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A world of oscillators and spins

Cavity QED Circuit QED
optical cavity coupled to a single atom microwave cavity coupled to a
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Quantum mechanics in macroscopic systems?

Classical harmonic oscillator Quantum harmonic oscillator

Haroche and Wineland
(Nobel Prize 2012 for “measuring and manipulation of individual quantum systems”)

Application: guantum sensors, quantum memories, quantum computers



Optomechanics: quantum effect and gravity?

Ground State Cooling of Quantum Superposition and
massive object Mass Interference

(energy quantization,
vacuum squeezing, etc.)

Entanglement between
Massive Particles




Caldeira-Leggett model
and
quantum Langevin
equations



Caldeira-Leaqgett model

environment / thermal bath
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Caldeira-Leaqgett model

Heisenberg’s picture: Equations of motion
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Caldeira-Leaqgett model

Close equation for the harmonic oscillator

n(t) = —* cos(wpt) response function
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Caldeira-Leaqgett model

Response function
N 5732
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Caldeira-Leaqgett model

Quantum noise
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Caldeira-Leaqgett model

Quantum Langevin Equation d*q(t) 5. dq(t) = .-
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Caldeira-Leaqgett model

Canonical transformation (1) = 1 \/ Qmwo

mhwo
Langevin equation for b(¢)
db( ) L m 7 h ) —iwnt Twnt
ar = Tweb(®) = 5 (b ) \/2mwo Z 7 Ln(to) + al (to) €™

Rotating Wave Approximation (RWA)

db(t) s L' 2 \/ h An _iw,t Input noise
N —a, t 1Wn,
dt ieob(?) bit) +1 2mwg Z h inliole operator

Effective equation (Markov regime + white noise + RWA)

db(t) bin (1), BL,(#)| = (2 )

7 = —iwol;(t) I;m B(t) + v Iy an (t)

(bin(®)B](¢) ) = [1+ np(wo)] 8(t — )
(01, (®)bin(¥) ) = np(wo)d(t — t'




Caldeira-Leaqgett model
d*q(t)
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Optomechanical systems



Input-output theo In short

Photon cavity
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Effective equation in rotating frame (Markov regime + white noise + RWA)
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Noise spectrum of the cavity
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Optomechanical systems
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Optomechanical systems
a—+ 0

Linerarization of the interaction a
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Optomechanical systems

Optical backaction

solution for the cavity mode
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Optomechanical systems

Optomechanical 5
damping Lopt = ¢

red detuning W, >~ Wy, + Wy

o
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positive-damping: absorption of
phonons are enhanced

(ground-state cooling)
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blue detuning W, >~ Wy, — Wy,

0
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negative damping: emission of
phonons are enhanced

when L'y, + L'opt = 0 — instability
(self-sustained oscillations)

(see —» laser)
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Ground state cooling



Ground state cooling

Mechanical resonator as open quantum system
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Ground state cooling

Mechanical resonator as open quantum system
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Ground state cooling

A

General model _ Thermal

bath
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Ground state cooling
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Ground state cooling ~
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