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-->  plus Bell tests: there is no 
(classical) alternative to QED!

A brief history of quantum optics: 
does electromagnetism require a quantum description?



Neutrons: Earth‘s gravity impacts the wavefunction of a quantum particle

see also Overstreet, Asenbaum et al., 

Science 375, 6577 (2022)

Neutron 
interferometer 
(Rauch, Werner)

All experiments to date can be explained by assuming the 
joint validity of quantum theory and general relativity



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

see also 

Bothwell et al., Nature 602, 420 (2022)
Zheng et al., Nature 602, 425 (2022)

All experiments to date can be explained by assuming the 
joint validity of quantum theory and general relativity

1mm



1957 Chapel Hill Conference

GOLD: „Can we have

phenomena which the

classical theory of gravity

(without quantization) is

unable to explain?“

FEYNMAN: YES!

Entangling two

masses via 

gravity requires

quantization!



Gravity

ۧY

Mass

Observer

superposition of states that are 
gravitationally distinct, 
i.e. can be distinguished in 
gravity experiments 

= Gravitational Schrödinger Cat
Mass

QUANTUM SOURCES OF GRAVITY cannot be described by GR 
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superposition of states that are 
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i.e. can be distinguished in 
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gravitional coupling to another 
system (e.g. test mass, clock) 
creates entanglement

if you believe in quantum mechanics 
up to any level then you have to 
believe in gravitational quantization 
in order to describe this experiment. 
(Feynman 1957)

QUANTUM SOURCES OF GRAVITY cannot be described by GR 



QUANTUM SOURCES OF GRAVITY. What is the challenge?

We need extreme regimes of both quantum (large mass m, large delocalization

x, long coherence time ) and gravity experiments (short distance d, low noise), 

specifically

arxiv:2203.05587
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QUANTUM SOURCES OF GRAVITY. Why solids?

Experimental constraints

PRL 124, 101101 (2020)

NJP 22, 063039 (2020) 
PRX Quantum 3, 030327 (2022)

solid state densities

d0



QUANTUM SOURCES OF GRAVITY in the presence of decoherence arxiv:2203.05587
see also 
O. Romero-Isart et al., PRL 107, 020405 (2011)
O. Romero-Isart, PRA  84, 052121 (2011)
S. Rijavec et al., New J. Phys. 23, 043040 (2021)
T. Weiss et al., PRL 127, 023601 (2021)



Quantum Experiments

QUANTUM SOURCES OF GRAVITY. Where do we stand?



Current experiments involving delocalization of massive objects

Atoms
Atom interferometer; 1 atom; M = 87 a.m.u. = 8.7e-26 kg; 
superposition size x > 0.5m
T. Kovachy, P. Asenbaum et al., Nature 528, 530-533 (2015)

Macro-molecules
matter-wave interference; 2,000 atoms; M = 25,000 a.m.u. = 4e-23 kg; particle size D=5nm; superposition size x > 500 nm
Y. Y. Fein et al., Nat. Phys. 15, 1242–1245 (2019)

10m fountain
Kasevich Lab
Stanford



Solid-state mechanical oscillators
Schrödinger cat state I> + I-> between coherent phonon states I+/-> with II=1.6 
of a 6 GHz acoustic mode; 5e17 atoms, M = 2e-8 kg, saphire bulk acoustic resonator 
((30um)^2x400um), superposition size x = 1e-18 m; coherence time 10s 
M. Bild, M. Fadel, Y. Yang et al., Science 380, 274-278 (2023)

Motional quantum ground state 
LIGO mirrors; differential motion of differential motion of cavity arms form effective 
mechanical oscillator with M = 10kg;  3e26 atoms; mirror size (35cm)^2 x 5cm; ground 
state size x = 1e-19m (not yet fully achieved); coherence time ms (without blackbody 
radiation localization; requires T < 0.3K)
C. Whittle et al., Science 372, 1333–1336 (2021)

Current experiments involving delocalization of massive objects
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x0 = 3pm

x(12ms) = 80nm

  = particle radius

Towards „large“ quantum states?

