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Work Group 3: Low-energy gravitational effects in quantum systems 

Can we design new protocols for testing the (quantum) nature of gravity?

Theoretical formulations for low-energy 
gravitational table top experiments

Theoretical descriptions:

Models of gravity-induced decoherence

Big questions:

What is the role of observers in quantum gravity?

Can we probe the compatibility of the fundamental assumptions in gravity & quantum physics?

Is gravity quantized, what constitutes a quantum signature of gravity? 

Novel effects of how quantum systems 
behave in gravity/quantum gravity

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025

Operational tools: 

Quantum reference frames
Quantum clocks
Process matrix, causal modeling 
Resource theory

— Theoretical formulation & 
application in quantum spacetime



Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025



New techniques, methods and perspectives

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025



New techniques, methods and perspectives

Recent advancement in the technology of low-energy table top experiments brings 
hope to open an observational window for the genuine low energy quantum gravity 
effect!
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New techniques, methods and perspectives

Recent advancement in the technology of low-energy table top experiments brings 
hope to open an observational window for the genuine low energy quantum gravity 
effect!

The operational perspectives and tools developed by the quantum foundations and 
quantum information communities have brought unprecedented insights!

As theorists, we need to foster closer dialogue and collaborations with experimentalists.
Many concepts and open questions in this subfield are connected with the high energy 
quantum gravity community.
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Fine measurement of classical gravitational field sourced by small mass:  10^-5 kg (towards 
10^-8 kg in this year)

[Measurement of gravitational coupling between millimetre-sized masses, T. Westphal, H Hepach et al. Nature 2021]
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Fine measurement of classical gravitational field sourced by small mass:  10^-5 kg (towards 
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Quantum control of macroscopic quantum states in the lab:
Using optical levitation combined with quantum ground-state cooling techniques, 
experimentalists can control the quantum trajectory of a 10^-18 kg nanoparticle (towards 
10^-12 kg in a few years)
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[Real-time optimal quantum control of mechanical motion at room temperature L. Magrini, P. Rosenzweig, et al. Nature 2021]
[Quantum control of a nanoparticle optically levitated in cryogenic free space，F. Tebbenjohanns, M. Mattana, et al. Nature 2021]

Recent advancements on the table-top experiments

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025



Fine measurement of classical gravitational field sourced by small mass:  10^-5 kg (towards 
10^-8 kg in this year)

Quantum control of macroscopic quantum states in the lab:
Using optical levitation combined with quantum ground-state cooling techniques, 
experimentalists can control the quantum trajectory of a 10^-18 kg nanoparticle (towards 
10^-12 kg in a few years)

[Measurement of gravitational coupling between millimetre-sized masses, T. Westphal, H Hepach et al. Nature 2021]

[Real-time optimal quantum control of mechanical motion at room temperature L. Magrini, P. Rosenzweig, et al. Nature 2021]
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Recent advancements on the table-top experiments

Delocalised quantum source: 10^-16 kg  optically levitated nanoparticle delocalised over 
several nanometers, on timescales of milliseconds.

[Fast Quantum Interference of a Nanoparticle via Optical Potential Control，L. Neumeier, M. Ciampini et al. PNAS 2024]
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Fine measurement of classical gravitational field sourced by small mass:  10^-5 kg (towards 
10^-8 kg in this year)

Quantum control of macroscopic quantum states in the lab:
Using optical levitation combined with quantum ground-state cooling techniques, 
experimentalists can control the quantum trajectory of a 10^-18 kg nanoparticle (towards 
10^-12 kg in a few years)

[Measurement of gravitational coupling between millimetre-sized masses, T. Westphal, H Hepach et al. Nature 2021]

[Real-time optimal quantum control of mechanical motion at room temperature L. Magrini, P. Rosenzweig, et al. Nature 2021]
[Quantum control of a nanoparticle optically levitated in cryogenic free space，F. Tebbenjohanns, M. Mattana, et al. Nature 2021]

Preparing massive quantum states in large superposition  
[Quantum superposition of molecules beyond 25 kDa, Y.Fein, P. Geyer, et al. Nature Physics 2019], 
[Quantum superposition at half meter scale,  Y.Fein, P. Geyer, et al. Nature Physics 2019]

Recent advancements on the table-top experiments

Delocalised quantum source: 10^-16 kg  optically levitated nanoparticle delocalised over 
several nanometers, on timescales of milliseconds.

[Fast Quantum Interference of a Nanoparticle via Optical Potential Control，L. Neumeier, M. Ciampini et al. PNAS 2024]
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More information see Catalina’s talk tomorrow!
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When the two regimes close, experimental advancement will reach a point 
that we could measure physical effect of gravitational field generated by 
quantum matter source - an observational window for the genuine low 
energy quantum gravity effect!

Fine measurement of classical 
gravitational field sourced by small 
mass:  measuring 10^-8 kg this year.

Quantum control of macroscopic 
quantum states: towards 10^-12 kg 
in a few years.

Hope from the recent experimental advancements
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When did we experimental prove that EM field is quantum?

The photoelectric effects 1905 — then it was generally believed that there is ``quanta of light”

In 1916, Millikan measured the value of Planck’s constant, from the photoelectric effect. 

1960s Jaynes et al. developed a a semi-classical theory which could account for the effect 
observed so far with classical electromagnetism, with quantum effect contributed by matter.

