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Earth: a solid body or a hollow sphere with a core?
1774 (Maskelyne): gravitational force of a mountain via pendulum
1798 (Cavendish): gravitational force of spheres via torsional pendulum

Mt Schehallien (Scotland)

Mechanical Sensing – early attempts

Gundlach et al., 
PRL 2000
DG/G = 15ppm



OUTLINE

• Quantum Tests of Gravity.
An incomplete survey

• Quantum Tests of Quantum Gravity?
Low-energy consequences of quantum
gravity in table-top experiments

• Quantum Tests of Non-Classical Gravity.
A quantum Cavendish experiment and its
consequences

20µm



The neutron 
interferometer

Rauch, Treimer, Bonse, 
Physics Letters A 47, 369 (1974)

In memory of Helmut Rauch (1939-2019)
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Nature 1999 Nature 2002

…

Quantum systems as sensitive probes of gravity

(Kasevich group)
1991  Dg/g = 1x10-6

1998  Dg/g = 3x10-8

2014  Dg/g = 5x10-13

(Kasevich/Tino groups)
2007  DG/G = 3x10-3

2014  DG/G = 1x10-4

mainly limited by position of atoms



Newtonian Gravity in Quantum Experiments

Nature 2002

Sensitivity dE = 1e-14 eV
à test short-range modifications of

V(r) on (sub-) µm scale
à Most stringent bound on 

pseudoscalar axions
Abele2014: PRL 112, 151105



Quantum tests of the gravitational
time dilation

Frequency shift due to 33 cm lift in 
Earth‘s gravitational field

Dn/n = gh/c2 = 10-16 x h

(microwave atomic clocks:  e.g. Hafele & Keating, Science 
177, 166 (1972), Vessot et al., PRL 45, 2081 (1980): h=107m)



If the qubit is placed in a spatial superposition of two
vertical heights (in Earth‘s gravitational field) separated
by Dh the qubits will evolve differently:

Example: 
Dh=20m (Kasevich drop tower, Stanford), DE=2eV 
(optical qubit, e.g. 4S-3D transition in Ca-2+)
à Tp = 500 ms (compatible with achievable

coherence times)

What is time? Quantum superpositions of clocks



If the qubit is placed in a spatial superposition of two
vertical heights (in Earth‘s gravitational field) separated
by Dh the qubits will evolve differently:

Example: 
Dh=20m (Kasevich drop tower, Stanford), DE=2eV 
(optical qubit, e.g. 4S-3D transition in Ca-2+)
à Tp = 500 ms (compatible with achievable

coherence times)

What is time? Quantum superpositions of clocks

or: curvature-induced phase shift of

atomic wavepacket via gravity-
gradiometry (Kasevich 2019; PITP talk) 

à genuine GR effect on a quantum 

property



Quantum-enhancing GWD Exploiting quantum
properties of „squeezed“ 

light in GEO 600

Schnabel, Danzmann (AEI)

à f-dependent squeezing: Oelker 2016: PRL 116, 041102

Quantum squeezed light
(Caves 1981): PRD 23, 1693
GEO 600: Nature Physics 7, 962 (2011)
LIGO: Nature Photonics 7, 613 (2013)



Exploiting quantum
properties of „squeezed“ 

light in GEO 600

Schnabel, Danzmann (AEI)

aLIGO

48 mm Ø
10m Prototype for
Gravitational-Wave Detector
Research
(Albert-Einstein Institut, 
Hannover)

with H. Lück (AEI), 
K. Danzmann (AEI)

Towards the ultimate quantum limits of measurement

à f-dependent squeezing: Oelker 2016: PRL 116, 041102

Quantum-enhancing GWD



Schwab 2017: NJP 19, 091001

Detecting continuous gravitational
waves with superfluid He4

A Resonant Mode for Gravitational Wave 
Detectors based on Atom Interferometry

... and many more gravitational wave detectors

Ye 2016: PRD 94, 124043

Gravitational wave detection with optical
lattice atomic clocks

Kasevich 2016: PRD 94, 104022

Detecting gravitational
waves with highly
nonclassical states of
Bose-condensed
atoms?

Fuentes 2014: NJP 16, 
085003



... and many more opportunities

...

