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Outline of the talk 
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Part I: Introduction

Part II: Gravity Induced Entanglement proposal 

• Quantum and Gravity interface. 

• A brief history of table-top experiments.

• What does it teach us about quantum gravity?
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Two (very broad) take home messages from this talk
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Impressive advances in AMO experimental physics, in 
control and manipulation of microscopic (and not only) 

quantum systems, push in new untested regimes.  

New fundamental phenomena at the interface of 

quantum and gravity are around the corner.

There are plenty of table-top 
experimental proposals claiming to 

test quantum aspects of gravity. 

Nevertheless, none seems conclusive.

In the second part of the talk, I will zoom in an 
ambitious proposal from 2017, known as Gravity 

Induced Entanglement (GIE) proposal, highlighting 
its inherent interpretational ambiguity.

Based on: 
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Research questions on the gravity-quantum interface
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• Is gravity fundamentally classical or quantum? 


• In a theory of quantum gravity, which principles survive and which are abandoned? (e.g. EP, Locality, Lorentz symmetry, 
superposition principle? )


• Similarly, which principles should be modified/generalised? (e.g Generalised uncertainty relations, Quantum formulation of EP?)


• Are there new (not speculative) effects which have been overlooked?


Bottom-up approach 

Top-down approach Driven by theoretical consistency

(Symmetries, Simplicity,…)

Driven by experiments

No experimental input so far.
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Motivation for a quantum theory of gravity 
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• All other fundamental forces in the standard model are quantum in nature.  

• General relativity breaks down in the singularities (Black Holes, Big Bang). At these points, 
the theory loses its predictability.  

• Provide a deeper understanding of Hawking radiation, Black hole evaporation, black hole 
entropy etc… 

• Difficulty in consistently coupling classical with quantum systems.
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A zoo of quantum gravity approaches
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• String theory
• Loop quantum gravity 

• Quantization of general relativity 

• Gravitization of quantum physics 

• General relativity and quantum physics as limiting cases 

• Spacetime emergence Quantum is fundamental and gravity 
seen as emergent phenomenon

GR is fundamental. 

Forcing QM be compatible with GR. 

Radical approach. 
New perspectives in 

both GR and QM 

Democratic treatment of QM and GR.

(Canonical and covariant approach)
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Is gravity fundamentally classical?

7

Gμν = 8πG⟨Ψ | ̂Tμν |Ψ⟩• Møller-Rosenfeld theory:
Møller (1962}


Rosenfeld (1963)

• Conceptual issues with semiclassical gravity, for single particles, as pointed out by Eppley&Hannah (1977) and Page&Geilker (1981). 

• Superposition principle (for quantum matter) is lost. 

• Lack of experimental evidence has led physicists to question the whole quantum gravity programme.

Matter is quantized whereas 
gravity is fundamentally classical

Møller-Rosenfeld theory standard approach to

Computation of Hawking radiation

Computation of Inflationary 
power spectrum

However, 

Fundamentally classical gravity 
may require modifications of QM

Eppley & Hannah (1977)



Vasileios Fragkos |                    |  COST conference, Rijeka | July 14, 2023

De-motivation for quantum gravity experiments
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• Gravity is an extremely weak force. 
FG

FEM
= 10−39

p+ e−

• Impossible to detect a single graviton with LIGO.

• Hawking radiation: T ≈ 1nK( M
60Msun

)−1

• LHC runs in energy scales well below Planck scale.
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                 New experimental capabilities pushing to novel unexplored regimes
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Atomic clocks Atomic fountains Quantum Optomechanics Optical tweezers  
& 

Levitated particles

Rapid progress in controlling and manipulating quantum systems Pushing physics to new scales
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A brief history of Table-top experiments for Quantum Gravity
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1995 Gravitational wave-function collapse

1999 Experimental proposals test Penrose’s idea

2003

and many more….
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A brief history of Table-top experiments
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2012

2017

Table-top quantum gravity phenomenology of new physics

Indirect signatures of quantum gravity  

“Speculative, though educated guesses”  

(Modification of commutation relations, quantum foam)

A brief history of Table-top experiments for Quantum Gravity
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Principles of quantum physics & gravity in tension
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Quantum Mechanics 

Superposition 
principle

Uncertainty 
principleUnitarity

Gravity

Covariance

Equivalence 
principle

Dynamical spacetime

Some observable consequences
Entanglement

Violation of Bell’s inequalities
. 
. 
.

