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1) Introduction to cavity optomechanics

2) Mechanical state preparation
mechanical mode cooling
optomechanical strong coupling

3) Optomechanical state reconstruction

4) Outlook: quantum optomechanics




quantum optics / quantum information with ... (not complete)
AMO
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s /. ensembles
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X.-C. Yao et al., T. Monz et al., S. Gerlich et al., B. Julsgaard et al.,
Nature Photonics 6 (12) PRL 106 (11) Nature Comm. 2 (11) Nature 413 (01)
~10' photons ~10! ions ~103 atoms ~10'2 atoms
Solidstate-based
SQUID NV in diamond
J. R. Friedman et al., M. Neeley et al., F. Dolde et al.,
Nature 406 (00) Nature 467 (10); Nature Physics 9 (13)

L. DiCarlo, Nature 467 (10)
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towards macroscopic, mechanical objects

mechanical oscillator

>1014 atoms



ng -mg

kHz - MHz

Mm

Pg -Nng

frequency MHy — GHa

nm

M. Aspelmeyer, T. Kippenberg, F Marquardt,
arXiv:1303.0733 [quant-ph] (2013)



undesired
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.'
damping

T = p/m (energy loss to environment)
- 2
D= —W,,MI —|YmP — Zz fl(t)

thermal noise force
external forces

/ experimental challenge:
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example

frequency IMHz, n<1: T<70uK




What can be done with “quantum”-controlled mechanical oscillators?

Mechanical sensing

present performance: yoctogram, yoctonewton, attometer, etc.
What are the quantum limits to mechanical sensing?

Quantum foundations

macroscopic superpositions involving up to 1020 atoms
Is there a limit fo the size of Schrédinger cats?

Quantum information

potential hybrid quantum information architectures on a chip
Can mechanical systems serve as a quantum bus / memory?

Realization by combining
tools of quantum optics
with high-performance micro/nanomechanical systems



How to control a mechanical oscillator?

photon optical light fields

momentum
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S. Gréblacher et al., A. O’Connell et al.,
Nature Physics 5 (09) Nature 464 (10)

coherent states
squeezed states
single photons

homodyne/heterodyne detection
single photon counting

D. Rugar et al., D. Hunger et al.,
Nature 430 (04) PRL 104 (10)




interaction via radiation pressure:
effect of a single photon

X (%)
A g energy conservation:
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By 7. 10700

increase by interaction with coherent state 7. > 1




qualitatively and quantitatively new:
cavity-optomechanics
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Finesse up to 104 ... 10°
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further increase by pumping with coherent input states: n. > 1
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cavity OM drive
interaction

M. Aspelmeyer, T. Kippenberg, F Marquardt,
arXiv:1303.0733 [quant-ph] (2013)
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Amplitude [arb. units]
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What is the quantum regime of a mechanical oscillator?

state initialization

minimum entropy mechanical states
(e.g. ground state via side-band cooling)

A. O’Connell, Nature 464 (10)

J. Teufel et al., Nature 475 (11) <"I'L> <1
J. Chan et al., Nature 478 (11) o

E. Verhagen et al., Nature 482 (12)

coherent photon-phonon exchange

(strong optomechanical coupling)

S. Gréblacher et al., Nature 460 (09)
J. Teufel et al., Nature 471 (11) I"m, KR KL W, g
E. Verhagen et al., Nature 482 (12)

state preparation and verification

Palomaki et al., Nature 495 (13)



Cavity-optomechanics in practice with a 1TMHz mechanical oscillator

Hybrid Si;N, & Ta,0/SiO,

oration with

dimensions: 150 x 50 x 1 um3

reflectivity > 0.9999 (absorption <0.4ppm)
Finesse ~ 20000, up to ¥ ~0.2w,,

@, ~ 30000 at low T, m,,~50ng

Noise Power Spectrum [dBm]
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S. Gréblacher et al., Nature Physics 5 (09)




Amplitude [arb. units]
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Noise Power Spectrum [m” Hz ]
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S. Gréblacher et al., Nature Physics 5 (09)

mt"'A
<n> eff — 'Z.,,,, :—F(:(:l

reduction of bath occupation
via lower bath temperatures
(mostly also decrease in v:n)

T <n> for ®,,/2n=1MHz
4.2K 87000
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preliminary data