Lin-Qing Chen, IQOQI & Uni Vienna

[E.T. Jaynes and F.W. Cummings, Comparison of quantum and semiclassical radiation theories with 
application to the beam maser, Proceedings of the IEEE 51 (1963) 89.   
M.D. Crisp and E. Jaynes, Radiative effects in semiclassical theory, Physical Review 179 (1969) 1253. ]
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[E.T. Jaynes and F.W. Cummings, Comparison of quantum and semiclassical radiation theories with 
application to the beam maser, Proceedings of the IEEE 51 (1963) 89.   
M.D. Crisp and E. Jaynes, Radiative effects in semiclassical theory, Physical Review 179 (1969) 1253. ]

1973 Clauser sent single photons through two 
interferometers, to test the violation of  Cauchy-Schwarz 
inequality. This is considered the first test that really 
differentiated the classical and quantum field-theoretic 
predictions for the photoelectric effect.

[J.F. Clauser, Experimental distinction between the quantum and classical field-theoretic predictions for 
the photoelectric effect, Phys. Rev. D 9 (1974) 853.]
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The Gravity-Induced-Entanglement experiment (BMV)
 [S. Bose, A. Mazumdar et al. Phy.Rev.Lett. 2017],  [C. Marletto and V. Vedral Phy.Rev.Lett. 2017]
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The Gravity-Induced-Entanglement experiment (BMV)

t

10^-14  kg,  100 micrometers

 [S. Bose, A. Mazumdar et al. Phy.Rev.Lett. 2017],  [C. Marletto and V. Vedral Phy.Rev.Lett. 2017]
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The Gravity-Induced-Entanglement experiment
 [S. Bose, A. Mazumdar et al. Phy.Rev.Lett. 2017],  [C. Marletto and V. Vedral Phy.Rev.Lett. 2017]
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The Gravity-Induced-Entanglement experiment
 [S. Bose, A. Mazumdar et al. Phy.Rev.Lett. 2017],  [C. Marletto and V. Vedral Phy.Rev.Lett. 2017]
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The Gravity-Induced-Entanglement experiment
 [S. Bose, A. Mazumdar et al. Phy.Rev.Lett. 2017],  [C. Marletto and V. Vedral Phy.Rev.Lett. 2017]

A key theorem in quantum information: entanglement between two systems 
cannot be created by Local Operations and Classical Communication (LOCC)
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The Gravity-Induced-Entanglement experiment
 [S. Bose, A. Mazumdar et al. Phy.Rev.Lett. 2017],  [C. Marletto and V. Vedral Phy.Rev.Lett. 2017]

A key theorem in quantum information: entanglement between two systems 
cannot be created by Local Operations and Classical Communication (LOCC)

If there is detected entanglement

The gravitational field has to be nonclassical in nature.
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Subtle debates regarding the GIE: a spectrum of views

GIE only involves Newton 
potential, it has nothing to do 
with QG, it does not involve 
true quantum gravitational 
degrees of freedom.
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Subtle debates regarding the GIE: a spectrum of views

GIE only involves Newton 
potential, it has nothing to do 
with QG, it does not involve 
true quantum gravitational 
degrees of freedom.

GIE alone does not prove 
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Subtle debates regarding the GIE: a spectrum of views

GIE only involves Newton 
potential, it has nothing to do 
with QG, it does not involve 
true quantum gravitational 
degrees of freedom.

GIE alone does not prove 
gravity is non-classical, we 
needs extra assumption.

GIE implies detection of 
virtual gravitons.

GIE  implies detection of 
macroscopic superposition 
of spacetimes.

Newtonian field entanglement implies 
gravitons-induced entanglement.

Many researchers contributed to the discussion in the last 7 years: Anastopoulos, Aspelmeyer, Barker, Belenchia, Bengyat, 
Bhatar, Blencowe, Bose, Brukner, Carney, Castro-Ruiz, Chen, Christodoulou, Cooper, Di Biagio, Galley, Geraci, 
Hackermüller, Howl, Hu, Huggett, Iyer, Kent, Kim, Krisnanda, Lami, Linneman, Liu, Mahesh, Marletto, Marshman, 
Martín-Martínez, Mazumdar, Milburn, Morley, Müller, Mummery, Naik, Pal, Paterek, Paternostro, Pedernales, Perche, 
Pitalúa-García, Plenio, Qvarfort, Rovelli, Schneider, Schut, Selby, Serafini, Sillanpää, Tam, Taylor, Toros, Ulbricht, Vedral, 
Wald, Yant etc.
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Questions for the low energy table-top experiment

Which aspects of gravity is the protocol probing?

What are the underlying assumptions to draw the conclusion on the  
nature of gravity? 

Have we ruled out any alternative theories in which gravity is classical?

Three questions for any protocol: 

For the GIE experiment, the only element of gravitational theory required is the Newton 
potential. As a non-local potential, it evades the assumption of LOCC, and therefore one 
cannot conclude the non-classicality of gravity.  

However, if one further assumes that the entanglement is mediated by a local field, then 
observing GIE would rule out classical local field descriptions of gravity (such as classical 
general relativity). 
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Theoretical formulations for table-top experiments

Physical regime: Low energy quantum matter source, weak gravity. 

To extract predictions from QG, the linearised gravity is sufficient in this regime: 

Main approaches: 

1)Model the protocol as a QFT process then take Newtonian limit;  

2) Path-integral approach; 

 

3) Solving the quantum states of gravitational field

Is gravity quantized, what constitutes a quantum signature of gravity? 

[LQ Chen, F.Giacomini, C.Rovelli 2023, LQ Chen, F.Giacomini 2024]

[M.Christodoulou, A. Di Biagio, M.Asepelmeyer, C.Brukner, C.Rovelli, R.Howl 2023 ]

E.g. [D. Carney 2022, S.Bose, A Mazumdar, M.Schut, M.Toros  2022]
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Theoretical formulations for table-top experiments

Provides predictions & interpretations for table-top experimental protocols, but future 
positive experimental evidence does not automatically approve the theory.

v.s. alternative theories that gravity is kept classical:

Non-local potential, Schrödinger Newton equation, Diosi-Penrose model, etc.
Hybrid models: Gravity is kept classical but couples to quantum matter 
(stochastic open-system dynamics) [Eg: Oppenheimer et al.]