Time dilation

Gravitational wavesBlack Holes &
. 
. 
.

Born rule

Both theories: Tremendous success in explaining observable phenomena. However, theoretically challenging to 
have a unified framework.   

Particle interference Newtonian potential
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One particular example …
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Quantum Mechanics 

Superposition 
principle

Uncertainty 
principleUnitarity

Gravity

Covariance

Equivalence 
principle

Dynamical spacetime

Born rule

Superposed trajectories 
coupled with internal dynamics
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Quantum Mechanics 

Superposition 
principle

Uncertainty 
principleUnitarity

Gravity

Covariance

Equivalence 
principle

Dynamical spacetime

Some observable consequences
Entanglement

Violation of Bell’s inequalities
. 
. 
.

Time dilation

Gravitational wavesBlack Holes &
.

.

.

Born rule

Particle interference Newtonian potential

COW experiment!  
The only empirical fact we 

have up to date at the 
quantum & gravity interface

Principles of quantum physics & gravity in tension
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Influence of gravity on quantum wave-function 
Colella-Overhauser-Werner (COW) experiment
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|ψ⟩ =
1

2
( |ψdown⟩ + e−iΔϕ |ψup⟩)

Δϕ =
mgxt

ℏ

P2 − P1 = cos(Δϕ)

COW experiment teaches us:   Gravitational potential enters Schröndiger equation

BUT nothing about quantum gravity. Gravitational potential is treated entirely as a classical background. 

g

P1

P2

H = H0 + mgx

Is there a possible modification of the COW proposal which can address the question of quantisation?

Hamiltonian:

Gravitational phase shift

Earth’s grav.field
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Weak field quantum gravity: local or non-local?          Focus:   Gravity Induced Entanglement (GIE) proposals 

If the gravitational interaction generates an entangled state out of the initial product 
state and (crucially!) we assume locality of interactions, then, the LOCC argument 
implies that gravitational field should be quantum mechanical in nature.

GIE proposal: 

16
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Weak field quantum gravity: local or non-local?           Gravity Induced Entanglement (GIE) proposals 

LOCC (Local Operations and Classical Communication) Cannot increase entanglement 
between two systems 

G.Vidal 1998, “Entanglement monotones”

Horodeckis 2009, “Quantum entanglement”


Peres & Wootters 1991, “Optimal Detection of Quantum Information”

Definition of locality: A B

C

A,B: Masses 

   C: Gravitational mediator

Hint = HAC + HBC

A and B are not allowed to interact directly(Marletto & Vedral, 2017)

C interacts locally with A and B.

17

• Νewtonian limit,  is non-local.

• For the LOCC argument to apply one needs to assume that fundamentally quantum gravity is a 

local theory, which is not tested in this experiment.

Ĥint = ĤAB = − GmAmB/ | ̂xA − ̂xB |Immediate caveat:



Vasileios Fragkos |                    |  COST conference, Rijeka | July 14, 2023
18

Investigate the problem from different perspectives and understand what conclusions 
can be drawn from a GIE type of experiment depending on the initial assumptions.Goal:

i) Non-Relativistic description

ii)  Relativistic formulations Weak Field Quantum Gravity

Absorber formulation

Non-local description

Local description

Newtonian theory 

Weak Field Quantum Gravity admits 
both local and non-local formulations

LOCC cannot be used to 
infer quantized mediators

           Gravity Induced Entanglement (GIE) proposals 

GIE tests gravitating source 
masses in spatial superposition. Novel, experimentally untested regime.

Take home messages

Minimal interpretation of GIE.

How entanglement is generated in different descriptions?
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Newtonian theory: Action-at-a-distance

Ĥ =
N

∑
i=1

̂ ⃗p 2
i

2m
−

m2G
2

N

∑
j=1,j≠i

1

| ̂ ⃗x i − ̂ ⃗x j |
Ĥ = ∫ d3x( ℏ2

2m
∇ψ̂†( ⃗x )∇ψ̂( ⃗x ) + mΦ̂( ⃗x )ψ̂†( ⃗x )ψ̂( ⃗x ))

∇2Φ̂( ⃗x ) = 4πGmψ̂†( ⃗x )ψ̂( ⃗x )

Second quantized formulation

Newtonian potential   is an operatorΦ̂( ⃗x )

Hamiltonian for N=2 gravitationally interacting particles

Φ̂( ⃗x ) = − mG∫ d3x′ 

ψ̂†( ⃗x ′ )ψ̂( ⃗x ′ )
| ⃗x − ⃗x ′ |

Sources of gravity are in superposition  

GIE probes a new, yet untested regime,

where Newtonian gravitational field is sourced coherently. 

Mean field description inadequate  

Operator nature of  cannot be neglected

Φ̂ |Ψ⟩ ≠ ⟨Φ⟩ |Ψ⟩
Φ̂( ⃗x )

GIE works in the Newtonian limit and refers to gravitating source masses which are put in a spatial superposition.  

How do we make sense of Newtonian potential in superposition?

If sources can be approximated 
by a mean field, then . 

(COW experiment)
Φ̂ → Φ

|Ψ⟩GIE =
1
2 ( |L, ↑ ⟩1 + |R, ↓ ⟩1)( |L, ↑ ⟩2 + |R, ↓ ⟩2)

|Ψ⟩COW =
1

2 ( |earth⟩1)( |L⟩2 + |R⟩2)

19

Neutron
Colella, Overhauser, Werner (1975, PRL 34)

N-body problem
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Weak field quantum gravity: local or non-local?

Ĥint = − ∫ d3r( ̂sTT
ij

̂Tij) −
G
2 ∫

d3rd3r′ 

| ⃗r − ⃗r′ | [−4 ̂f⊥,i( ⃗r′ ) ̂T0i( ⃗r ) + ̂T00( ⃗r′ )( ̂T00( ⃗r ) + ̂Tk
k( ⃗r ) − 2Π̂||( ⃗r ))]

Constrained Hamiltonian (without redundant degrees of freedom) 

subdominant in GIE ∝ Traceless stress-
energy tensor∝ ̂T0i

⊥
Dominant 

entangling term

In this formulation, entanglement is generated non-locally after removal of unphysical degrees of freedom.

h00 = − 2ϕ
h0i = wi

hij = − 2ψδij + 2sij

gμν = ημν + hμν , |hμν | ≪ 1Weak field limit of gravity: Hint = −
1
2 ∫ d3rhμν( ⃗r )Tμν( ⃗r )Interaction Hamiltonian:

si
i = 0 and ∂js

j
i = 0 and ∂iwi = 0Complete gauge fixing:Metric SVT decomposition:

Relativistic formulation #1:  Non-local formulation 

Poisson gauge Fix the gauge classically and quantise only the 2 physical dofs sTT
ij → ̂sTT

ij

20
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Weak field quantum gravity: local or non-local?

gμν = ημν + hμν , |hμν | ≪ 1Weak field limit of gravity: Hint = −
1
2 ∫ d3rhμν( ⃗r )Tμν( ⃗r )Interaction Hamiltonian:

Relativistic formulation #2:  Local formulation

ĥμν( ⃗r ) = ∫ d3k
ℏG

c2π2ωk [ ̂aμν( ⃗k )ei ⃗k ⋅ ⃗r + ̂a†
μν( ⃗k )e−i ⃗k ⋅ ⃗r]