Science 349, 849 (2015)

AURIGA (INFN) 

Science 341, 1213 (2013)
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Testing High-Energy Physics in Table-Top Experiments: 
The example of Supersymmetry

„Hence, within the context of many models, our EDM limit constrains CP violation up to
energy scales similar to, or higher than, those explored directly at the Large Hadron Collider.“

What about quantum gravity?

See also: Regan et al., Phys. Rev. Lett. 88, 
071805 (2002); Hudson et al., Nature 473, 
493 (2011). 



e.g. L. Garay, arXiv:gr-qc/9403008



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, Vanner, Aspelmeyer, Kim, Brukner
Nature Physics 8, 393 (2012)

mechanics

optical ancilla

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



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
à b0, max < 105

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

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

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

à measuring Planck-scale deformations Pikovski et al. 
Nature Physics 8, 393 (2012)

5 × 105

10-6 kg
105 Hz
532 nm

1014

104

10-8



Restricting Modified Commutators via Thermometry

AURIGA (Webber bar detector)
Deformation of the commutator can be cast into a (modified) 
effective Hamiltonian picture 
à modified ground state energy can be tested by thermometry



Time evolution of COM position Q 
exhibits an additional third harmonic 
term (and hence a dependence of the 
oscillation frequency on its amplitude).



Quantum Optical Tests of Nonlocal Effective Field Theories

Background: Combining fundamental discreteness and 
local Lorentz invariance (LLI) may require some form of 
nonlocality
Idea: Nonlocal effective field theories can be solved 
perturbatively
Result: Modified dynamics results in observable time-
dependent squeezing of (opto-)mechanical systems 



WHAT ABOUT QUANTUM SYSTEMS AS
GRAVITATIONAL „SOURCE MASSES“ ?

20µm



OUTLINE

• Quantum Tests of Gravity.
An incomplete survey

• Quantum Tests of Quantum Gravity?
Low-energy consequences of quantum
gravity in table-top experiments

• Quantum Tests of Non-Classical Gravity.
A quantum Cavendish experiment and its
consequences

20µm

?



Ball 2

An ultimate experiment? Entanglement by gravity…

FEYNMAN:

Chapel Hill Conference 1957 (29)

see also Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)
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see also Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)

Pino et al., arXiv:1603.01553
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An ultimate experiment? Entanglement by gravity…

FEYNMAN:

Chapel Hill Conference 1957 (29)

Example: For 2 lead spheres of diameter 500 µm, an initial 
superposition size for sphere 1 of Dr = 5×10-7 m and preparation 
of sphere 2 in a motional ground state (100 Hz trap frequency) 
with Dx0=10-15 m, we obtain Gent=1.5 Hz, i.e. gravitational 
entanglement is established on a second time scale. 

Pino et al., arXiv:1603.01553
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Ball 2

An ultimate experiment? Entanglement by gravity…

FEYNMAN:

Chapel Hill Conference 1957 (29)

Example: For 2 lead spheres of diameter 500 µm, an initial 
superposition size for sphere 1 of Dr = 5×10-7 m and preparation 
of sphere 2 in a motional ground state (100 Hz trap frequency) 
with Dx0=10-15 m, we obtain Gent=1.5 Hz, i.e. gravitational 
entanglement is established on a second time scale. 

Note: dynamical potential 
landscape allows for significantly 
smaller masses (Pino 2016: 2 µm)

Bose et al., PRL 119, 240401 (2017)

Refined proposal by Bose, Kim, Milburn et al. 2017: 
Entanglement by gravitational phase shift (COW) and CSIGN gate 



20µm

Measuring the gravitational force of milligram masses

Schmöle et al., Class. Quant. Grav. 33, 125031 (2016)  



How massive/small can we go?  

Juffmann et al., Nature 
Nanotech. 7, 297 (2012) 

Müntiga et al., PRL 
110, 93602 (2013) 

O‘Connell et al., Nature 
464, 697 (2010) 
Palomaki et al., Science 
342, 710 (2014)

Lee et al., 
Science 334, 
1253 (2011) 

X



How massive/small can we go?  