Finesse ~ 17000, T ~ 200mK, m_£~350ng

NPS(dBm)
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strong coupling ¢ > K, Ym

cavityQED optomechanics

(l)p .
m(j N ;%-ﬂ‘ - 10s0ms mechanical oscillator: w,,
- i\ q; | light: effective harmonic oscillator at
°-°°§ tnfg Ill.}?.i/ 1;“ |A| - |wP o C‘L)C| — Wm
:_/m N coherent interaction:
T signature normal mode splitting

Frequency Q [MHz]

F. Marquardt et al., PRL 99 (07)
R. J. Thompson et al., PRL 68 (92) J. Dobrindt et al., PRL 101 (08)



optomechanical normal mode splitting @ RT
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optomechanical state reconstruction
verification of prepared optomechanical states

K3 %
X— &

T (0) = Ty, cOSO + py, SN G

®m  (x..,pm) - only indirect read-out via light field

(')p 0.

x1(@) = x1c08 ¢ + Yy sin @

(x,,y;) — direct read-out

different regimes:

, A=0— 3371-1.(9("57 wm)) via Y

A — w'rn/ _> .’,Ulﬂf.m, _I_ ylp’nl.



Schematic setup measurement

' noise

bandpass

absorber

4 N .
mechanical

noise

amplitude + phase
noise

Kalman-filter
known from classical signal processing and used for state estimation

measurement X...state vector
noise Py-..probability
distribution
process
noise

system measurement state X Z) “
X Pyx ! Z > estimation ( 1 Px




Physical model

Tm = WmPm
X e pm. — —Wmdm — f}/m,p’m _ g(ac + al) Y/ Q’N/mé=
a. = —1Aa.— Ka.— 19T, + V2Ka;,

aussian

7z = { Pout = N 2"6417c(¢) = xin(¢)

Reconstruction = find X(t) -

o Kalman filter discrete time Q ‘
ey

0) initial estimate ~ X(*)(t,.,), P} (t,.4) o,

via Kalman filter

Loy =0+ At . a ! = -
: 1) propagation X)) P () Socor e

. -
2) Bayesian update X*)(t;),P{"(t))

minimizes error covariance

P = (X - X(Z)|[X - X(2)]F)



Comparison: NPS of simulated vs. real data
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Simulated data and its reconstruction
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Real data and its reconstruction
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Where do we want to go?

Opfomechqniccﬂ ‘|'e|epor'|'q‘|'ion collaboration with K. Hammerer,
. University of Hannover
state preparation Hofer et al., PRA 84 (2011)
(2) [ - |
Alice and Bob share an entangled state
xg—

‘ xmpn | Viktor's state shall be teleported to Bob
Xlll Plll

m?*“m

Xlout’P]out
teleportation fidelity
Dx, Dp,
X,, P, A = -1
© Fip = (1+ Agpr/2)
better than classical, if
Xllollt’ Pllou!
le‘i]nyplﬁn
A EPR < 2
@m/27 Om Than n Mg 8o/2m Kopt/ 21 Topt Popt 8opt/21 Agpr
3.8 MHz 10° 200 mK 1100 0.0 4.8 Hz 3.2 MHz 2.5 us I0mW 0.97 MHz 0.7
3.7 GHz 10° 200 mK 0.7 0.7 910.0 kHz 0.26 GHz 041 pus 6 W 0.032 GHz 0.1
3.7 GHz 10° 1 K 3.7 3.7 910.0 kHz 0.31 GHz 0.30 us 8 W 0.040 GHz 0.5




Optomechanical quantum control Foundational questions

mechanical state preparation festing collapse models
and characterization tfesting predictions of quantum gravity

N @i /V25
X oo/

z',._ P
e.g.: /
e.g O. Romero-Isart et al., | N o e o e
9 PRL 107, 020405 (2011 o
M. R. Vanner et al., PNAS 108, 16182-16187 (2011) I. Pikovski et al. ( ) Mc , forbidden by T
M. R. Vanner et al. arXiv:1211.7036 [quant-ph] (2012) Nature Physicsé 393 (2012) Vi T | quantum gravity - | &)
! proposals

Mo =LA, 1071 X



Summary

Cavity optomechanical systems as new building blocks in
qguantum optics

state initialization:
low-entropy state

state preparation:
by means of strong coupling and state transfer
teleportation
pulsed optomechanics

state read-out and verification:
reconstruction via Kalman filter
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