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Introduction



Mechanical effects of light

Dipole or gradient force Scattering force

» v
XA
® ac-Stark shift ® radiation pressure
® optical lattices ® |aser cooling

Loudon, The Quantum Theory of Light (OSP)
Foot, Atomic Physics (OUP)



Radiation-pressure force
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Loudon, The Quantum Theory of Light (OSP)
Foot, Atomic Physics (OUP)



Cavity optomechanics
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Output
radiation pressure force
. . . mechanical
cavity drive cavity mode .
oscillator

Marquardt & Girvin, Physics 2,40 (2009)
Kippenberg & Vahala, Science 321, | 172 (2008)



Experiments & Motivation
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b el g Kippenberg & Vahala, Science 321, 1172 (2008)



Cavity optomechanics

We start with Input -~
H = hwe(2)ala + hwprb'h Ottt .
« >

where the position of the mechanical oscillator

A h

2w g

is parametrically coupled to the cavity mode

L T

wolw) = [ wr (1 B Z) VR

We obtain the “standard model of optomechanics” i = 1

R T o radiation-pressure force
H=wr|1l- 7 a'a + wyrbh P OH:..«. wr ..
— ~ — —aQ'd
0z L
/ + optical drive/decay

“three-wave mixing” + thermal fluctuations Marquardt & Girvin, Physics 2,40 (2009)
N.B.We neglect the dynamical Casimir effect. Kippenberg & Vahala, Science 321, 1172 (2008)



Cavity optomechanics

The Hamiltonian

H = h(wR gofi) AT& thbTb Heny
t Z
i =2 (b+01) | ar = \/ g = goTypt
2mw s
Position operator Zero point motion Coupling rate

Three-wave mixing Far from equilibrium

Radiation pressure force

with the dimensionless parameters (/K A /W, drive strength & detuning

wm//{ good/bad-cavity limit wm/’}/ mechanical quality factor
cavity shift per phonon oscillator displacement per
g/li in units of line width g/wm photon in units of its ZPF

Marquardt & Girvin, Physics 2,40 (2009)
Kippenberg & Vahala, Science 321, | 172 (2008)



Damped & driven optical resonator

Damped & driven harmonic oscillator Damped & driven optical resonator

WR
WL
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Coherent drive E(t) — FEgcoswyt
Coherent state &‘Og> — ae_ith|Oé>

—number fluctuations (shot noise)!
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Displacement readout of the mechanical oscillator
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H = h(wg+ goZ) a'a + hwab'b O~
/ WR W,
A single experimental run might look like... ...and calculating the noise power spectrum
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we can find the temperature from the area
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Sideband cooling



Sideband cooling: the cavity-enhanced scattering picture

cantilevers, membranes,
wires, carbon nanotubes
need additional cooling

PhoﬂOn V‘UMLGr P‘\mm v\umL(

INCreoses o(ecreas«ts

WL

wyrs = kHz — GHz

kBT << th Mirror kicks photon

Photon kicks mirror

1GHz ~ 50mK YR

figure by J. Harris

A

H = h(wg + got)a'a

Red-sideband cooling at Ground-state cooling is

possible in the sideband-
Wout = Win T Wi resolved regime Wh 2> R

WL = WR — WM

Marquardt et al., PRL 99,093902 (2007)
see also: Laser cooling of atoms & ions Wilson-Rae et al., PRL 99,093901 (2007)



Sideband cooling: the classical picture

1 %da;‘Fopt <0
| — oo

Damping is due to the finite time
lag between mirror position and
radiation-pressure force: Wy > K

Marquardt, Clerk & Girvin, ). Mod. Opt. 55, 3329 (2008)



Sideband cooling: the classical picture

T T Y, FOp;%OOO The coupling to the cold optical
it I'ar + Dopt bath leads to increased damping

— neglects number fluctuations (shot noise)! without additional fluctuations.