See Antoine’s talk on Thursday! 

We need to search for more general statement: characterising non-classicality in a 
theory-independent way using General Probability Theory for gravity experiments.

     
[T.Galley, F.Giacomini, J.Selby 2020, 2023]
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Quantum effects of gravity beyond Newton potential from delocalised quantum source 

[Tobar, Manikandan, Beitel, Pikovski, Nature Comm. 2024]

[L-Q Chen, F. Giacomini, arXiv 2024]
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Recent efforts towards new protocols and effects: 

Thermodynamical observable: the heat capacity of Bose gas
[T. Strasser, M Christodoulou, R.Howl, C.Brukner, arXiv 2024]

Non-Gaussianity signature in Bose-Einstein condensate [R.Howl, V. Vedral,  PRX Quantum 2021]

Stimulated and spontaneous single-graviton processes in massive quantum acoustic 
resonators (Weber bar)

Quantum gravitational effects in quantum gas (ensemble of ultra-cold atoms)
[S. Haine, New J. Phys. 2021]

Quantum effects of gravity beyond Newton potential from delocalised quantum source 

[Tobar, Manikandan, Beitel, Pikovski, Nature Comm. 2024]

[L-Q Chen, F. Giacomini, arXiv 2024]

….and many more. Novel protocols will come from a closer dialogue between 
experimentalists and theorists! 

Further reads on the state of the art: 
Review: Massive quantum systems as interfaces of quantum mechanics and gravity, 
S. Bose, I. Fuentes, A. Geraci, et al.   Rev. Mod. Phys. 97, 015003   2025
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Work Group 3: Low-energy gravitational effects in quantum systems 

Theoretical formulations for low-energy 
gravitational table top experiments

Theoretical descriptions:

Models of gravity-induced decoherence

Novel effects of how quantum systems 
behave in gravity/quantum gravity

Operational tools: 

Quantum reference frames
Quantum clocks
Process matrix, causal modeling 
Resource theory

— Theoretical formulation & 
application in quantum spacetime
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Operational tools for quantum spacetimes
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Quantum reference frames

Quantum clocks

Quantum causal modeling, the Process matrix

Resource theory

— Theoretical formulation & application in quantum spacetime
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The idea of including a reference frame to make coherent superpositions across different charge 
superselection sectors physically possible; Connecting superselection rules with the presence or 
absence of a reference system. [Y.Aharonov, L.Susskind, Phys.Rev.115, 1428, 1967]
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Analysing quantum mechanical finite-mass objects as quantum reference frames, invoking for the 
first time the term “quantum reference frame”.

[Y. Aharonov and T. Kaufherr, Physical Review D 30, 368–385 (1984)]
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Quantum information approach of QRF

Different Formalisms of Quantum Reference Frames 

What information can be encoded and inferred without accessing to an external QRF?  Using 
symmetries to “average out” external correlations through G-twirling                         (incoherent 
group averaging operation)
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G
dgÛ(g)[·]Û†(g)

[S. D. Bartlett, T. Rudolph, and R. W. Spekkens, 2007, G. Gour and R. W. 
Spekkens 2008, G. Gour, I. Marvian, and R. W. Spekkens 2009]

Transformation among different perspectives. [E. Castro-Ruiz and O.Oreshkov 2021]
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Quantum information approach of QRF

Operational approach of QRF

Different Formalisms of Quantum Reference Frames 

In the presence of symmetries, “invariantising” positive operator-valued measures (POVMs) 
to obtain a space of relative observables. The relational formalism was also developed into 
relativistic measurement theory.  

[ T. Miyadera, L. Loveridge, and P. Busch, 2016, 2017, 2018, T. Miyadera and L. Loveridge 2020,  
J. Glowacki, L. Loveridge, and J. Waldron 2024] 
[C. J. Fewster, D. W. Janssen, L. D. Loveridge, K. Rejzner, and J. Waldron 2024 ]

What information can be encoded and inferred without accessing to an external QRF?  Using 
symmetries to “average out” external correlations through G-twirling                         (incoherent 
group averaging operation)
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Perspective/foundational approach

What it means to have a reference frame associated to a quantum system? Relational 
observables and states of other systems relative to a particular quantum reference 
frame’s perspective, and transformation between perspectives.

[F. Giacomini, E. Castro-Ruiz, C. Brukner 2019, AC de la Hamette, T. Galley 2020, F. Giacomini 2021, L. Apadula, E. 
Castro-Ruiz, C. Brukner, 2024 etc.]

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025

Different Formalisms of Quantum Reference Frames 



Perspective/foundational approach

What it means to have a reference frame associated to a quantum system? Relational 
observables and states of other systems relative to a particular quantum reference 
frame’s perspective, and transformation between perspectives.

[F. Giacomini, E. Castro-Ruiz, C. Brukner 2019, AC de la Hamette, T. Galley 2020, F. Giacomini 2021, L. Apadula, E. 
Castro-Ruiz, C. Brukner, 2024 etc.]

Perspective Neutral approach

Using the methods of gauge theory quantisation (reduced and Dirac quantisation); 
encompassing all frame perspectives at once and can consistently reduce to each one. 