Ĥg =
1
2 ∫ d3kℏωk[ ̂a†

μν( ⃗k ) ̂aμν( ⃗k ) −
1
2

̂a†μ
μ ( ⃗k ) ̂aν

ν( ⃗k )]

All (10!) metric components are quantized

Hamiltonian 
gravitational field

One can impose subsidiary conditions in the  to eliminate the redundant dofs. ℋphys

In presence of matter, redundant “gravitons” can exist in virtual states

In Lorenz gauge, entanglement is established locally via the exchange of “unphysical” mediators

(Gupta 1952,1968)


(Gupta 1968)

(Gupta 1952)

(Bose et al 2022)


21
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Interlude: Feynman-Wheeler absorber theory

22

Equivalent formulations of electrodynamics. Same predictions BUT different ontology.
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Quantum Electrodynamics as an absorber theory

23

Quantum version of Wheeler-Feynman theory:
Hoyle-Narlikar (1969, 1971)

P. Davies (1969, 1971, 1972)


Pegg (1975, 1979)

ℒint(x) = jμ(x)Aμ(x) ℒint(x) = jμ(x)∫ d4x′ jμ(x′ )δD[(x − x′ )2]

δD[(x − x′ )2] ≡
1
2 (G+(x − x′ ) + G−(x − x′ ))

G±(x − x′ ) =
δD[c(t − t′ ) ± | ⃗x − ⃗x ′ |]

| ⃗x − ⃗x ′ |
Advanced & Retarded 

Green’s function

Conventional QED QED as an absorber theory
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Weak field quantum gravity: local or non-local?

24

Relativistic formulation #3:   Absorber formulation of Weak Field Quantum Gravity

In this formulation, entanglement is established by the sources non-locally. 
No gravitational mediators exist to be quantized.

Beyond WFQG: 

 i) Does an action-at-a-distance formulation exist?

ii) Is the full quantum theory of gravity a local or non-local theory?

 An absorber theory exists in the weak field limit of gravity.
(Rosen 1979)

(Louis-Martinez, 2012)

Open questions

One can remove the mediators from the theory and end 
up with a non-local interaction between matter sources.

Back to gravity…
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Equivalent formulations of entanglement generation 
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Theory Entanglement Lorenz Inv.
Non-relativistic Newtonian QG Yes No

Weak Field QG (non-local formulation) Yes Yes
Weak Field QG (Local formulation) Yes Yes

Weak Field QG (Absorber) Yes Yes

LOCC
LOCC

LOCC
LOCC

LOCC?LOCC conclusion about mediators 
Relies on local description

Exactly same conclusions apply to QED
EM analogue of GIE would not unambiguously 

reveal the existence of photons

Deriving the GIE effect in a 
manifestly local gauge is a choice. 

Bose et al, Phys. Rev. D 105, 106028 (2022)

Christodoulou et al,  2202.03368  (2022)

Marletto-Vedral   2207.11349 (2022) 

Entanglement can be equivalently generated 
non-locally BUT still within relativity as we know it.

AVS Quantum Sci. 4, 045601 (2022) 

Hu, Anastopoulos, Classical and 
Quantum Gravity 37, 235012 (2020).

Locality is NOT dictated by relativity

LOCC cannot be used to unambiguously infer quantized mediators   
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              Non-locality of gauge theories: Some history Beyond Mediators: Signatures of weak-field quantum gravity in Cosmology

̂v(t, ⃗x ) = a(δφ̂(t, ⃗x ) + ψ̂(t, ⃗x )φ̄′ /ℋ)

∇2Φ̂(t, ⃗x ) = 4πG
φ̄′ 

2

ℋ2 ( ̂v(t, ⃗x )
z )

′ 

CMB temperature anisotropy
  ∝ ⟨Φ̂(t, ⃗x )Φ̂(t, ⃗x + ̂r)⟩

Cosmic Microwave Background (CMB) temperature fluctuations already indicate quantisation of the 
Newtonian (constrained) part of the metric. 

