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(c) Oppenheim



Nature 427, 711 (2004)

Decoherence in experiments

Nature 403, 269 (2000)



Decoherence in experiments

Nature 455, 510 (2008)

Phys. Rev. Lett. 103, 200404 (2009)



Schrödinger‘s Cat: Death due to new physics? 

• Nonlinear extensions of Schrödinger equation? (Bialinicky-Birula; Shimony)

Experimentally falsified by neutron diffraction
(Gähler, Klein, Zeilinger, PRA 23, 1611 (1981))

• Deviation from Born‘s rule?

First negative test via 3-slit interference experiment
(Sinha, Couteau, Jennewein, Laflamme, 
Weihs, Science 329, 418 (2010))

• „Collapse“ via stochastic background field? Ghirardi, Rimini, Weber
Pearl
Gisin…

 Can be tested in principle! 



Marshall, Simon, Penrose, Bouwmeester, 
PRL 91, 130401 (2003)

also: A.D. Armour, M.P. Blencowe, and K. 
Schwab, PRL  88, 148301 (2002.)

R. Penrose, in: 
Quantum 
[Un]Speakables, 
Springer 2001

„Collapse“ by gravity?
Karolyhazy (1960s), e.g. Nuovo Cimento 42, 390 (1966)
Diosi (1980s), e.g. J. Phys. A: Math. Gen. 21, 2885 (1988) 
Penrose (1980s), e.g. Gen. Rel. Grav. 34, 1141 (2002 )

Light-mirror entanglement
Bose, Jacobs, Knight, Phys. Rev. A 56, 4175 (1997)
Mancini, Manko, P. Tombesi, Phys. Rev. A 55, 3042 

(1997)
Macroscopic quantum coherence

Bouwmeester, Schmiedmayer, Weinfurter, Zeilinger, 
in: Gravitation and Relativity, IUCAA 1998



Decoherence

Gas scattering

Penrose model

Master equation approach

GRWP

See also 
O. Romero‐Isart et al., 
PRL 107, 020405 
(2011)
O. Romero‐Isart, PRA  
84, 052121 (2011)

Joos & Zeh, Caldeira & Leggett, Unruh & Zurek
Paz & Zurek, Hu & Paz & Zhang, Milburn, …



An ultimate experiment? Entanglement by gravity…

Ball 2

|Ball1_u> + |Ball1_d>  |Ball1_u>|Ball2_u> + |Ball1_d>|Ball2_d>

FEYNMAN:

(Chapel Hill Conference 1957)



A mechanical cat? Schrödinger‘s mirrors

20µm

Cantilever

Trapped Particle



Trapped ions: quantum physics with phonons (Cirac & Zoller, PRL 74, 4091 (1995))

H. C. Nägerl (Blatt group; 1998)

7 Ca-ions

see also: ions as (entangled) mechanical
oscillators
Blatt & Wineland, Nature 453, 1008 (2008)
Jost et al., Nature 459, 683 (2009)

Mechanical Systems IN the quantum regime



Opto‐Mechanics + Quantum‐Optics = Quantum Opto‐Mechanics

20µm



Coupling mechanics to light: Cavity Opto-Mechanics
Main idea: Radiation pressure effects in high‐finesse cavities open up a completely 
new field of controllable light‐matter interaction from the nano‐ to the macroscale.

Fundamental interaction:
• Intensity‐dependent displacement (optical bistability*)
• Intensity‐dependent phase shift (optical nonlinearity)
• Retarded forces (modifymechanical susceptibility+)

g0: single‐phonon cavity 
frequency shift

Single‐photon coupling

Driven optomechanical cavity



1983 Dorsel/Meystre/Walther: 
first optical radiation‐pressure 
based instabilities [PRL 51, 1550] 

2003 Karrai/Vogel (optical spring) [APL 
83 1337]
2005 Vahala/Kippenberg (parametric
driving) [Opt Exp 13, 5293]

1967 Braginsky et al.: first proof‐of‐
concept with microwave transducers



Quantum Opto-Mechanics

Requires:
Minmum entropymechanical states

(e.g. ground state)
+

Strong optomechanical coupling
(coupling rate > decoherence rate)

=
kBT/ħQ << κ << ωm, g0α

Ideal case: 
resolved sideband regime, RWA

Early ideas: 
Zhang, Peng, Braunstein, PRA 68, 013808 (2003)
Recent review: 
Aspelmeyer, Kippenberg, Marquardt, arXiv:1303.0733 (2013) 

full quantum optics toolbox to 
prepare and control mechanical 
quantum states via photonic 

quantum states



Quantum Opto-Mechanics

pump

optical
mode a

optical 
mode b

Requires:
Minmum entropymechanical states

(e.g. ground state)
+

Strong optomechanical coupling
(coupling rate > decoherence rate)