[A. Vanrietvelde, P. A. Hohn, F. Giacomini, and E. Castro-Ruiz 2020, P.Hohn, A. Smith, and M. Lock 2021, de la Hamette, 
T. D. Galley, P. A. Hohn, L. Loveridge, M. P. Muller 2022, Ahmad, T. Galley, P. Höhn, M.Lock, A.Smith,  2022 etc]
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Different approaches are suited for different physical scenarios and questions. The precise 
relationship among them is an active and open research area. And there might be new 
approaches in the future…

Perspective/foundational approach

What it means to have a reference frame associated to a quantum system? Relational 
observables and states of other systems relative to a particular quantum reference 
frame’s perspective, and transformation between perspectives.

[F. Giacomini, E. Castro-Ruiz, C. Brukner 2019, AC de la Hamette, T. Galley 2020, F. Giacomini 2021, L. Apadula, E. 
Castro-Ruiz, C. Brukner, 2024 etc.]

Perspective Neutral approach

Using the methods of gauge theory quantisation (reduced and Dirac quantisation); 
encompassing all frame perspectives at once and can consistently reduce to each one. 

[A. Vanrietvelde, P. A. Hohn, F. Giacomini, and E. Castro-Ruiz 2020, P.Hohn, A. Smith, and M. Lock 2021, de la Hamette, 
T. D. Galley, P. A. Hohn, L. Loveridge, M. P. Muller 2022, Ahmad, T. Galley, P. Höhn, M.Lock, A.Smith,  2022 etc]

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025

Different Formalisms of Quantum Reference Frames 



Different approaches are suited for different physical scenarios and questions. The precise 
relationship among them is an active and open research area. And there might be new 
approaches in the future…

Perspective/foundational approach

What it means to have a reference frame associated to a quantum system? Relational 
observables and states of other systems relative to a particular quantum reference 
frame’s perspective, and transformation between perspectives.

[F. Giacomini, E. Castro-Ruiz, C. Brukner 2019, AC de la Hamette, T. Galley 2020, F. Giacomini 2021, L. Apadula, E. 
Castro-Ruiz, C. Brukner, 2024 etc.]

Perspective Neutral approach

Using the methods of gauge theory quantisation (reduced and Dirac quantisation); 
encompassing all frame perspectives at once and can consistently reduce to each one. 

[A. Vanrietvelde, P. A. Hohn, F. Giacomini, and E. Castro-Ruiz 2020, P.Hohn, A. Smith, and M. Lock 2021, de la Hamette, 
T. D. Galley, P. A. Hohn, L. Loveridge, M. P. Muller 2022, Ahmad, T. Galley, P. Höhn, M.Lock, A.Smith,  2022 etc]

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025

Equivalent for ideal frame

Different Formalisms of Quantum Reference Frames 



Resonate with Cubism (not Qbism)

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025



Harp and Violin, Georges Braque, Paris                                                                       
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The Perspective approach of quantum reference frames 

Example: reference frame of translation              

Lin-Qing Chen, IQOQI & Uni Vienna 1st Annual conference, Paris,  2025



The Perspective approach of quantum reference frames 

Example: reference frame of translation              
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xA 7! �qC
<latexit sha1_base64="D7kPvXSBLt2hH4URkJjoaodeO5g=">AAAB/nicjVDLSgMxFL3js9bXqLhyEyyCG8tUpLos7cZlBfuAdhgyaaYNTTJjkhHLUPBX3LhQxK3f4c6/MX0sVBQ8cC+Hc+4lNydMONPG8z6chcWl5ZXV3Fp+fWNza9vd2W3qOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ5rE791S5Vmsbw2o4T6AvclixjBxkqBu38XVFFX4ESbGN1YfmJ7LXALpaI3BfqbFGCOeuC+d3sxSQWVhnCsdafkJcbPsDKMcDrOd1NNE0yGuE87lkosqPaz6fljdGSVHopiZUsaNFW/bmRYaD0SoZ0U2Az0T28i/uZ1UhNd+BmTSWqoJLOHopQj+9VJFqjHFCWGjyzBRDF7KyIDrDAxNrH8/0JonhZL5WL56qxQqc7jyMEBHMIxlOAcKnAJdWgAgQwe4AmenXvn0XlxXmejC858Zw++wXn7BEGTlGY=</latexit>

xB 7! qB � qC

From C to A:  

<latexit sha1_base64="+jIkMc39u1PxUW4s9E9lyySNVUs=">AAACL3icjVBNSwMxFMz6bf2qevQSLIIXSytSvQhSQTxWsCp06/I2fdsNZrNLkhXLuv/Ii3+lFxFFvPovTGsFFQUHApOZebxk/ERwbSqVR2dsfGJyanpmtjA3v7C4VFxeOdNxqhg2WSxideGDRsElNg03Ai8ShRD5As/9q8OBf36NSvNYnppegu0IupIHnIGxklc8wsvMDRSwjOeZG/qgcuqCSEKgbggmS3KvntPbG1eB7Ar06nTf3rY+I5+qVyxVy5Uh6N+kREZoeMW+24lZGqE0TIDWrWolMe0MlOFMYF5wU40JsCvoYstSCRHqdjb8b043rNKhQazskYYO1a8TGURa9yLfJiMwof7pDcTfvFZqgr12xmWSGpTsY1GQCmpiOiiPdrhCZkTPEmCK27dSFoJtz9iKC/8r4Wy7XK2Vayc7pYP6qI4ZskbWySapkl1yQI5JgzQJI3ekT57Is3PvPDgvzutHdMwZzaySb3De3gFuRqne</latexit>

e
i
~↵p̂B |xiB = |x� ↵iBInspired by the translation operator: 
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The Perspective approach of quantum reference frames 