Additional speedup by coherent

inflation (inverted potential): 
Romero-Isart, NJP 19, 123029 (2017) 

Weiss et al., PRL 127, 023601 (2021)



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

intensity

potential

Optically levitating nanoparticles Nanoparticle 
(70nm)

Microscope 
objective

Magrini (2019)



see also 
F. Tebbenjohanns et al., PRL 124, 013603 (2020)
F. Tebbenjohanns et al., Nature 595, 378 (2021)

• Confocal backplane imaging allows 

quantum limited position 

measurement @ 1.7 x Heisenberg 

limit (1e-14 m/sqrt{Hz})

• Kalman filtering allows real-time 

tracking of the quantum trajectory @ 

1.3 x zero-point motion

• Optimal feedback (LQR) allows to 

stabilize particle motion in its quantum 

ground state (<n> = 0.5) in a room 

temperature environment 

related:
Wieczorek et al., PRL 114, 223601 (2015)
Rossi et al., PRL 123, 163601 (2019)

Quantum Kalman Control: ground-state cooling

Lorenzo 

Magrini

Constanze 

Bach

Lorenzo Magrini, Constanze Bach, Nikolai Kiesel
P. Rosenzweig, A. Deutschmann, A. Kugi (TU Wien)

Andreas Kugi 

@ TU Wien

Magrini et al., Nature 595, 373 (2021)

Microscope 
objective
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Quantum Kalman Control: ground-state cooling

Lorenzo Magrini, Constanze Bach, Nikolai Kiesel
P. Rosenzweig, A. Deutschmann, A. Kugi (TU Wien)

Image of a 150nm glass sphere in 

its quantum ground state of motion 

at a room temperature environment

Lorenzo 

Magrini

Constanze 

Bach

Andreas Kugi 

@ TU Wien

Magrini et al., Nature 595, 373 (2021)

see also 
F. Tebbenjohanns et al., PRL 124, 013603 (2020)
F. Tebbenjohanns et al., Nature 595, 378 (2021)



Towards large delocalization: free evolution

electrostatic fields (“Milikan”)

3d electrostatic compensation allows free 
evolution without free fall (millisecond regime?)

▪ 3d electrodes, homodyne back detection, ത𝑛 ≈ 100
▪ Optimize voltages via free-fall recapture

• Stray electric fields dominate over gravity
• Current record: 100 µs

Free-falling wavepacket becomes delocalized 

PRL 83, 4037 (1999): Cs atoms
PRL 131, 183602 (2023): neutral nanoparticle
related: arxiv:2408.01264 (2024)

Nikolai KieselYaakov Fein
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▪ 3d electrodes, homodyne back detection, ത𝑛 ≈ 100
▪ Optimize voltages via free-fall recapture
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1 + Ω2𝜏2

Nikolai KieselYaakov Fein



YBCO Sliver

SnAg Sphere

110 µm

SnPb

AHC coils

AHC coils

SQUID

T < 20mK

ca. 

Planck 

mass

Joachim Hofer Philip Schmidt

Gerard Higgins Witlef Wieczorek 
→ Chalmers

Michael Trupke
Joshua Slater 
→ Delft

Hofer et al., PRL 131, 043603 (2023)  

Schmidt et al., Phys. Rev. Applied 22, 014078 (2024)

• stable levitation of a 5.6g superconducting 

SnPb sphere at 15mK (Q > 1e7 at 200Hz )

• DC-SQUID readout of particle motion allows for 

3D magnetic feedback

• cryogenic vibration isolation attenuates seismic
noise by seven orders of magnitude

WMI, BAdW

UTübingen

Oosterkamp & Hensen group (Leiden) / Wieczorek group (Chalmers)

• B. van Waarde, The lead zeppelin : a force sensor without a 
handle, Ph.D. thesis, Leiden University (2016)

• Gutierrez Latorre et al., PR Applied 19, 054047 (2024)

Towards larger mass: superconducting levitation



Low-noise superconducting levitation at 20 mK
Hofer et al., PRL 131, 043603 (2023)  

Schmidt et al., Phys. Rev. Applied 22, 014078 (2024)

▪ next generation: superconducting 

cavities, improved coupling, quantum 

ground state (?)

Remi ClaessenRhys Povey



• How small can we make a 

source mass?

• How massive can we make a 

quantum system?

What about gravity measurements?

Smallest source mass to date: 0.09 g
Westphal et al., Nature 591, 225 (2021)

no

w

soon



Measuring gravity generated by 
a millimeter-sized source mass

The challenge: how to NOT measure trams, 
marathon runners and night busses… Westphal et al., Nature 591, 225 (2021)



Silent Christmas Nights...