=
kBT/ħQ << κ << ωm, g0α

mechanical  
mode b

Ideal case: 
resolved sideband regime, RWA

Analogy to 2‐mode quantum optics

Gröblacher et al., Nature 2009
Teufel et al., Nature 2011
Verhagen et al., Nature 2012

Teufel et al., Nature 2011
Chan et al., Nature 2011

full quantum optics toolbox to 
prepare and control mechanical 
quantum states via photonic 

quantum states



Mechanical Systems IN the quantum regime

Nature 464, 697-703 (2010) 

Nature 475, 359-363 (2011) 

Nature 478, 89-92 (2011) 

1013 atoms

1010 atoms



Towards „quantum mechanics“: cryogenic cavities
Nature Physics 5, 485 (2009)

S. Gröblacher, J. Hertzberg, M. 
Vanner, S. Gigan, K. Schwab, M. 
Aspelmeyer, 
Nature Physics 5, 485 (2009)

<n> ~ 30

mirror absorption < 
0.4ppm!

 Final occupation only 
limited by thermal 
coupling (no absorption 
effects!)



Opto-mechanical devices (a few examples)

Aspelmeyer, Meystre, Schwab (Physics Today, July 2012)



Towards opto‐mechanical quantum control…



Ground state cooling:

Mechanical coherence:

Strong coupling, low temperature, high mechanical and optical quality



Oh Q, where art thou?Main sources of mechanical dissipation
• internal materials losses (e.g. TLF)
• phonon tunneling loss

• Mirror pad on high-Q (SiN) 
mechanical substrate 

• monocrystalline GaAs/GaAlAs free-standing 
Bragg mirrors with optimized geometry

in collaboration with 
Schwab group, Cornell 
and ATFilms

Q > 10,000 @ 300 K
R ~ 0.99991 

k/wm ~ 0.1

Q > 80,000 @ 20 K
R > 0.9998 

Q f ~ 5x1011 @ 10 K
(2x1010 @ 300K)

Q f ~ 3x1010 @ 6 K
(6x109 @ 300K)

Cole et al., APL 92, 261108 (2008)
Cole et al., Nature Comm. 2, 231 (2011)



Direct observation of a non-Markovian heat bath

• current „paradigm“: mechanical Brownian motion is Markovian

I(): spectral density of heat bath
(weakly coupled, high T)

• Ludwig, Hammerer, Marquardt, Phys. Rev. A 82, 012333 (2010): non-Markovian 
environment can strongly influence entanglement (see also Loss & diVincenzo 2005; Abdi 
et al. arxiv:1106.0029; Ghobadi et al. arxiv:1106.0788)

• what is the actual spectral density of the mechanical environment?
• Wilson-Rae, Phys. Rev. B 77, 245418 (2008): mode geometry can 
result in sub-Ohmian spectral densities 

• Can we directly measure properties of I()? Yes!
k < 1: sub‐Ohm

Non‐Markovian
Brownian motion

Gröblacher, Prigge, Trubarov, Aspelmeyer, Eisert (in preparation)

(Caldeira‐Leggett)



An ultimate experiment? Entanglement by gravity…

Ball 2

|Ball1_u> + |Ball1_d>  |Ball1_u>|Ball2_u> + |Ball1_d>|Ball2_d>

FEYNMAN:

(Chapel Hill Conference 1957)



Ramsey‐type interference

6 GHz thickness oscillation
 n ~ 0.07 @ 20 mK

Micromechanics, 21013 atoms
m ~ 10‐12 kg = 71014 AMU 

x ~ 10‐16 m (~10‐10x its diameter)

PFNS10: C60[C12F25]10 ,430 atoms
m ~ 10‐23 kg = 6910 AMU 

x ~ 100 nm (~50x its diameter)

Neutron, 1 „atom“
m ~ 10‐27 kg = 1 AMU 

x ~ 1 cm 
(~1013x its diameter)

Arndt group, Vienna



Thomas Deimel, Philipp Köhler, Igor Pikovski, MA

Testing gravitational collapse with „quantum mechanics“



Towards quantum state preparation of a free particle

Optically levitated nanospheres

 Harmonic oscillator in optical potential
(negligible support loss, high Q)

 Quantum control via cavity optomechanics
(laser cooling, state transfer, etc.)

• Akram, Kiesel, Aspelmeyer, Milburn, 
NJP  12, 083030 (2010)

• Khalili, Danilishin, Miao, Müller‐
Ebhardt, Yang, Chen, quant‐ph
1001.3738 (2010)

• Romero‐Isart, Pflanzer, Juan, Quidant, 
Kiesel, Aspelmeyer, Cirac, Phys. Rev. A 
83, 013803 (2011) 

Generation of quantum superposition states

• single‐photon quantum state transfer
• quantum state teleportation
• …
• free fall . . . 