Marquardt, Clerk & Girvin, ). Mod. Opt. 55, 3329 (2008)



Sideband cooling: the quantum noise approach

At weak coupling all you need to know is the force spectrum

o= —Fi  Spew) = / e (F(H)F(0))

Phor\on r\umLer
INCregoses

And calculate the steady-state phonon number

_ — 0 Lopt = F(fpt — F(})pt optical damping
’]TL FMnth _I_ FOptnM Fchpt
M — nSy = minimal phonon number
PM + I Y Top P
opt

Marquardt et al., PRL 99, 093902 (2007)
Clerk et al., RMP 82, 1155 (2010) Wilson-Rae et al., PRL 99,093901 (2007)



Sideband cooling: the quantum noise approach
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Sideband cooling: the experimental results

displacement spectrum
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Mechanical systems are now firmly in the quantum regime.

— atoms, superconducting circuits, and mechanics Teufel et al., Nature 475, 359 (201 1)



Strong-coupling regime



Linear optomechanics

The Hamiltonian z
A N - o A Inﬂ
H = hwgra'a + hwy b + hg(b + bT)&T& Output

For drive and decay we writea = e_“"Lt a + d and b=b+ ¢

— bistability

2
detuning A = wy — wg # of photons |a‘

Effective coupling rate B|I|near coupling
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Static part of radiation-pressure force

Vet = Vo + Viad

V' effective mechanical potential 0 = iAa— —g—iQ— ig(b+b*)a
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figure adapted from F. Marquardt

Experiment: Dorsel et al, PRL 51, 1550 (1983)



Linear optomechanics

The Hamiltonian

H=—-Ad'd+ wyé'é € ga(é+ éh) D+ gd'd c')
: ‘a‘Q

detuning A = wy;, — wg # of photons
Effective coupling rate B|I|near coupling

The equations of motion

d—zAd——d VEdin — iga(é + éh)

¢ = —lwpC — %C — ﬁcin — zga(a?—k CZT)

Exact solution

é(w):...éin——.. AT T ...Qipn 7

din + .. . i
d(w)=...ém+.. o i F o d (g (W)E (WD) = (nen + 1)0(w + W)
¢

1n 11

We can calculate all observables!

Walls and Milburn, Quantum Optics (OUP)



Normal-mode splitting in the strong-coupling limit

cantilever spectrum
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In the strong-coupling limit cavity and mechanics hybridize.

Groblacher el al., Nature 460, 724 (2009)
Teufel et al., Nature 471,204 (2011)
Theory: Dobrindt et al., PRL 101,263602 (2008)




Optomechanically-induced transparency (OMIT)
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Theory: Agarwal and Huang, PRA 81, 041803 (2010)

with () = wp — wr,



The state of the art in optomechanics

Ground-state cooling
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Nature 475, 359 (201 1)

Normal-mode splitting
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Coherent coupling

Mechanical Homodyne
displac. signal

Nature 482,63 (2012)

Sldeband thermometry

b

200 00ocoddoicoo 000 0 (

0 1
— ]

D000 ooNNceddo0 000 (C

-
ET ¥y

PRL 108,033602 (2012)

~




Dissipative coupling



Dispersive vs. dissipative coupling

Dispersive coupling Dissipative coupling
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wn(3) = wr + 22R; w(2) = K- g%
A TR o v

A

Hint X Hdampm

Hing o a'ad with
Haamp o V& Y (6'ag + ala)
q

Elste et al., PRL 102,207209 (2009)



Cooling with dissipative coupling
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with

Two noise sources! F — Fl —+ FQ
FlCXCiin—FCZin }%2O<CZ_|_CZ]L

They are random, but not independent! cZ(cu) X XR (w)a?in

SFr(w) o |1 - (g + iA) XRr(w) Q‘

with yr(w) = [k/2 —i(w + A)]_l —Fano line shape

This enables ground
state cooling outside the
resolved-sideband limit!

Elste et al., PRL 102,207209 (2009)




Conclusions

Hou <> R j\; . A
e H =wpg (1 — —> a'a + wyb'h
- L

Output

radiation-pressure force

® Applications: sensors, transducers, decoherence

® Damping is due to the finite time lag between
mirror and radiation-pressure force: Wn > K

® W/ith red-sideband cooling w;, = wr — wps the
ground state was reached in experiments: n < 1

® At strong coupling optics and mechanics hybridize.

http://www.physinfo.fr/houches/pdf/Marquardt.pdf