Ionizing
laser

Standing light
wave Ion 

detector
Molecule beam

1nm

C60

PFNS10

PFNS10: C60[C12F25]10

(perfluoroalkylated nanosphere) 
430 atoms

m ~ 10-23 kg = 6910 AMU 
Dx ~ 100 nm (~50x its diameter)

Arndt group (Vienna):  S. Gerlich, S. Eibenberger et al., Nature Communications 2, 263 (2011) 

COM superposition states of massive systems: where do we stand?

2,000 atoms
Fein et al. Nature Physics 2019



Ramsey-type interference

6 GHz thickness oscillation
à n ~ 0.07 @ 20 mK

Micromechanics, 2´1013 atoms
m ~ 10-12 kg = 7´1014 AMU 

Dx ~ 10-16 m (~10-10x its diameter)

Note: Eg-Ee = h*fm ≈ 20µeV

COM superposition states of massive systems: where do we stand?



Mechanical Systems IN the quantum regime
Quantum ground state of motion

Phonon control through superconducting qubit: 
O‘Connell et al., Nature 464, 697 (2010) 
Photon-phonon correlations: 
Riedinger, Hong et al., Nature 530, 313 (2016)

Microwave cavity cooling: Teufel et al., Nature 475, 359 (2011)
Laser cooling: Chan et al., Nature 478, 89 (2011)

... and many more around the world...

Quantum entanglement
EPR-type entanglement (MW): 
Palomaki et al., Science 342, 710 (2013)
Bell-type entanglement (optical): 
Lee et al., Science 334, 1253 (2011)
Riedinger et al., Nature 556, 473 (2018)

Quantum squeezed states of motion
Wollman et al., Science 349, 952 (2015)
J.-M. Pirkkalainen et al., PRL 115, 243601 (2015)
F. Lecocq et al., PRX 5, 041037 (2015)

Non-Gaussian quantum states of motion

1010 atoms

„reservoir engineering“
(see also Cirac et al. PRL 70, 556 1993) 

1013 atoms



Pushing mechanical quantum control to the next level

Solid-state mechanical quantum devices
(clamped):

1010 – 1016 atoms

Coherence time tc 10-12 – 10-8 sec

Matter-wave interferometry (free-fall):

100 – 104 atoms

Coherence time tc 10-3 – 100 sec

O‘Connell et al., Nature 464, 697 (2010) 

10 nm

Juffmann et al., Nature 
Nanotech. 7, 297 (2012) 

TPPF320
C284H190F320N4S12 

• Quantum control of a trapped massive object >> 1010 atoms
• Long coherence times (up to seconds)
• Exceptional force sensitivity
• Externally engineerable (and controllable) arbitrary potential landscape

Q: How to achieve large mass AND long coherence time in a quantum experiment? 

A: Quantum control of levitated mechanical systems!



Optically levitating nanoparticles

Pioneering work by Ashkin:
A. Ashkin, PRL 24, 156 (1970). 
A. Ashkin, J. M. Dziedzic, APL 28, 333 (1976). 

intensity

potential

Microscope 
objective

Nanoparticle 
(70nm)

Magrini (2019)



Chang et al., PNAS 2010
Romero-Isart et al., 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)

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

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

Towards quantum state preparation of a free particle

Cavity-Optomechanics
Rev.Mod.Phys. 86, 1391 (2014)
pioneering works by V. Braginsky



Cavity control of levitated particles

Grass et al., Appl. Phys. Lett. 108, 221103 (2016): optical control in hollow-core fibres
Kiesel et al., PNAS 110, 14180 (2013): cavity cooling of levitated particles
Magrini et al., Optica 5, 1597 (2018): near-field coupling to photonic crystal cavity
Delic et al., PRL 122, 123602 (2019): cavity cooling via coherent scattering

• dielectrics and superconductors (100nm – 10um)
• ultimate goal: anharmonic coupling (e.g. via 2-level systems) & full quantum control



Cavity control of levitated particles

Grass et al., Appl. Phys. Lett. 108, 221103 (2016): optical control in hollow-core fibres
Kiesel et al., PNAS 110, 14180 (2013): cavity cooling of levitated particles
Magrini et al., Optica 5, 1597 (2018): near-field coupling to photonic crystal cavity
Delic et al., PRL 122, 123602 (2019): cavity cooling via coherent scattering

photonic crystal cavity

optical fiber

• dielectrics and superconductors (100nm – 10um)
• ultimate goal: anharmonic coupling (e.g. via 2-level systems) & full quantum control