Example: reference frame of translation              
<latexit sha1_base64="U05PS5xu2iRyiOmq2CgUMs2WwKE=">AAAB+nicjVDLSsNAFL2pr1pfqS7dDBbBjSURqS6r3bisYB/QhjCZTtqhk0mcmagl9lPcuFDErV/izr9x+lioKHjgwuGce7n3niDhTGnH+bByC4tLyyv51cLa+sbmll3cbqo4lYQ2SMxj2Q6wopwJ2tBMc9pOJMVRwGkrGNYmfuuGSsVicaVHCfUi3BcsZARrI/l28c4/Q90IJ0rH6BBd+zXfLrllZwr0NynBHHXffu/2YpJGVGjCsVId10m0l2GpGeF0XOimiiaYDHGfdgwVOKLKy6anj9G+UXoojKUpodFU/TqR4UipURSYzgjrgfrpTcTfvE6qw1MvYyJJNRVktihMOTJvTnJAPSYp0XxkCCaSmVsRGWCJiTZpFf4XQvOo7FbKlcvjUvV8HkcedmEPDsCFE6jCBdShAQRu4QGe4Nm6tx6tF+t11pqz5jM78A3W2yfCA5ML</latexit>

xA 7! �qC
<latexit sha1_base64="D7kPvXSBLt2hH4URkJjoaodeO5g=">AAAB/nicjVDLSgMxFL3js9bXqLhyEyyCG8tUpLos7cZlBfuAdhgyaaYNTTJjkhHLUPBX3LhQxK3f4c6/MX0sVBQ8cC+Hc+4lNydMONPG8z6chcWl5ZXV3Fp+fWNza9vd2W3qOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ5rE791S5Vmsbw2o4T6AvclixjBxkqBu38XVFFX4ESbGN1YfmJ7LXALpaI3BfqbFGCOeuC+d3sxSQWVhnCsdafkJcbPsDKMcDrOd1NNE0yGuE87lkosqPaz6fljdGSVHopiZUsaNFW/bmRYaD0SoZ0U2Az0T28i/uZ1UhNd+BmTSWqoJLOHopQj+9VJFqjHFCWGjyzBRDF7KyIDrDAxNrH8/0JonhZL5WL56qxQqc7jyMEBHMIxlOAcKnAJdWgAgQwe4AmenXvn0XlxXmejC858Zw++wXn7BEGTlGY=</latexit>

xB 7! qB � qC

From C to A:  

<latexit sha1_base64="+jIkMc39u1PxUW4s9E9lyySNVUs=">AAACL3icjVBNSwMxFMz6bf2qevQSLIIXSytSvQhSQTxWsCp06/I2fdsNZrNLkhXLuv/Ii3+lFxFFvPovTGsFFQUHApOZebxk/ERwbSqVR2dsfGJyanpmtjA3v7C4VFxeOdNxqhg2WSxideGDRsElNg03Ai8ShRD5As/9q8OBf36NSvNYnppegu0IupIHnIGxklc8wsvMDRSwjOeZG/qgcuqCSEKgbggmS3KvntPbG1eB7Ar06nTf3rY+I5+qVyxVy5Uh6N+kREZoeMW+24lZGqE0TIDWrWolMe0MlOFMYF5wU40JsCvoYstSCRHqdjb8b043rNKhQazskYYO1a8TGURa9yLfJiMwof7pDcTfvFZqgr12xmWSGpTsY1GQCmpiOiiPdrhCZkTPEmCK27dSFoJtz9iKC/8r4Wy7XK2Vayc7pYP6qI4ZskbWySapkl1yQI5JgzQJI3ekT57Is3PvPDgvzutHdMwZzaySb3De3gFuRqne</latexit>

e
i
~↵p̂B |xiB = |x� ↵iBInspired by the translation operator: 

<latexit sha1_base64="XW98lynhzRX6d++fqSH5zCw/aoY=">AAACK3icjVDLSgMxFM3Ud31VXboJFsFVmYpUN0KtG5cVrQqdcbiTZmxo5kGSEUvI/7jxV1zowgdu/Q/TsQsVBQ8EDuecy809YcaZVK774pQmJqemZ2bnyvMLi0vLlZXVM5nmgtAOSXkqLkKQlLOEdhRTnF5kgkIccnoeDg5H/vk1FZKlyakaZtSP4SphESOgrBRUWl4flD4xwQ3ex14Mqk+A67YJ9MGhoZfaiwQQzYz2+iEIU6RvTHCAC5aZoGWCSrVecwvgv0kVjdEOKg9eLyV5TBNFOEjZrbuZ8jUIxQinpuzlkmZABnBFu5YmEFPp6+JWgzet0sNRKuxLFC7UrxMaYimHcWiTo2vkT28k/uZ1cxXt+ZolWa5oQj4XRTnHKsWj4nCPCUoUH1oCRDD7V0z6YNtRtt7y/0o4267VG7XG8U612RrXMYvW0QbaQnW0i5roCLVRBxF0i+7RE3p27pxH59V5+4yWnPHMGvoG5/0D0OqpTg==</latexit>

Ŝx = PACe
i
~ x̂Ap̂B

<latexit sha1_base64="IfiQxWz5H2e5+VqxE8QScyvSv6Y=">AAACKnicjVDLSsNAFJ34rPUVdelmsAhuLKlIdSO0duOygn1AE8PNZNIOnTycmYgl5Hvc+CtuulCKWz/EpO1Ci4IHBg7nnMu9c5yIM6kMY6ItLa+srq0XNoqbW9s7u/refluGsSC0RUIeiq4DknIW0JZiitNuJCj4DqcdZ9jI/c4jFZKFwZ0aRdTyoR8wjxFQmWTrddMHNSDAk2ZqJ/VGis0BqOQptet40bo3Xej3qcBX+HQWe0jthq2XKmVjCvw3KaE5mrY+Nt2QxD4NFOEgZa9iRMpKQChGOE2LZixpBGQIfdrLaAA+lVYy/WqKjzPFxV4oshcoPFW/TyTgSznynSyZXy8XvVz8zevFyru0EhZEsaIBmS3yYo5ViPPesMsEJYqPMgJEsOxWTAYggKis3eL/SmiflSvVcvX2vFS7ntdRQIfoCJ2gCrpANXSDmqiFCHpGr+gNvWsv2libaB+z6JI2nzlAP6B9fgG/madw</latexit>