Chang et al., quant‐ph 0909.1548 (2009), PNAS 2010
Romero‐Isart et al., quant‐ph 0909.1469 (2009), NJP 2010
P. F. Barker et al., PRA 2010
early work: Hechenblaikner,  Ritsch et al., PRA 58, 3030 (1998)

Vuletic & Chu, PRL 84, 3787 (2000)

Magnetically levitated spheres
(Romero‐Isart et al., 1112.5609
Cirio et al., 1112.5208)  



Superposition of macroscopic distinct states
via free fall?

O. Romero‐Isart et al., PRL 107, 020405 (2011)



In collaboration with O. Romero‐Isart, A. Pflanzer, I. Cirac
see also Romero‐Isart, Phys. Rev. A 84, 052121 (2011)

One possible application: test of alternative 
decoherence models

x ~ R

Background gas 
p~10‐13 mbar

(here: no
blackbody
radiation!)

Karolhyhazy / 
GRWP

Penrose

Quantum 
Theory (~R2)

Karolyhazy (1960s), e.g. Nuovo Cimento 42, 390 (1966)
Diosi (1980s), e.g. J. Phys. A: Math. Gen. 21, 2885 (1988) 
Penrose (1980s), e.g. Gen. Rel. Grav. 34, 1141 (2002 )

O. Romero-Isart et al., PRL 107, 020405 (2011)

P ~ 10‐13 mbar, T ~ 4K



In collaboration with O. Romero‐Isart, A. Pflanzer, I. Cirac
see also Romero‐Isart, Phys. Rev. A 84, 052121 (2011)
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decoherence models
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O. Romero-Isart et al., PRL 107, 020405 (2011)

P ~ 10‐13 mbar, T ~ 4K



Classical gravity: localization of macro-objects

 gravitational inhibition of dispersion
 gravitationally bound states
modified ground state (Gross‐Pitaevskii)

Schrödinger‐Newton equation (Diosi 1984)

e.g. add gravitational self‐
interaction (Diosi, Penrose)

inhibition of dispersion

m = 1010 amu, (0) = 500 nm
 collapse time t~30,000 sec

m = 1012 amu, (0) = 500 fm
 collapse time t~3x10‐6 sec

Giulini & Großardt, arxiv 1105.1921 [gr‐qc]
See also Yanbei Chen et al., arxiv 2012

How to incorporate a Newtonian gravity field into quantum framework? 



Optically trapped nanospheres as mechanical resonators



Detuning 

Cavity envelope

Heterodyne beat frequencyN
oi
se
 p
ow

er
 sp

ec
tr
um

Nanosphere
motion

Ashkin since 1967
Raizen group, Science 2010
Novotny 2012

Optical trapping inside a 
cavity… (R~20nm – 2µm)
Kiesel et al., work in progress

Cavity Finesse ~ 
100,000



Cavity cooling of a trapped
nanosphere

Nikolai Kiesel, Florian Blaser, Uros 
Delic, David Grass, Rainer 
Kaltenbaek, Markus Aspelmeyer, 
arXiv:1304.6679 (2013)



LISA??

LISA: Laser Interferometer Space Antenna



22. May 2012 9th LISA Symposium, Paris Page 32

Payload Architecture
Optical Bench

• As in LMF, OB diameter drives payload and thus s/c height
 Sizing coherent with reduced telescope dimensions is enabled by

‒ Removal of PAAM, PAAM Metrology & Optical Truss
‒ Double‐sided OB

 Basic feasibility demonstrated by very detailed design, employing 
maximum heritage from LTP and LISA OB CTP

350 m
m

580 mm (CTP)

15.3 kg
+ margin







Tenv ~ 10 K, background pressure << 10‐15mbar, 
micro‐gravity environment
 Long fall times

DECIDE
•macroscopic quantum states
(„Schrödinger Cat“)
• test quantum theory against
macrorealistic models

MAQRO: Macroscopic Quantum Resonators for Space

A possible space experiment under extreme 
conditions (vacuum, temperature):

R. Kaltenbaek, Schwab, Aspelmeyer  et 
al., arXiv:1201.4756
in collaboration with EADS ASTRIUM 
Friedrichshafen

LTP Module





Measuring the canonical commutator of a massive system

Idea: Closed loop in (mechanical) phase space generates an (optical) phase 
related to the (mechanical) commutator

mechanics

ancilla

Pikovski et al. Nature Physics (2012); doi:10.1038/nphys2262

mechanics

optical ancilla

Without ancilla: see e.g. ion experiments
Leibfried et al., Nature 422, 427 (2003)



Towards tests of quantum gravity predictions?
Different proposals in the literature

Provides a feasible route to put 
experimental upper bounds on 
possible modifications

Current state of the art:

Pikovski et al. Nature Physics
(2012); doi:10.1038/nphys2262



Towards tests of quantum gravity predictions?

