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Quantum World Classical World

Micro Macro

Standard Quantum Mechanics

“The Copenhagen interpretation assumes a mysterious division between the microscopic world
governed by quantum mechanics and a macroscopic world of apparatus and observers that obeys
classical physics.”

S. Weinberg, Phys. Rev. A 85, 062116 (2012) 
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Quantum World Classical World

Micro Macro

“What exactly qualifies some physical systems to play the role of 'measurer’?“

John Bell, Against ‘measurement’, Physics World, Phys. World 3 (8) 33 (1990)

Quantum Mechanics wonna be
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Quantum World Classical World

Micro Macro

Quantum Mechanics + Decoherence

The division system-environment is arbitrary, and similarly to the division quantum-classical in the
Copenhagen interpretation.

Environment
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Quantum World Classical World

Micro Macro

Possible solutions

Bohmian Mechanics
Many Worlds
Collapse Models
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Stochastic noise Non-linear wavefunction dynamics

Negligible microscopic action
No effective collapse

Quantum systems

Strong macroscopic action
Rapid collapse

Systems behave classically

Amplification mechanism

Collapse models – a modified quantum theory
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General structure of the dynamical equation

Two main models

Continuous Spontaneous Localization (CSL) model Diósi-Penrose model

Fully phenomenological model

Measured
operator

(mass density, position, …)
Non-linear term

White noise
Noise’s spatial correlationQ. Hamiltonian

collapse rate

correlation length

Gravity-related model

spatial cutoff
gravity regularization at small distances
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Interferometric Experiments

Destruction of quantum superposition

Extra jiggling due to collapse noise

�V =
Vmax � Vmin

Vmax + Vmin

Sxx(!) =
1

4⇡

Z
d⌦ h{x̃(!), x̃(⌦)}i

Experiments
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Parameters’ space
Adler’s proposed values

Adler, J. Phys. A 40, 2935 (2007)

GRW’s proposed values
Ghirardi et al., Phys. Rev. D 34, 470 (1986)

Theoretical lower bound
Toros et al., Phys. Lett. A 381, 3921 (2017) 

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Interferometric Tests

Review Paper: Arndt & Hornberger, Nature Physics 10, 271-277 (2014)
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Kapitza Dirac Talbot Lau
Eibenberger et al., Phys. Chem. Chem. Phys. 15, 14696 (2013)

Toros et al., J. Phys. A 51, 115302 (2018)

Macromolecules
Fein et al., Nat. Phys 15, 1242 (2019)

Atom fountain
Kovachy et al., Nature 528, 530 (2016) 

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

Belli et al., Phys. Rev. A 94, 012108 (2016)
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Non-interferometric Tests

Cold Atoms
Kovachy et al., Phys. Rev. Lett. 114, 143004 (2015)

Bilardello et al., Physica A, 462:764-782 (2016) 

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Non-interferometric Tests

Nanomechanical cantilevers
Vinante et al., Phys. Rev. Lett. 116, 090402 (2016)
Vinante et al., Phys. Rev. Lett. 119, 110401 (2017)

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Non-interferometric Tests

Gravitational wave detectors 
Auriga, LIGO, LISA Pathfinder

Carlesso et al, Phys. Rev. D 94, 124036 (2016)

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Non-interferometric Tests

Levitated nano-oscillators
Pontin et al., Phys. Rev. Res. 2, 023349 (2020)
Zheng et al., Phys. Rev. Res. 2, 013057 (2020)  

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Nanomechanical cantilevers
Vinante et al., Phys. Rev. Lett. 125, 100404 (2020)   

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Non-interferometric Tests

X-rays emission
Donadi et al, Eur. Phys. J. C 81, 1 (2021)

Non'interferometric'tests'
The'collapse'induces'a'Brownian!mo1on!on'the'system'

Charged!free!par1cle!
!
1.'Quantum'mechanics'

'

2.'Collapse'models'

Spontaneous!photon!emission!

Nano$par1cle!
in!a!op1cal!
cavity!

'

Extra!shi>!and!broadening!!

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Non-interferometric Tests

Phonon Spectrum
Adler et al., Phys. Rev. A 97, 052119 (2018).

Bahrami, Phys. Rev. A 97, 052118 (2018).