PAC x̂AP†
AC = �q̂Cwith parity swap operator 

QRF transformation unitary operator: 
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Example: reference frame of translation              
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xA 7! �qC
<latexit sha1_base64="D7kPvXSBLt2hH4URkJjoaodeO5g=">AAAB/nicjVDLSgMxFL3js9bXqLhyEyyCG8tUpLos7cZlBfuAdhgyaaYNTTJjkhHLUPBX3LhQxK3f4c6/MX0sVBQ8cC+Hc+4lNydMONPG8z6chcWl5ZXV3Fp+fWNza9vd2W3qOFWENkjMY9UOsaacSdowzHDaThTFIuS0FQ5rE791S5Vmsbw2o4T6AvclixjBxkqBu38XVFFX4ESbGN1YfmJ7LXALpaI3BfqbFGCOeuC+d3sxSQWVhnCsdafkJcbPsDKMcDrOd1NNE0yGuE87lkosqPaz6fljdGSVHopiZUsaNFW/bmRYaD0SoZ0U2Az0T28i/uZ1UhNd+BmTSWqoJLOHopQj+9VJFqjHFCWGjyzBRDF7KyIDrDAxNrH8/0JonhZL5WL56qxQqc7jyMEBHMIxlOAcKnAJdWgAgQwe4AmenXvn0XlxXmejC858Zw++wXn7BEGTlGY=</latexit>

xB 7! qB � qC

From C to A:  

<latexit sha1_base64="+jIkMc39u1PxUW4s9E9lyySNVUs=">AAACL3icjVBNSwMxFMz6bf2qevQSLIIXSytSvQhSQTxWsCp06/I2fdsNZrNLkhXLuv/Ii3+lFxFFvPovTGsFFQUHApOZebxk/ERwbSqVR2dsfGJyanpmtjA3v7C4VFxeOdNxqhg2WSxideGDRsElNg03Ai8ShRD5As/9q8OBf36NSvNYnppegu0IupIHnIGxklc8wsvMDRSwjOeZG/qgcuqCSEKgbggmS3KvntPbG1eB7Ar06nTf3rY+I5+qVyxVy5Uh6N+kREZoeMW+24lZGqE0TIDWrWolMe0MlOFMYF5wU40JsCvoYstSCRHqdjb8b043rNKhQazskYYO1a8TGURa9yLfJiMwof7pDcTfvFZqgr12xmWSGpTsY1GQCmpiOiiPdrhCZkTPEmCK27dSFoJtz9iKC/8r4Wy7XK2Vayc7pYP6qI4ZskbWySapkl1yQI5JgzQJI3ekT57Is3PvPDgvzutHdMwZzaySb3De3gFuRqne</latexit>

e
i
~↵p̂B |xiB = |x� ↵iBInspired by the translation operator: 

<latexit sha1_base64="XW98lynhzRX6d++fqSH5zCw/aoY=">AAACK3icjVDLSgMxFM3Ud31VXboJFsFVmYpUN0KtG5cVrQqdcbiTZmxo5kGSEUvI/7jxV1zowgdu/Q/TsQsVBQ8EDuecy809YcaZVK774pQmJqemZ2bnyvMLi0vLlZXVM5nmgtAOSXkqLkKQlLOEdhRTnF5kgkIccnoeDg5H/vk1FZKlyakaZtSP4SphESOgrBRUWl4flD4xwQ3ex14Mqk+A67YJ9MGhoZfaiwQQzYz2+iEIU6RvTHCAC5aZoGWCSrVecwvgv0kVjdEOKg9eLyV5TBNFOEjZrbuZ8jUIxQinpuzlkmZABnBFu5YmEFPp6+JWgzet0sNRKuxLFC7UrxMaYimHcWiTo2vkT28k/uZ1cxXt+ZolWa5oQj4XRTnHKsWj4nCPCUoUH1oCRDD7V0z6YNtRtt7y/0o4267VG7XG8U612RrXMYvW0QbaQnW0i5roCLVRBxF0i+7RE3p27pxH59V5+4yWnPHMGvoG5/0D0OqpTg==</latexit>

Ŝx = PACe
i
~ x̂Ap̂B

<latexit sha1_base64="IfiQxWz5H2e5+VqxE8QScyvSv6Y=">AAACKnicjVDLSsNAFJ34rPUVdelmsAhuLKlIdSO0duOygn1AE8PNZNIOnTycmYgl5Hvc+CtuulCKWz/EpO1Ci4IHBg7nnMu9c5yIM6kMY6ItLa+srq0XNoqbW9s7u/refluGsSC0RUIeiq4DknIW0JZiitNuJCj4DqcdZ9jI/c4jFZKFwZ0aRdTyoR8wjxFQmWTrddMHNSDAk2ZqJ/VGis0BqOQptet40bo3Xej3qcBX+HQWe0jthq2XKmVjCvw3KaE5mrY+Nt2QxD4NFOEgZa9iRMpKQChGOE2LZixpBGQIfdrLaAA+lVYy/WqKjzPFxV4oshcoPFW/TyTgSznynSyZXy8XvVz8zevFyru0EhZEsaIBmS3yYo5ViPPesMsEJYqPMgJEsOxWTAYggKis3eL/SmiflSvVcvX2vFS7ntdRQIfoCJ2gCrpANXSDmqiFCHpGr+gNvWsv2libaB+z6JI2nzlAP6B9fgG/madw</latexit>