Current state of the art:

Estimates for optomechanics scheme:

I) m = 100pg, wm = 105 Hz, l = 600nm, 
F = 105, NP = 1012 photons, pulse duration t = 1/k
 b0, max < 105

II) m = 100pg, wm = 105 Hz, l = 600nm, 
F = 106, NP = 1013 photons, t= 1/k
 b0, max < 1

II) m = 100pg, wm = 105 Hz, l = 600nm, 
F = 105, NP = 1010 photons, t = 1/k
 g0, max < 1

 Improvement by more 
than 20 orders of 
magnitude compared to 
existing bounds !

 measuring Planck-scale deformations
Pikovski et al. 
Nature Physics (2012); 
doi:10.1038/nphys2262

5 × 105

10-6 kg
105 Hz
532 nm

1014

104

10-8



Braginsky: „Beating the standard quantum 
limit can be achieved only in one way: design 
the probe so it sees only the measured 
observable.“

 quantum non‐demolition (QND)

PNAS USA 108, 16182 (2011)

„How it all began“… beating the standard quantum limit
through (quantum) non-demolition

X?

How to measure position x to arbitrary accuracy?
• Stroboscopic measurements (periodic interaction), e.g. Schwab et al. (2012)
• Single shot measurements

 Optical phase is correlated with instantaneous position

Braginsky, Unruh, Thorne, Caves, etc…



Pulsed quantum optomechanics

 Squeezing, displacement
and cooling of mechanical

resonator through information
update!

Vanner, Pikovski et al., PNAS 108, 16182 (2011)



Latest data from the lab…
Cooling-by-measurement and state tomography

M. Vanner, J. Hofer, G.D. Cole, M. 
Aspelmeyer, arxiv 1211.7036 (2012)



A new playground: adding „quantum“ to mechanics…

Quantum Foundations
macroscopic quantum physics
decoherence and the quantum

measurement problem
 quantum physics and gravity

Quantum Information 
novel on-chip architectures
 coherent light-matter interfaces

(transducers, memories)
 strong photon-phonon 

nonlinearities

(Quantum) Measurement
new levels of accuracy
 crystallline mirrors
 measurements of G?

g – kg

Hz

cm

ng -mg 

kHz – MHz

µm

pg -ng 

MHz – GHz

nm



The end: bild Gruppe mit collaborations

Our collaborators and discussion partners include…

Foundations of quantum physics:
Markus Arndt (Vienna, Austria)
Caslav Brukner (Vienna, Austria) 
Raymond Chiao (UC Merced, USA)
Anthony J. Leggett (UIUC, USA)
Anton Zeilinger (Vienna, Austria)

Quantum optical control and quantum 
information (theory):
Ignacio Cirac (MPQ, Germany)
Jens Eisert (Potsdam, Germany) 
Klemens Hammerer (Hannover, Germany) 
Myungshik Kim (London, UK)
Gerard Milburn (Queensland, Australia) 
Alex Retzker (Ulm, Germany)
Peter Rabl (Innsbruck, Austria) 
Helmut Ritsch (Innsbruck, Austria)
Oriol Romero-Isart (MPQ, Germany)
Frank Verstraete (Vienna, Austria) 
Peter Zoller (Innsbruck, Austria)

Micro- and nanomechanical fabrication, 
quantum interfacing  and low-loss coatings:
Greg Harry (Caltech, LIGO, USA) 
Nergis Mavalvala (MIT, LIGO, USA)
Oskar J. Painter (Caltech, USA)
Achim Peters (HU Berlin, Germany)
Keith Schwab (Caltech, USA)
Ignacio Wilson-Rae (Munich, Germany)
Jun Ye (NIST, USA) 

Special thanks to our former group
members
Hannes Böhm  EADS, Germany
Sylvain Gigan ESPCI, France
Mauro Paternostro QUni Belfast, Ireland
Katharina Gugler FFG, Austria
Simon Gröblacher  Caltech, USA
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Low‐noise coatings & microfab
Garrett Cole

N.N. (cleanroom tech)

Quantum foundations and levitated
resonators (with M. Arndt, R. Chiao, 

K. Schwab, EADS Astrium)
Nikolai Kiesel

Rainer Kaltenbaek
Steve Minter
Florian Blaser
Uros Delic
David Grass
Nils Prigge

Jonas Schmöle

Towards testing quantum gravity & 
pulsed state preparation (with C. 

Brukner, M. Kim)
Sungkun Hong
Michael Vanner
Joachim Hofer
Garrett Cole
Igor Pikovski
Philipp Köhler

Quantum information interfaces (with K. 
Hammerer, P. Rabl, J. Eisert, O. Painter)

Witlef Wieczorek
Simon Gröblacher

Jason Hölscher‐Obermayer
Ralf Riedinger
Sebastian Hofer
Karoline Siquans
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