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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Neptune
S.L. Adler et al., Phys. Rev. D 99, 103001 (2019)

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)

Non-interferometric Tests
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Non-interferometric Tests

Cold Atoms
Kovachy et al., Phys. Rev. Lett. 114, 143004 (2015)

Bilardello et al., Physica A, 462:764-782 (2016) 

Neptune
S.L. Adler et al., Phys. Rev. D 99, 103001 (2019)

A Tilloy and T. M. Stace, Phys. Rev. Lett. 123, 080402 (2019)

X-rays emission
Donadi et al, Eur. Phys. J. C 81, 1 (2021)

Phonon Spectrum
Adler et al., Phys. Rev. A 97, 052119 (2018).

Bahrami, Phys. Rev. A 97, 052118 (2018).

Gravitational wave detectors 
Auriga, LIGO, LISA Pathfinder

Carlesso et al, Phys. Rev. D 94, 124036 (2016)

Nanomechanical cantilevers
Vinante et al., Phys. Rev. Lett. 116, 090402 (2016)
Vinante et al., Phys. Rev. Lett. 119, 110401 (2017) 
Vinante et al., Phys. Rev. Lett. 125, 100404 (2020)   

Levitated nano-oscillators
Pontin et al., Phys. Rev. Res. 2, 023349 (2020)
Zheng et al., Phys. Rev. Res. 2, 013057 (2020)  

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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A Tilloy and T. M. Stace, Phys. Rev. Lett. 123, 080402 (2019)

X-rays emission
Donadi et al, Eur. Phys. J. C 81, 1 (2021)

Phonon Spectrum
Adler et al., Phys. Rev. A 97, 052119 (2018).

Bahrami, Phys. Rev. A 97, 052118 (2018).

Gravitational wave detectors 
Auriga, LIGO, LISA Pathfinder

Carlesso et al, Phys. Rev. D 94, 124036 (2016)

Nanomechanical cantilevers
Vinante et al., Phys. Rev. Lett. 116, 090402 (2016)
Vinante et al., Phys. Rev. Lett. 119, 110401 (2017) 
Vinante et al., Phys. Rev. Lett. 125, 100404 (2020)   

Levitated nano-oscillators
Pontin et al., Phys. Rev. Res. 2, 023349 (2020)
Zheng et al., Phys. Rev. Res. 2, 013057 (2020)  

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)
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LISA Pathfinder

Neptune

X-ray emission

10-16 10-15 10-14 10-13 10-12 10-11 10-10 10-9 10-8

R0 (m)

Non-interferometric Tests - DP

Neptune
MC et al. Nature Phys. 18, 243-250 (2022)

X-rays emission
Donadi et al, Nature Phys. 17, 74-78 (2021)

Gravitational wave detector 
LISA Pathfinder

Helou et al. Phys. Rev. D 95, 084054 (2017)

Review Paper: Carlesso et al. Nature Physics 18, 243-250 (2022)

Penrose’s argument is excluded: DP is effectively ruled out
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Future? Space experiments!
Option on ground: drop towers

Bremen drop tower:
Up to 4.6s of free-fall time, 9.2s with the catapult
3 runs/day

Einstein elevator:
Around 4s of free-fall time with the catapult
300 runs/day

Belenchia et al., Phys. Rep. 951, 1 (2022)

Options in space

Sounding rockets:
Around 5-10 minutes of free-fall time

International Space Station (ISS) Dedicated experiments: STE-QUEST;
MAQRO & QFFP
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Interferometric experiments in space with nanoparticles
MAQRO and QPPF investigate the possibility of performing near-field interferometric 
scheme with “large” particles on dedicated scientific space missions

Measurement of the particle via 
optical detection

Nanoparticle is trapped and 
cooled in an optical cavity

It is released and let evolve freely 
for a time t1. Its coherent length 
needs to cover 2 adjacent “slits” 
of the optical grating

A retro-reflected laser provides 
a pure-phase grating

Free evolution of time t2 needed 
to form the interference pattern

Kaltenbaek et al.,
EPJ Q. Tech. 3, 5 (2016);
Gasbarri et al.,
Comm. Phys. 4, 155 (2021);
Belenchia et al.,
Phys. Rev. A 100, 033813 (2019)
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m=109 amu
t1=t2=10 s
EL/aL=8.7x10-6 J/m2

Current state-of-the-art ground based exp. Fein et al. Nat. Phys. 15, 1242 (2019)

Hypothetical ground exp. 
M=107amu
t1=t2=9.95s
[beyond what possible;
PRA 103, 022214 (2021)]

m=1010 amu
t1=t2=50s
EL/aL=8.7x10-6 J/m2

m=107 amu
t1=t2=12 s
EL/aL=1.1x10-2 J/m2

m=1011 amu
t1=t2=50 s
EL/aL=2.2x10-5 J/m2

m=108 amu
t1=t2=10 s
EL/aL=3.5x10-4 J/m2

Gasbarri et al., Communications Physics 4, 155 (2021)
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Belenchia et at., Nature 596, 32 (2021)



Problems at hand:

Quantum scenario Semi-classical scenario Something else?

