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R P Feynman
Quantum entanglement via gravity

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

Chapel Hill Conference 1957

Prelude: The 1957 Chapel Hill Conference

“…that we’re in trouble if we believe in quantum mechanics but don’t quantize gravitational theory”

„But aside from that possibility [that quantum mechanics fails], if you believe in quantum mechanics up to any level
then you have to believe in gravitational quantization in order to describe this experiment.” 

Here he explicitly refers to the ability to apply the superposition principle, i.e. probability amplitudes,
to different gravitational field configurations, and not the necessity to invoke quanta of the field (gravitons).
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Gravity in Quantum Systems 

entanglement
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No mass dependence! QM satisfies Equivalence Principle!

𝜙 = 𝑘 𝑔 𝜏2



not high-sensitivity
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What about quantum systems as 

gravitational SOURCE masses?

− In gravitational entanglement regime:

each particle is sensor and source

− Source vs test mass



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

Marletto et al., PRL 
119, 240402 (2017)

This rather be solid...

Al Balushi et al., PRA 98, 043811(2018), 
Krisnanda et al., npj Quantum 
Information 6, 12 (2020), 
Cosco et al., PRA 103, L061501 (2021)
Weiss et al., PRL 127, 023601 (2021)



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)
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Louis Witten: “What prevents this from becoming a practical experiment?”

The decoherence challenge... 



Master equation approach

Joos & Zeh, Caldeira & Leggett, Unruh & Zurek

Paz & Zurek, Hu & Paz & Zhang, Milburn, …

see also 
O. Romero-Isart et al., PRL 107, 020405 (2011)
O. Romero-Isart, PRA  84, 052121 (2011)
T. Weiss et al., arxiv: 2012.12260 (2021)

Decoherence & the appearence of a classical world

Decoherence from gas collisions 

Decoherence from blackbody radiation

Thermal decoherence, re-heating, etc. 

<< Dx (short wavelength regime)

>> Dx (long-wavelength regime)



• How small can we make a 

source mass?

• How massive can we make a 

quantum system?

Reality check: quantum systems as gravitational source masses?

Smallest source mass to date: 0.7 g
Mitrofanov et al., Zh. Eksp. Teor. Fiz. 94,16-22 (1988)

Lee et al., PRL 124, 101101 (2020)

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) 

1. Go small!

2. Go coherent!



How small can we go? The idea:

• periodic modulation of a source mass @ f_mod

• generates a test mass acceleration @ n x f_mod 

(n=1,2, …)

• fundamental limit: thermal noise of test mass oscillator 

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

Westphal et al., Nature 591, 225 (2021)
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Next steps: going smaller in mass…

Planck mass:
1e18 atoms



Improved noise performance...

Conrad Observatory

Trafelberg, Austria

Temperature

Displacement sensing 
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Go coherent: superconducting levitation

YBCO Sliver

SnAg Sphere

110 µm

SnPb

AHC coils

AHC coils

SQUID

T < 20mK

ca. 

Planck 

mass
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Summary

150 nm particle = 109 atoms

1 mm particle = 1021 atoms

Grav. entanglement

Goal: Exp. parameters:

− Mass: 10-10  kg

− Pressure: 10-17 mbar

− Temperature: 1 K

− Sensitivity: 10-17g

− Systematics:….

Implications:

− Gravity plays by quantum rules

− Grav. field clearly non-classical

BUT: 

− Field can be ignored to predict
experiment

− Superposition of field cannot be
observed independently



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 (WMI) / Andreas Kugi (TU Wien) / Nikolai Kiesel (Vienna) / 

Monika Ritsch-Marte (Innsbruck) / Vladan Vuletic (MIT) / Robert Wald (Uchicago) / Witlef Wieczorek (Chalmers)