Cavity Optomechanics with levitated nanoparticles

D

Detuning D

Cavity envelope

Heterodyne beat frequencyN
oi

se
 p
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 sp
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um

Nanosphere
motion

Ashkin since 1967
Raizen group, Science 2010
Novotny, Quidan 2012
Barker group 2014
Geraci group 2015

Optical trapping and cavity
cooling (R~200nm)
Kiesel, Delic, Grass et al., 
PNAS USA 110, 14180 (2013) 

Cavity Finesse ~ 
100,000



Cavity Optomechanics with levitated nanoparticles
Delić et al., arXiv:1911.04406

𝜔" ≈ 2𝜋×305 kHz
𝜔* ≈ 2𝜋×80 kHz

𝜔, ≈ 2𝜋×275 kHz

𝜅 = 2𝜋×193 kHz

p	=	1e-6	mbar,	T	=	300K

Stokes
scattering

anti-Stokes
scattering
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Cavity Optomechanics with levitated nanoparticles

𝜔" ≈ 2𝜋×305 kHz
𝜔* ≈ 2𝜋×80 kHz

𝜔, ≈ 2𝜋×275 kHz

𝜅 = 2𝜋×193 kHz

nx < 0.5 (ground state probability > 2/3)
Center-of-mass Tc = 12uK; environment Te > 300K

gx = 2p x 71 kHz, Cooperativity C = 5

Delić et al., arXiv:1911.04406

p	=	1e-6	mbar,	T	=	300K

Stokes
scattering

anti-Stokes
scattering

>𝑛 =
𝜅
4Ω"

B
+
𝛾E
𝑘G𝑇IJKL
ℏΩ"

+ ΓOPQ
ΓR − ΓT

+
𝑛ULVK
𝜅 𝑆X Ω"

Limitations:
• Sideband resolution
• Gas and recoil scattering
• Phase noise

0.026 < 10-32x105 @ 0.06 mbar
0.5 @ 1e-6mbar



Decoherence

Master equation approach

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

Decoherence due to blackbody absorption
(50 nm sphere)

Decoherence due to gas scattering on a 
glass sphere (Romero-Isart 2011)

Example: a free nanoparticle

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



Decoherence

Master equation approach

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

Decoherence due to blackbody absorption
(50 nm sphere)

Decoherence due to gas scattering on a 
glass sphere (Romero-Isart 2011)

Example: a free nanoparticle

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

In our case (p=1e-6 mbar; Te > 300K): Ggas/2p = 15kHz, Grec/2p = 6kHz 

Photon Recoil & Gas Scattering limit in-trap coherence time to < 8us 
(15 coherent oscillations)

Gas Scattering limits free-fall coherence time to < 2us 
(wavepacket expansion by factor of 3: 3pm à 10pm)

Wavepacket size > particle size will require p < 1e-11mbar and Te < 130K



Newton, etc...

Towards „large“ quantum superposition states

Optical levitation

Superconducting
levitation

Free-fall + 
quantum
measurement

(Romero-Isart 2011) 
PRL107, 020405

(Pino 2016) arxiv: 1603.01553

100µm



Newton, etc...

Towards „large“ quantum superposition states

Optical levitation

Superconducting
levitation

Free-fall + 
quantum
measurement

(Romero-Isart 2011) 
PRL107, 020405

(Pino 2016) arxiv: 1603.01553

100µm

Next Step: 

Controlling the Potential 

Landscape



Shaping the potential landscape of optical tweezers

Gaussian TEM00 provides 3D 
harmonic trap (to first order)

Superposition of TEM00 with 
TEM01 provides control over 
potential landscape, e.g. 
from harmonic to repulsive

Microscope
objective

𝑥Z
intensity

potential

Mario Ciampini
(Kiesel group)



Ball 2

An ultimate experiment? Entanglement by gravity…

(Pino2016)

Superconducting
levitation

MAQRO: LTP-based
satellite mission(Kaltenbaek2012)

Entanglement time

(Romero-Isart2012)



Magnetically trapped superconductors
as mechanical resonators

Pb

Drive coil

Pick-up coil

1cm

100µm

J. Hofer, S. Miniberger, M. Trupke

(artist‘s impression – still...)