Prepare a “massive superposition”

+ |�i

+ +|�i +

how two quantum system interact gravitationally?

how does the gravitational field of a superposition look like?

Testing collapse models and gravity with levitated optomechanics – Matteo Carlesso

Gravity models



Quantum scenario Semi-classical scenario Something else?

How to discriminate these two alternatives with low-energy experiments?

Different approaches based on the question we pose

- Entanglement generation (quantum scenario)
- Superposition of the gravitational field (quantum and classical scenario)
- Presence of extra noises (classical scenario)

Problems at hand:

how two quantum system interact gravitationally?

how does the gravitational field of a superposition look like?
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Quantum scenario

+ +|�i +

Semi-Classical scenario

+

How does the gravitational field of a superposition looks like?

How to test the two hypothesis?
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Is Gravity Quantum?

M. Bahrami,1, 2 A. Bassi,1, 2 S. McMillen,3 M. Paternostro,3 and H. Ulbricht4

1
Department of Physics, University of Trieste, Strada Costiera 11, 34014 Trieste, Italy

2
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School of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom

(Dated: July 22, 2015)

What gravitational field is generated by a massive quantum system in a spatial superposition?
This is one of the most important questions in modern physics, and after decades of intensive the-
oretical and experimental research, we still do not know the answer. On the experimental side, the
di�culty lies in the fact that gravity is weak and requires large masses to be detectable. But for
large masses, it becomes increasingly di�cult to generate spatial quantum superpositions, which
live su�ciently long to be detected. A delicate balance between opposite quantum and gravitational
demands is needed. Here we show that this can be achieved in an optomechanics scenario. We
propose an experimental setup, which allows to decide whether the gravitational field generated by
a quantum system in a spatial superposition is the superposition of the two alternatives, or not.
We estimate the magnitude of the e↵ect and show that it o↵ers good perspectives for observabil-
ity. Performing the experiment will mark a breakthrough in our understanding of the relationship
between gravity and quantum theory.

Quantum field theory is one of the most successful the-
ories ever formulated. All matter fields, together with the
electromagnetic and nuclear forces, have been success-
fully embodied in the quantum framework. They form
the much celebrated standard model of elementary par-
ticles, which not only has been confirmed in all advanced
accelerator facilities, but has also become an essential
ingredient for the description of the universe and its evo-
lution.

In light of this, it becomes obvious to seek a quantum
formulation of gravity as well. Yet, the straightforward
procedure for promoting the classical field as described by
general relativity, into a quantum field, does not work.
Over the decades, several strategies have been put for-
ward, which turned into very sophisticated theories of
gravity, perhaps the most advanced being string theory
and loop quantum gravity. Yet, none of them has reached
the goal of providing a fully consistent quantum theory
of gravity.

At this point, one might wonder whether the very idea
of quantizing gravity is ill-posed [1, 2]. At the end of the
day, according to general relativity, gravity is rather dif-
ferent from all other forces. Actually, it is not a force at
all, but a mere manifestation of the curvature of space-
time, and there is no obvious reason why the standard
approach to the quantisation of fields should work for
spacetime as well. A future unified theory of quantum
and gravitational phenomena might require a radical re-
vision not only of our notions of space and time, but
also of (quantum) matter. This scenario is growing in
likeliness.

From the experimental point of view, it has now been
ascertained that quantum matter (i.e. matter in a gen-
uine quantum state, such as a coherent superposition
state) couples to the Earth’s gravity in the most obvious

way. This has been confirmed in neutron [3], atom [4]
interferometers and used for velocity selection in molec-
ular interferometry [5]. However, in all cases, the grav-
itational field is classical, i.e. it is generated by a dis-
tribution of matter (the Earth) in a fully classical state.
Therefore, the plethora of successful experiments men-
tioned above does not provide hints, unfortunately, on
whether gravity is quantum or not.

The large attention and media coverage about the
BICEP2 experiment having shown the quantum origin
of primordial gravitational fluctuations [6], subsequently
disproved by Planck’s data analysis [7], testifies the im-
portance and urgency of a pragmatic assessment of the
question of whether gravity is quantum or not.

In this paper, we propose an approach where a meso-
scopic system is forced in the superposition of two dif-
ferent positions in space, and its gravitational field is
explored by a probe (Fig. 1). Using the exquisite poten-
tial for transduction o�cered by optomechanics, we can
in principle determine whether the gravitational field is
the superposition of the two gravitational fields associ-
ated to the two di↵erent states of the system, or not.
The first case amounts to a quantum behavior of grav-
ity, the second to a classical-like one. We show that the
sensitivity necessary to appreciate the di↵erence between
such behaviors is close to the current state of the art in
specific optomechanical configuration, although quite de-
manding.

Framework.– We consider a system S1 (with mass m1)
prepared in a superposition of two di↵erent positions in
space. The wave function is  (r1) = 1p

2
(↵(r1) + �(r1))

with �(r1) = hr1|�i (� = ↵,�) and h↵|�i = 0, stat-
ing the distinguishability (in a macroscopic sense) of the
two states. S1 generates a gravitational field that can be
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Abstract
What gravitational field is generated by amassive quantum system in a spatial superposition? Despite
decades of intensive theoretical and experimental research, we still do not know the answer. On the
experimental side, the difficulty lies in the fact that gravity is weak and requires largemasses to be
detectable. However, it becomes increasingly difficult to generate spatial quantum superpositions for
increasingly largemasses, in light of the stronger environmental effects on such systems. Clearly, a
delicate balance between the need for strong gravitational effects andweak decoherence should be
found.We show that such a trade off could be achieved in an optomechanics scenario that allows to
witness whether the gravitational field generated by a quantum system in a spatial superposition is in a
coherent superposition or not.We estimate themagnitude of the effect and show that it offers
perspectives for observability.

Quantumfield theory is one of themost successful theories ever formulated. Allmatterfields, together with the
electromagnetic and nuclear forces, have been successfully embedded in the quantum framework. They form
the standardmodel of elementary particles, which not only has been confirmed in all advanced accelerator
facilities, but has also become an essential ingredient for the description of theUniverse and its evolution.

In light of this, it is natural to seek a quantum formulation of gravity as well. Yet, the straightforward
procedure for promoting the classical field as described by general relativity, into a quantumfield, does not
work. Several strategies have been put forward, which turned into very sophisticated theories of gravity, themost
advanced being string theory and loop quantum gravity. Yet, none of themhas reached the goal of providing a
fully consistent quantum theory of gravity.

At this point, onemight wonder whether the very idea of quantizing gravity is correct [1–17]. At the end of
the day, according to general relativity, gravity is rather different from all other forces. Actually, it is not a force at
all, but amanifestation of the curvature of spacetime, and there is no obvious reasonwhy the standard approach
to the quantization offields shouldwork for spacetime as well. A future unified theory of quantum and
gravitational phenomenamight require a radical revision not only of our notions of space and time, but also of
(quantum)matter. This scenario is growing in likeliness [18–20].

From the experimental point of view, it has nowbeen ascertained that quantummatter (i.e.matter in a
genuine quantum state, such as a coherent superposition state) couples to the Earth’s gravity in themost obvious
way. This has been confirmed in neutron [21], atom [22] interferometers and used for velocity selection in
molecular interferometry [23]. However, in all cases, the gravitational field is classical, i.e. it is generated by a
distribution ofmatter (the Earth) in a fully classical state. Therefore, the plethora of successful experiments
mentioned above does not provide hints, unfortunately, onwhether gravity is quantumor not.

The large attention andmedia coverage about the BICEP2Collaboration’s experiment having shown the
quantumorigin of primordial gravitational fluctuations [24], subsequently disproved by PlanckCollaboration’s
data analysis [25], testifies the importance and urgency of a pragmatic assessment of the question of whether
gravity is quantumor not.

