (or 2nd mirror)

Miao, H., S. Danilishin, T. Corbitt, and Y. Chen, 2009, PRL 103, 100402



Sensing mechanical 
motion at the ultimate 

precision limit



Optical displacement detection

input laser
optical
cavity

cantilever

reflection 
phase shift



Thermal fluctuations of a 
harmonic oscillator

Classical equipartition theorem:

•Direct time-resolved detection
•Analyze fluctuation spectrum of x

Possibilities:
extract 

temperature!



Fluctuation spectrum



Fluctuation spectrum

“Wiener-Khinchin theorem”

area yields 
variance of x:



Fluctuation-dissipation theorem

General relation between noise spectrum and linear 
response susceptibility

susceptibility

for the damped oscillator:

(classical limit)



Displacement spectrum

Experimental curve:
Gigan et al., Nature 2006

T=300 K



Measurement noise

meas

Two contributions to 
1. measurement imprecision
2. measurement back-action: 
fluctuating force on system

phase noise of
laser beam (shot 

noise limit!)

noisy radiation 
pressure force



“Standard Quantum Limit”

true spectrum

+ imprecision
noise

+ backaction
noise

(measured)
(measured)

coupling to detector
(intensity of measurement beam)

imprecision
noise bac

kac
tio

n

no
ise

intrinsic fluctuations

full noise

Best case allowed by quantum mechanics:

...as if adding the zero-point fluctuations a 
second time: “adding half a photon”

“Standard quantum limit 
(SQL) of displacement 
detection”



Notes on the SQL

“weak measurement”: integrating the signal 
over time to suppress the noise

trying to detect slowly varying “quadratures of 
motion”:

SQL means: detect        down to          on a 
time scale 

Heisenberg is the reason for SQL!

Impressive:                      ! 

no limit for instantaneous 
measurement of x(t)!



Enforcing the SQL (Heisenberg) 
in a weak optical measurement

N photons arrive in time t
fluctuations:

Poisson distribution for 
a coherent laser beam

1. Uncertainty in phase estimation:

reflection phase shift:
(here: free space)

2. Fluctuating force: momentum transfer

HeisenbergUncertainty product:


