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1. Motivations 

2. Classical phase-space model for Gravity-mediated entanglement

Outiline

• Is Gravity fundamentally Quantum or Classical?

• Can we use Gravity-mediated entanglement 

to investigate the fundamental nature of Gravity?

Results & Outlook
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1. Motivations

Do we need to quantize Gravity?

• Weakest interaction

• No consensus on quantum gravity

Planck mass      𝐸~1019𝐺𝑒𝑉

• Lack of direct experimental evidence

Fundamental quantum interaction 

Q C?

Classical field
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• Semi-classical models

Carney, D., et al, arXiv:2301.08378 (2023).

Khosla, K. E., arxiv:1812.03118 (2018).

Diósi, L., Physical Review A, 40(3), 1165 , (1989). 

Tilloy A., Physical Review D 93, 024026 (2016).

• Reduction models

• … and many others

Alternative theories

Altamirano, N.,  

 Classical and Quantum Gravity 35, 145005 (2018).

Tilloy, A., Journal of Physics: Conference Series, Vol. 1275 (2019) .

Oppenheim, J. , Physical Review X 13, 041040 (2023) .

Kafri-Taylor-Milburn (KTM)

Measurement-feedback

Atom interferometry experiments

Kafri, D., et al,  New Journal of Physics 16.6, 065020 (2014).



1957 Chapel Hill Conference: The role of gravitation in physics

Feynman thought experiment

Source mass Test mass

DeWitt, C. M., & Rickles, D., The role of gravitation in physics: report from the 1957 Chapel Hill Conference,  (2011). 
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2017 Revitalization: Gravity-mediated entanglement (GME)
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Marletto, C., et al, Phys. Rev. Lett. 119, 240402  (2017)
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GME as testable quantum feature! 

Entanglement between two systems cannot be created 

by Local Operations and Classical Communication (LOCC)

Gravity is a quantum interaction    Gravity-Mediated Entanglement

Is the detection of GME a proof of quantumness?

GME detection can be explained by classical descriptions
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• GME by virtual gravitons

  LOCC assumption: interaction mediated by physical systems

• Operator valued interaction

Classical systems described in the Hilbert space with Koopman-von Neumann theory

• GME detection implies that the state of the field was entangled with the particle

 Entanglement monogamy: a pure state cannot be entangled with any other state

Concerns

Fragkos, V., et al, AVS Quantum Science 4, (2022).
Bose, S.,et al., Physical Review D 105.10 : 106028 (2022).
Piasecki, D., Arxiv: 2112:05619 (2021).
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What is a good criterion for non-classicality?

Quantum theory

➢ Initial state  (superposition)

➢ Time evolution (Schrödinger equation)

Observe dynamical effects that cannot be explained by any classical approximation 

ሶ𝑊 = 𝐻, 𝑊 + ℴ ℏ2

Quantum Moyal equation

(Poisson brackets)

(Quantum contribution)

( = Schrödinger equation)

Phase-space
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Phase-space evolution

ሶ𝑊 = 𝐻, 𝑊 + ℴ ℏ2

Quantum Moyal equation

(Poisson brackets)

(Quantum contributions)

ሶ𝑃 = 𝐻, 𝑃Classical Liouville equation

( = Newton’s Law of motion)

Compare with evolution given by Schrödinger equation 

𝑊 → 𝑃

( = Schrödinger equation)

W. P. Schleich, Quantum optics in phase space, JohnWiley & Sons, 2011
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Reproduce GME with:

• Classical time evolution in phase-space

• Suitable approximation of gravitational potential

Quantum Moyal equation coincide with Classical Liouville equation

If 𝑈 𝑥 ≈ 𝑈 ҧ𝑥 + 𝑥 − ҧ𝑥 𝑈′ ҧ𝑥 + 𝑥 − ҧ𝑥 2 𝑈′′ ҧ𝑥  

Wigner function will evolve with classical trajectory in phase space

(Quantum and Classical evolution indistinguishable) 

2. Classical phase-space model  for GME

Marchese, M. M., et al, ArXiv:2401.07832  (2024)
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Quantify entanglement

𝑇𝑟 𝜌𝐴(𝑡)2 < 1 𝜌 𝑡 ≠ 𝜌𝐴(𝑡)⨂𝜌𝐵(𝑡)