Jointly with: 

O. Romero-Isart, G. Kirchmair (IQOQI)

Michael Trupke (U Vienna)

A. Sanchez (UA Barcelona)

R. Gross, H. Huebel (WMI Munich)

Magnetic levitation in anti-
Helmholtz coil configuration

Trap frequencies ~ 1 kHz
T= 20 mK, p = 1e-8 mbar

200µm
(20 mKK, <1e-6 mbar)

Q > 200,000 @ 20mK



1960-1975 1980-2010

atom interferometry
ultracold neutrons
ultrastable optical clocks

photons
neutron interferometry
microwave atomic clocks

„CLASSICAL“ GRAVITY

„QUANTUM“ GRAVITY

> 2010

time, precision, mass, ...

Gravitational
coupling to quantum
systems

Precision measure-
ments of Newtonian
gravity & GR

Experimental constraints for
Dark Energy, Dark Matter

Analogue (Quantum) Gravity

Low-Energy constraints for
Quantum Gravity theories

Gravitationally induced
entanglement

Testing gravitational decoherence
(incl. Schrödinger-Newton dynamics)

„extreme“ matter waves
optical lattice clocks

?

Piling up momentum...



Quantum Controlling Levitated Massive Mechanical Systems 

Establish quantum control of levitated
massive mechanical systems

Enable a new class of experiments
at the interface between
quantum physics and gravity

Top-down: Measure gravity between
sub-mm source masses

Bottom-up: Demonstrate long-lived quantum
coherence of increasingly massive systems

• Optical levitation coupled to cavities
• Magnetic levitation coupled to

superconducting circuits

Long-term: establish experiments that exploit the
source mass character of the quantum system

GOAL

METHOD

MOTIVATION

EXPECTED 
RESULTS



Quantum-“Mechanics“ in Vienna: 
The Mirror Team 2019

Low-noise coatings & microfab
Garrett Cole @ CMS

Quantum information interfaces (with K. 
Hammerer, S. Gröblacher, O. Painter, R. 

Schnabel, J. Eisert)
Sungkun Hong (@ KAIST)

Ralf Riedinger (@ Harvard)
Witlef Wieczorek (@ Chalmers)

Claus Gärtner
Corentin Gut

Klemens Winkler

Optical levitation in cavities (with
Kiesel Group, V. Vuletic)

Uros Delic
David Grass (@Duke)

Constanze Bach
Yuriy Coroli

Jelena Cvijan
Kahan Dare

Lorenzo Magrini
Manuel Reisenbauer

Superconducting levitation (with R. 
Gross, O. Romero-Isart, M. Trupke)

Josh Slater (@ Delft)
Stefan Minniberger

Milan Gemaljevic
Joachim Hofer

Quantum foundations and the gravity-
quantum interface (with C. Brukner, B. 

Dakic, R. Wald, A. Zeilinger)
Alessio Belenchia (@ Belfast)

Lukas Neumeier
Fatemeh Bibek
Philipp Köhler

Precision measurements of gravity
Tobias Westphal

Mathias Dragosits
Hans Hepach
Jeremias Pfaff

Potential landscape shaping & optimal 
control (with Kiesel Group, A. Kugi, M. 

Ritsch-Marte)
Mario Ciampini

Maxime Debiossac
Stefan Lindner
Tobias Wenzl
Qianze Zhu



Thanks!

Quantum Optomechanics at ultra-low
temperatures
HBT of single phonons
Hong, Riedinger et al., Science 358, 203 (2017) 

Entangled mechanical oscillators
Riedinger, Wallucks, et al. Nature 556, 473 (2018)
Marinković et al., Phys. Rev. Lett. 121, 220404 (2018)

The gravity-quantum interface
Quantum Superposition of Massive Objects and the 
Quantization of Gravity
Belenchia et al., Phys. Rev. D 98, 126009 (2018)

Levitating dielectrics and superconductors
Near-field coupling to a photonic crystal cavity
Magrini et al., Optica 5, 1597 (2018)

Ground-state cooling from room temperature
Delic et al., arXiv:1911.04406 (2019)

Cavity cooling via coherent scattering
Delic et al., Phys. Rev. Lett. 122, 123602 (2019)