OPEN ACCESS

RECEIVED

14 June 2019

REVISED

27August 2019

ACCEPTED FOR PUBLICATION

5 September 2019

PUBLISHED

24 September 2019

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2019TheAuthor(s). Published by IOPPublishing Ltd on behalf of the Institute of Physics andDeutsche PhysikalischeGesellschaft

New J. Phys. 21 (2019) 093052 https://doi.org/10.1088/1367-2630/ab41c1

PAPER

Testing the gravitational field generated by a quantum superposition

MCarlesso1,2 , ABassi1,2 ,MPaternostro3 andHUlbricht4
1 Department of Physics, University of Trieste, StradaCostiera 11, I-34151 Trieste, Italy
2 IstitutoNazionale di FisicaNucleare, Trieste section, ViaValerio 2, I-34127Trieste, Italy
3 Centre for Theoretical Atomic,Molecular andOptical Physics, School ofMathematics and Physics, Queen’sUniversity, Belfast BT7 1NN,

United Kingdom
4 School of Physics andAstronomy,University of Southampton, Southampton SO17 1BJ, UnitedKingdom

E-mail:matteo.carlesso@ts.infn.it

Keywords: gravity, quantumgravity, optomechanics

Abstract
What gravitational field is generated by amassive quantum system in a spatial superposition? Despite
decades of intensive theoretical and experimental research, we still do not know the answer. On the
experimental side, the difficulty lies in the fact that gravity is weak and requires largemasses to be
detectable. However, it becomes increasingly difficult to generate spatial quantum superpositions for
increasingly largemasses, in light of the stronger environmental effects on such systems. Clearly, a
delicate balance between the need for strong gravitational effects andweak decoherence should be
found.We show that such a trade off could be achieved in an optomechanics scenario that allows to
witness whether the gravitational field generated by a quantum system in a spatial superposition is in a
coherent superposition or not.We estimate themagnitude of the effect and show that it offers
perspectives for observability.

Quantumfield theory is one of themost successful theories ever formulated. Allmatterfields, together with the
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the standardmodel of elementary particles, which not only has been confirmed in all advanced accelerator
facilities, but has also become an essential ingredient for the description of theUniverse and its evolution.

In light of this, it is natural to seek a quantum formulation of gravity as well. Yet, the straightforward
procedure for promoting the classical field as described by general relativity, into a quantumfield, does not
work. Several strategies have been put forward, which turned into very sophisticated theories of gravity, themost
advanced being string theory and loop quantum gravity. Yet, none of themhas reached the goal of providing a
fully consistent quantum theory of gravity.

At this point, onemight wonder whether the very idea of quantizing gravity is correct [1–17]. At the end of
the day, according to general relativity, gravity is rather different from all other forces. Actually, it is not a force at
all, but amanifestation of the curvature of spacetime, and there is no obvious reasonwhy the standard approach
to the quantization offields shouldwork for spacetime as well. A future unified theory of quantum and
gravitational phenomenamight require a radical revision not only of our notions of space and time, but also of
(quantum)matter. This scenario is growing in likeliness [18–20].

From the experimental point of view, it has nowbeen ascertained that quantummatter (i.e.matter in a
genuine quantum state, such as a coherent superposition state) couples to the Earth’s gravity in themost obvious
way. This has been confirmed in neutron [21], atom [22] interferometers and used for velocity selection in
molecular interferometry [23]. However, in all cases, the gravitational field is classical, i.e. it is generated by a
distribution ofmatter (the Earth) in a fully classical state. Therefore, the plethora of successful experiments
mentioned above does not provide hints, unfortunately, onwhether gravity is quantumor not.

The large attention andmedia coverage about the BICEP2Collaboration’s experiment having shown the
quantumorigin of primordial gravitational fluctuations [24], subsequently disproved by PlanckCollaboration’s
data analysis [25], testifies the importance and urgency of a pragmatic assessment of the question of whether
gravity is quantumor not.
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When Cavendish meets Feynman: A quantum torsion balance for testing the
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We propose a thought experiment, based on a mechanism that is reminiscent of Cavendish’s
torsion balance, to investigate the possible quantum nature of the gravitational field generated by the
quantum superposition state of a massive system. Our proposal makes use of the dynamics of a ultra-
stable optically levitated nanomechanical rotor endowed with a spin to generate a quantum angular
superposition that is then tested through standard Ramsey-like scheme. Gravity manifests itself as
an e↵ective decoherence mechanism, whose strength is di↵erent–and, as we show, appreciable–in the
classical and quantum case. By incorporating both the source for decoherence and the mechanism to
probe it, the experiment that we propose allows for a much reduced degree of control and dynamical
engineering.

In his Lectures on Gravitation1 Feynman famously
wondered: “Is it possible that gravity is not quantized
and all the rest of the world is?”. He then proceeded
to propose a thought experiment that, if realised, would
show the quantum nature of gravity.

However, he also considered the possibility that quan-
tum theory fails beyond a given scale of mass, distance
or complexity, ascribing to gravity the possible cause of
such a failure, a viewpoint later reprised by Penrose, who
put forward the concept of gravity-induced collapse of the
wavefunction2.