PAC x̂AP†
AC = �q̂Cwith parity swap operator 

QRF transformation unitary operator: 

<latexit sha1_base64="tOSbwl3QhHeb/jz2aFIGIpozVNs=">AAACJnicjZDLSgMxGIUzXmu9jbp0EyxC3ZRWpLop9LJxWdFeoDMdMmk6Dc1MhiQjlmGexo2v4sZFRcSdj2KmLXhBwQOBw/n+nyTHDRmVqlh8M5aWV1bX1jMb2c2t7Z1dc2+/LXkkMGlhzrjoukgSRgPSUlQx0g0FQb7LSMcdN1LeuSVCUh7cqElIbB95AR1SjJSOHLNiiRHvx/naSeLE9UYCK9AaIRVfJ84dXLBGymr15JP0rQHyPCIcM1cqFGeCf5scWKjpmFNrwHHkk0BhhqTslYqhsmMkFMWMJFkrkiREeIw80tM2QD6Rdjz7ZgKPdTKAQy70CRScpV83YuRLOfFdPekjNZI/WRr+xnqRGl7YMQ3CSJEAzy8aRgwqDtPO4IAKghWbaIOwoPqtEI+QQFjpZrP/K6F9WiiVC+Wrs1y1vqgjAw7BEciDEjgHVXAJmqAFMLgHj2AKno0H48l4MV7no0vGYucAfJPx/gGJIaVE</latexit>

⇢(A)
BC = Ŝx⇢

(C)
AB Ŝ

†
x

Perspective transformation of the quantum state:            

<latexit sha1_base64="95TgtQjHpiUbySBgyAacSiqpdJs=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOT2WTI7Mw60xsJId/hxYMiXv0Yb/6Nk8dBRcGChqKqmy4qSqWw6Psf3tLyyuraem4jv7m1vbNb2NuvW50ZxmtMS22aEbVcCsVrKFDyZmo4TSLJG9Hgauo3htxYodUtjlIeJrSnRCwYRSeFbSN6faTG6HtCOoViUPJnIH+TIixQ7RTe213NsoQrZJJa2wr8FMMxNSiY5JN8O7M8pWxAe7zlqKIJt+F4FnpCjp3SJbE2bhSSmfr1YkwTa0dJ5DYTin3705uKv3mtDOOLcCxUmiFXbP4oziRBTaYNkK4wnKEcOUKZES4rYX1qKEPXU/5/JdRPS0G5VL45K1YuF3Xk4BCO4AQCOIcKXEMVasDgDh7gCZ69offovXiv89Ulb3FzAN/gvX0Cfx2R7w==</latexit>!
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A QRF transformation is a repartition of total Hilbert space     
<latexit sha1_base64="cVas2MErbpg50Kg0dQURZoMhIcQ=">AAACVnicjVFJSwMxFM5Mra11G/XoJViEeimtSPXY5dJjBbtAZyyZNG2DmcmQvFHK0D+pF/0pXsR0EepS8IPA41t4jy9+JLiGUunNslNb6e1Mdie3u7d/cOgcHXe0jBVlbSqFVD2faCZ4yNrAQbBepBgJfMG6/kNjrncfmdJchncwjZgXkHHIR5wSMNTACdyAwIQSkTRng9p9UmhczLArgQdM43Wt/qUpPp4AUUo+4V+G2oZwY6UNnHy5WFoAbx7yaIXWwHl2h5LGAQuBCqJ1v1yKwEuIAk4Fm+XcWLOI0AcyZn0zhsRs9pJFLTN8bpghHkllXgh4wa4nEhJoPQ1845zfqn9qc/IvrR/D6MZLeBjFwEK6XDSKBQaJ5x3jIVeMgpiagVDFza2YTogiFMxP5P5XQueyWK4UK7dX+Wp9VUcWnaIzVEBldI2qqIlaqI0oekHvlm2lrFfrw07bmaXVtlaZE/QNtvMJM02zfw==</latexit>

H
(C)
A ⌦H

(C)
B ! H

(A)
B ⌦H

(A)
C
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The Perspective approach of quantum reference frames 



A QRF transformation is a repartition of total Hilbert space     
<latexit sha1_base64="cVas2MErbpg50Kg0dQURZoMhIcQ=">AAACVnicjVFJSwMxFM5Mra11G/XoJViEeimtSPXY5dJjBbtAZyyZNG2DmcmQvFHK0D+pF/0pXsR0EepS8IPA41t4jy9+JLiGUunNslNb6e1Mdie3u7d/cOgcHXe0jBVlbSqFVD2faCZ4yNrAQbBepBgJfMG6/kNjrncfmdJchncwjZgXkHHIR5wSMNTACdyAwIQSkTRng9p9UmhczLArgQdM43Wt/qUpPp4AUUo+4V+G2oZwY6UNnHy5WFoAbx7yaIXWwHl2h5LGAQuBCqJ1v1yKwEuIAk4Fm+XcWLOI0AcyZn0zhsRs9pJFLTN8bpghHkllXgh4wa4nEhJoPQ1845zfqn9qc/IvrR/D6MZLeBjFwEK6XDSKBQaJ5x3jIVeMgpiagVDFza2YTogiFMxP5P5XQueyWK4UK7dX+Wp9VUcWnaIzVEBldI2qqIlaqI0oekHvlm2lrFfrw07bmaXVtlaZE/QNtvMJM02zfw==</latexit>

