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How Quantum is Gravity?

entanglementquantumclassical
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For two large quantum states:
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ψt … spatial superposition state

𝜙 = 𝑘Δx

acceleration



Cold atoms & 
Interferometer

1 nK

Laser Gratings

Vacuum

2.6 s free fall



10 m atomic Fountain

T ≈ 1 s



Interferometer phase

2
P1

P2 + P1
− 1 = cosϕ

𝒌𝒊 𝒙𝒊 … “classical quantities”

𝜙 = σ𝒌𝒊 𝒙𝒊 + ΔS

ΔS … action difference

Atom Interferometer

Wave packet

separation
ℏ𝑘

𝑚
𝑇

Bragg beam splitter

ΔS=0 for up to potential order 2 
Antoine, Bordé (2003).

k inverse de-Broglie 
wavelength

k



How well do we know its not dependending on the mass?



𝜙 = 𝑘Δ𝑥 + ΔS

Zero for potentials
order 2 and lower

EM: Potential vs Field

Gravity:    pot. Energy or acceleration ?



𝜙 =
𝑚

ℏ
න𝑉𝑡 𝑥1 − 𝑉𝑡 𝑥2 𝑑𝑡

For small quantum states (small k or large m)

𝑉𝑡 𝑥1 − 𝑉𝑡 𝑥2 
𝜕𝑉

𝜕𝑥
⋅ ℏ𝑘/𝑚

𝜙 ≈ 𝑘Δ𝑥

Interferometer phase φ

k acceleration (classical quantity)

Perturbation Theory

Aharonov-Bohm phase like 𝜙𝐶 =
𝑞

ℏ
Δ𝑉𝐶𝑑𝑡 with Coulomb Potential Vc?
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Measure
gravity

of small
masses!

Thats easy! 
Use atoms
to measure
acceleration

PA Markus Aspelmeyer

𝜙 = 𝒌 𝒙 + 𝚫𝐒



Large quantum state regime

𝜙 =
𝑚

ℏ
න𝑉𝑡 𝑥1 − 𝑉𝑡 𝑥2 𝑑𝑡

Interferometer phase φ

m/ħ energy (quantum)

Perturbation Theory:

For large quantum states (large k) 𝜙 =
𝑚

ℏ
න𝑉𝑡 𝑥1 𝑑𝑡

Depends on:
− gravitational mass of single atom
− Big G
− ħ

No dependence on size
Non-dispersive (no contrast loss)



Interferometer geometry

R

M

Observation of a gravitational Aharonov-Bohm effect
Science 375, 226 (2022)



Acceleration vs grav. Energy

Grav. Energy is Significant! Acceleration stays hidden!



Quantum interaction test:

Heisenberg microscope

Position information is proportional to amount 
of momentum backaction 

Busch, Lathi, Werner PRL 2013

Heisenberg Error-disturbance relation



Heisenberg EDR
M

Quantum state Ψt

Which-path detector:
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Information Backaction
(assumed)

නΔ𝐸𝐺𝑑𝑡

∝

Independent of k 

Backaction from atom on source mass M  m

k dependent information on source mass
would violate Heisenberg

Information  m

(No acceleration)



Outlook

Information

Heisenberg
EDR

Backaction

Grav. Energy Grav. Energy

entanglement



Summary 

Comparision of Classical and Quantum measurement

Large quantum states cannot measure acceleration

Gravity does not allow for classical measurements (Heisenberg EDR)

Gravity measurement does not depend on |Ψ2|