𝑇𝑟 𝜌𝐴(𝑡)2 = 𝑇𝑟 𝜌𝐵(𝑡)2 = 1

A quantum state  is pure and separable, i.e.,

Iff all the marginals     are pure i.e.,

𝑇𝑟 𝜌 𝑡 2 = 1 𝜌 𝑡 = 𝜌𝐴(𝑡)⨂𝜌𝐵(𝑡)𝜌 𝑡

𝑇𝑟𝐵 𝜌 𝑡 = 𝜌𝐴(𝑡)

Purity for particle 2 with the Quantum evolution

𝛾𝑄 =
3 + cos Δ𝜑𝐿𝑅 + Δ𝜑𝑅𝐿 𝑡

4
< 1

The total final state is entangled



Second order approximation

Taylor expansion

𝑉𝑇𝑎𝑦𝑙𝑜𝑟 𝒙𝒓𝒆𝒍 ~ −
𝐺𝑚2

𝑑
+

2𝐺𝑚2

𝑑2
𝒙𝒓𝒆𝒍 −

2𝐺𝑚2

𝑑3
𝒙𝒓𝒆𝒍

𝟐

𝑉𝑓𝑖𝑡 𝒙𝒓𝒆𝒍 ~ −
𝐺𝑚2

𝑑
+

2𝐺𝑚2

𝑑2 − Δ𝑥2
𝒙𝒓𝒆𝒍 −

2𝐺𝑚2

𝑑 𝑑2 − Δ𝑥2
𝒙𝒓𝒆𝒍

𝟐

𝑉𝐺 𝒙𝒓𝒆𝒍 = −
𝐺𝑚2

𝑑 + 2𝒙𝒓𝒆𝒍

𝑥𝑟𝑒𝑙 =
1

2
𝑥2 − 𝑥1 − 𝑑

Newtonian Gravitational potential
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Second order polynomial 

𝑥𝑟𝑒𝑙 = 0 𝑥𝑟𝑒𝑙 = ± ൗΔ𝑥
2

Fitting points
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𝑡 (𝑠)

𝛾

𝛾𝑄(𝑡)
𝛾𝑓𝑖𝑡(𝑡)

𝛾𝑇𝑎𝑦𝑙𝑜𝑟(𝑡)

𝑚~10−14𝑘𝑔

𝑑~450 𝜇𝑚

Δ𝑥~250 𝜇𝑚

𝛾 𝑡 = Tr 𝜌𝐴(𝑡) 2

Results

Same amount of entanglement

• Classical theories generate 
entanglement from superposition

• No definitive answer
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High order terms?

Stepwise potential 𝐹𝑗 =
𝑚2𝐺

ҧ𝑥𝑗
2 ҧ𝑥𝑗 = 𝑥0,𝑗 − 𝑦0,𝑗𝑉𝑆𝑡𝑒𝑝 𝒙𝒓𝒆𝒍 = −

𝑚2𝐺

ҧ𝑥𝑗

Noise model

ሶ𝑊 𝑥1, 𝑥2, 𝑝1, 𝑝2 = 𝐷 න 𝑑𝑞1𝑑𝑞2 𝑔 𝑞1, 𝑞2  𝑊 𝑥1, 𝑥2, 𝑝1 − 𝑞1, 𝑝2 − 𝑞2 − 𝑊 𝑥1, 𝑥2, 𝑝1, 𝑝2

• Even the minimal diffusion wash out the entanglement

Classical dynamics leads to unphysical states!

1

2
න 𝑊 𝑝1, 𝑝2, 𝑡 𝑑𝑝1𝑑𝑝2 − 1  ≈ 0.1%

Negativity in the marginals arises at  𝒕 ≥ 𝟏. 𝟔 𝒔
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Conclusions

Design of new experiments to rule out ALL classical models

• Classical evolution in phase-space can generate Gravity-mediated Entanglement

• Longer experimental times

• Different arms separations

Test different quantum feature as signature of quantum Gravity

❑ Second-order approximation indistinguihable from quantum dynamics

• The proposed experiments for GME do not prove that gravity is quantum
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Thank you for your attention!
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