H
(C)
A ⌦H

(C)
B ! H

(A)
B ⌦H

(A)
C

Entanglement and superposition are frame-dependent features

<latexit sha1_base64="95TgtQjHpiUbySBgyAacSiqpdJs=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWME84BkCbOT2WTI7Mw60xsJId/hxYMiXv0Yb/6Nk8dBRcGChqKqmy4qSqWw6Psf3tLyyuraem4jv7m1vbNb2NuvW50ZxmtMS22aEbVcCsVrKFDyZmo4TSLJG9Hgauo3htxYodUtjlIeJrSnRCwYRSeFbSN6faTG6HtCOoViUPJnIH+TIixQ7RTe213NsoQrZJJa2wr8FMMxNSiY5JN8O7M8pWxAe7zlqKIJt+F4FnpCjp3SJbE2bhSSmfr1YkwTa0dJ5DYTin3705uKv3mtDOOLcCxUmiFXbP4oziRBTaYNkK4wnKEcOUKZES4rYX1qKEPXU/5/JdRPS0G5VL45K1YuF3Xk4BCO4AQCOIcKXEMVasDgDh7gCZ69offovXiv89Ulb3FzAN/gvX0Cfx2R7w==</latexit>!
See also [Ahmad, Galley, Höhn, Lock, Smith, PRL 2022]
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A QRF transformation is a repartition of total Hilbert space     
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H
(C)
A ⌦H

(C)
B ! H

(A)
B ⌦H

(A)
C

Entanglement and superposition are frame-dependent features
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standard reference frame transformation, 
e.g. translation, boosts, acceleration etc.
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The general structure of the QRF transformation for perspective approach:

The basis of QRF which diagnoses the 
observable we are using the frame for.

standard reference frame transformation, 
e.g. translation, boosts, acceleration etc.
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The precision of the clock is usually identified with the time it takes to evolve from its 
initial state into an orthogonal one, since we do not have an infinite resolution of the 
relative phase.
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The precision of the clock is usually identified with the time it takes to evolve from its 
initial state into an orthogonal one, since we do not have an infinite resolution of the 
relative phase.
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Testing the principle of linear superposition and gravitational time dilation together.

Due to quantum complementarity, the visibility 
will drop, the path information becomes available 
from reading out the proper time from the clock.
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Due to quantum complementarity, the visibility 
will drop, the path information becomes available 
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A quantum correction to the time dilation 
observed by a clock moving in a superposition 
of localized momentum wave packets that has 
the potential to be observed in experiment.

Relativistic time dilation: 
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The effects of the entanglement of quantum clocks through Newton potential 
[Castro Ruiz, Giacomini, Brukner, 2017]

Quantum clocks as quantum reference frames  (Perspective Neutral, Page-Wooter)

[Giovannetti, Lloyd, Maccone, Smith, Ahmadi, Höhn, Vanrietvelde,  
Lock, Castro Ruiz, Giacomini, Brukner, Kirklin etc.  ]



Gravitating quantum clocks

[Witten, Chandrasekaran, Longo, Penington, Fewster, Janssen, Loveridge, Rejzner, Waldron, Höhn, 
De Vuyst, Eccles, Kirklin etc.]

The quantum clock/time reference frame is essential in the recent understanding of the types of 
von Neumann algebra in quantum field theory and perturbative quantum gravity.
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Connections with other Work Groups

The relation between the concept of quantum reference frames with the relational observables 
in quantum gravity;  also the potential connection with the concept of “quantum observer” 
explored in                                                                    .                   

The type reduction of von Neumann algebra in quantum field theory and perturbative 
quantum gravity.

The reference frames on the boundary of subregion of spacetime are related to the “edge 
modes” and asymptotic symmetries  explored in QG community, and it can be potentially 
related to the rich physics of the IR-triangle of gauge theory and gravity.

1. Operational tools: quantum reference frames, quantum clocks etc. 

[Amelino-Camelia2009, Lizzi2019, Lizzi2022] 

[Witten, Chandrasekaran, Longo, Penington,Fewster, Janssen, Loveridge, Rejzner, Waldron, Höhn, 
De Vuyst, Eccles, Kirklin etc.]

[Strominger et al.]

[Freidel, Donnelly, Höhn, Carrozza, Kabel, Wieland, Araujo-Regado,, Sartini,, Tomova etc.]
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See Ana-Maria’s talk! 
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2. Theoretical descriptions of low-energy gravitational effects in quantum systems: 

The gravity-induced decoherence models also play an important role in astrophysical 
observations.

What constitutes quantum signature of gravity - is a universal big question in all 
regimes.

UV-IR mixing in quantum gravity - how would the effects show up at low energy 
and how do we probe them?

Novel ideas and protocols will come from a closer dialogue between experimentalists 
and theorists!

Characterising non-classicality in a theory-independent way for gravity experiments.

Rich connections with other Work Groups
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Work Group 3: Low-energy gravitational effects in quantum systems 

Theoretical formulations for low-energy 
gravitational table top experiments

Theoretical descriptions:

Models of gravity-induced decoherence

Novel effects of how quantum systems 
behave in gravity/quantum gravity
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Quantum clocks
Process matrix, causal modeling 
Resource theory

— Theoretical formulation & 
application in quantum spacetime



Work Group 3: Low-energy gravitational effects in quantum systems 

Can we design new protocols for testing the (quantum) nature of gravity?

Theoretical formulations for low-energy 
gravitational table top experiments

Theoretical descriptions:

Models of gravity-induced decoherence

Big questions:

What is the role of observers in quantum gravity?

Can we probe the compatibility of the fundamental assumptions in gravity & quantum physics?

Is gravity quantized, what constitutes a quantum signature of gravity? 

Novel effects of how quantum systems 
behave in gravity/quantum gravity
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— Theoretical formulation & 
application in quantum spacetime



Thank you! 
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