• We observe a linear and quadratic acceleration modulation (at f_mod and 2f_mod) produced from a 90mg source mass

• We resolve an acceleration modulation of 3e-10 m/s^2 with an accuracy of 10% and a precision of 1% (3e-12 m/s^2)

• The observed coupling deviates from the CODATA value for Newton’s constant by 9%, which is covered in the known 

systematic uncertainties of our experiment (i.e. interaction is >90% gravitational)

Westphal et al., 
Nature 591, 225 (2021)



Bild Tobias
Mine

ja

Next steps: going smaller in mass…

Planck mass:
1e18 atoms



... by going underground

Conrad Observatory,

Trafelberg, Austria



Going closer: gravity at short distances

Torsion pendulum
Microfabricated 

Modified Fourier-Bessel 
pattern

T-shape extensions                 
For capacitive feedback with 
Interferometric readout

10 µm Tungsten fibre

10 µm separation (not to scale)

Electromagnetic shield

Rotating Fourier Bessel  
attractor (Ø = 8 cm)
Femtosecond laser machined
Pattern on this side for 
visualization (not to scale)

Quantum Experiments Gravity Experiments

Gravity experiments require electromagnetic shielding between 

masses:

today: d0 > 50 m [Eöt-Wash group, Lee et al., PRL 124, 101101 (2020)]

planned: d0 > 10 m [Vienna; in collaboration with Eric Adelberger ]

10um thick Au-coated 

BeCu membrane

Eric Adelberger

Armin Shayeghi

Related to tests of large extra dimensions, e.g.  

ADD: Arkani-Hamed, Dimopolous, Dvali, PLB 

429, 263 (1998)

Swampland: Montero, Vafa, Valenzuela, arxiv 

2205.12293 (2022)



Requires: large mass (>>1e-6 Planck Mass), 

xtreme delocalization (>60dB), 

long coherence (10ms), 

sensitivity to gravity (<1e-14 g)

Why?

How?

R P Feynman

”One should think about designing an 
experiment which uses a gravitational 
link and at the same time shows 
quantum interference”

Chapel Hill Conference 1957 source

mass
test

mass

arXiv:2203.05587Summary I: Quantum Sources of Gravity – why and how?

GOLD: „Can we have phenomena which the classical theory of gravity (without
quantization) is unable to explain?“

FEYNMAN: „YES!“
1957 Chapel Hill Conference



Summary II • How small can we make a 

source mass?

• How massive can we make a 

quantum system?

• Levitated quantum control in the regime of large mass and
long coherence times

• Bottom-Up: Quantum regime of nanoparticles
• Top-Down: Gravitational coupling of mm-sized particles

Largest quantum mass in our lab: 
Quantum motion of a silica nanosphere 
at room temperature
Delic et al., Science 367, 892 (2020)
Magrini et al., Nature 595, 373 (2021)

Smallest gravitational source mass to date (1mm 
gold sphere = 4,000 times the Planck mass)

Westphal et al., Nature 591, 225 (2021)

150 nm particle = 109 atoms 1 mm particle = 1021 atoms



Summary III:

What do we (not) learn from observing entanglement generated by gravity

• … is inconsistent with assuming gravity is described by a classical field theory

• … does not tell us anything about the quantization of gravity

• … is consistent with a low-energy linearized quantum field theory of gravity

• … excludes by principle all gravitational “collapse” models

• … requires quantization of gravity to avoid conflict with causality and complementarity 

IF observed together with retardation e.g. Belenchia, Wald, et al., Phys. Rev. D 98, 126009 (2018)
Danielson et al., Phys. Rev. D 105, 086001 (2022)

Martín-Martínez, Perche, Phys. Rev. D 108, 101702 (2023)

The generation of gravitationally induced entanglement… 



Quantum-“Mechanics“ in Vienna: 

The Levitation Team 2022
+ our collaboration partners:

The ERC Synergy team: Lukas Novotny, Romain Quidant (ETH) / Oriol Romero-Isart (Innsbruck)

Eric Adelberger (UWash) / Caslav Brukner (Vienna) / Rudolf Gross, Hans Hübl (WMI) / Andreas Kugi (TU Wien) / 

Nikolai Kiesel (Vienna) / Monika Ritsch-Marte (Innsbruck) / Vladan Vuletic (MIT) / Robert Wald (UChicago) / Witlef Wieczorek (Chalmers)

 

@ Einsteinhaus Caputh

Quantum-“Mechanics“ in Vienna: 
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Eric Adelberger (UWash) / Caslav Brukner (Vienna) / Rudolf Gross, Hans Hübl (WMI) / Andreas Kugi (TU Wien) / 
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Ars longa, vita brevis

?
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