As of today there is no experimental evidence of the
possible quantum nature of gravity, nor a unanimous con-
sensus on the potential features of a theory of quantum
gravitation. We are not even able to answer the simple
question: would the gravitational field resulting from a
system prepared in a quantum superposition be itself a
superposition of two fields, as one would expect in anal-
ogy to electrodynamics? It clearly appears that the ques-
tions posed by Feynman are more pressing than ever, as
witnessed by the substantive body of literature address-
ing them3–8.

Here we propose an experimentally viable scheme for
engineering the spatial superposition of a massive sys-
tem, generating an appreciable gravitational field. Our
proposal, which is based on an optomechanical platform,
creates a coherent superposition of distinguishable states
of a torsional degree of freedom of a nanorod. Two pos-
sibilities are checked. In the first case the gravitational
field is itself in a superposition, preserving by linearity
the quantum state of the system. In the second case
the gravitational field is classical, equally distributed be-
tween the two states of the system, generating a mutual
attraction, thus reducing the angular distance.

This is reminiscent of the gravity experiment by
Cavendish9, where a torsion balance was used to inves-
tigate gravitational e↵ects. Analogously, the exquisite

sensitivity of our proposed quantum torsion balance al-
lows us to discriminate the nature of the gravitational
field generated by a quantum superposition, thus provid-
ing evidences in favour or against the quantumness of
gravity. Our scheme thus represents the optomechani-
cal embodiment of Feynman’s thought experiment, built
upon Cavendish’s intuition. As the system that we pro-
pose would be capable of self-testing the character of the
the gravitational field generated by the quantum super-
position, without the need for an external probe, our
scheme appears to o↵er significant advantages over pre-
viously proposed ideas for testing the nature of gravity.
The system.– We consider an angular superposition of
a non-spherical object, as represented in Fig. 1, which is
modeled by two spheres of massm and radius r connected
to each other by a rigid bar of negligible mass and length
2L. We refer to such a system as a nanorod from now on.
Any other non-spherical system with similar dimensions
is expected to give a contribution of the same order of

θt

FIG. 1: Graphical representation of the nanorod (depicted
with two pink spheres and a green bar) in angular superpo-
sition. The angular superposition is consequence of the spin
superposition (yellow arrows), and it is initially prepared at
an angular distance ✓0. According to the classical gravity
scenario they attract each other, and the angular distance ✓t
reduces in time.
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Using a single self-testing quantum system
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Eventually, in quantum mechanics, one can do only two things:
• Apply a unitary evolution
• Measure the expectation values

New Journal of Physics 16, 065020 (2014)

I.e., How to reconcile the action of a classical mediator (gravity) with a quantum object?

Testing collapse models and gravity with levitated optomechanics – Matteo Carlesso

KTM model: Two harmonic oscillators, at distance d, which interact gravitationally

The “quantum” linearised interaction will be

1) Weak measurement of the position

2) Feedback dynamics

How classical
gravity acts:

How two quantum system interact gravitationally?



We mimicked the gravitational interaction! An diffusive noise is the price to pay 

Mimimising wrt 𝛾 = 𝛾! = 𝛾" one obtains

One can test the diffusion, and thus the model

KTM model: full dynamics 2 particles

with
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Levitated optomechanics is a perfectly suitable platform for it



Same idea as in the KTM model, but with continuous mass distributions

is substituted to
1) measurement
2) feedback protocol

with

Testing collapse models and gravity with levitated optomechanics – Matteo Carlesso

Full dynamics

For one gets the Diosi-Penrose model, which is the minimum decoherence model

Should all these models be disregarded?

The model describes an indefinite increase of energy due to gravity



How one can implement dissipation

Case of the TD model with minimal decoherence, i.e. the Diosi-Penrose model

Di Bartolomeo et al., Phys. Rev. A 108, 012202 (2023)

with

mass density current 

The model has a more fundamental flavour compared to standard dissipative version of DP

The same choice can be considered to construct the collapse operator in dissipative 
collapse models as the Continuous Spontaneous Localisation (CSL) model

In both cases, one obtains an evolution for the energy reading

with which gives a finite asymptotic energy
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Summary

Collapse models

Gravity models

Collapse noise

Measurement device

Outcome

Experimental setup
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We are organising a School in Foundations

“Fundamental Problems in Quantum Physics 2023”
in Trieste, from 13 to 15 September 2023.
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