 : The classical inflaton fieldφ̄
 : Mukhanov - Sasaki variablêv(t, ⃗x )

26

Poisson equation 

Standard linear cosmological perturbation theory leads to 

 : Inflaton fluctuationsδφ̂

 : Bardeen Potential, scalar part of the metricΦ̂(t, ⃗x )

 : Functions of the scale factor  ℋ, z a(t)
 : scalar metric perturbation   ψ̂

 sourced by quantum 
fluctuations of the metric

Φ̂

GIE probes the same 
regime
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Summary of conclusions from entanglement 

Model Non-Relativistic 
Newtonian theory

Weak field 
Quantum Gravity 
Poisson gauge

Absorber theory 
Weak field Quantum 
Gravity Lorenz (local) 

gauge

Entanglement 
generation

No mediators 
Non-local

No mediators 
 Non-local

No mediators 
 Non-local

Mediators exist 
Local

Conclusions
Newtonian potential 

sourced in 
superposition

Sources in 
superposition

Sources in 
superposition

Quantized mediators  
LOCC applies

Caveats

Quantization of the 
scalar part of the 

metric already 
probed by current 
CMB observations

Quantization of the 
scalar part of the 

metric already 
probed by current 
CMB observations

There is no absorber 
formulation for full 

GR

Mediators are not the 
standard spin-2 gravitons 

but auxiliary dofs 

V.Fragkos , M. Kopp, I. Pikovski. 

AVS Quantum Sci. 4, 045601 (2022)
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Aharonov-Bohm-DeWitt correspondence: Debate on local vs non-local formulations

DeWitt:

Which is more significant, the fact that nonlocal formulations of causal theories exist which deal only with 
observables, or the fact that in all known cases local formulations in terms of potentials also exist? In a similar 
vein the author disagrees with the assertion of Aharonov and Bohm that quantum electrodynamics is ultimately 
determined by the requirement that it be expressible in a local form. QED is really determined by experiment.

Aharonov-Bohm:     Potentials play a fundamental role in Quantum theory.  QED admits a local formulation with the aid of potentials.

“We must keep in mind that quantum theory as it is now requires that the interaction of the electron with the EM 
field must be a local one (i.e the field can operate only where the charge is)”

DeWitt:
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“It doesn’t matter how beautiful your theory is, it doesn’t matter how smart you are or what your name is. 
If it doesn’t agree with experiment, it’s wrong.”
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Conclusions

• New exciting era for fundamental physics: Control and manipulation of quantum systems provide a new 
platforms to challenge fundamental theories and push limits to novel regimes. 

• Many new experimental proposals probe new speculative as well as expected physics.  
• GIE proposal very exciting. Probes new, untested regime in physics. 
• However, interpretation is ambiguous. Relies on the assumption that entanglement is generated locally. 

We saw that standard weak field quantum gravity admits both local and non-local formulations.  
• Locality is not dictated by relativity. Non-local formulations of QED or weak field quantum gravity, as well 

as action-at-a-distance formulations do respect causality. 
• Thus LOCC argument cannot be used to unambiguously infer the existence of gravitons, quantised 

mediators of gravity.  
• Weak field quantum gravity has been already indirectly tested by CMB observations. GIE probes the same 

regime!

V.Fragkos, M. Kopp, I. Pikovski. 

AVS Quantum Sci. 4, 045601 (2022)
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Extra slides
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A useful distinction to keep in mind….

32

Quantum and gravity 
interface Precision tests Quantum gravity

Not tests of quantum gravity. Test 
compatibility of GR with QM principles. 

Indirectly, can teach us something about QG.

Not tests of quantum gravity. 
Indirectly, can teach us 
something about QG. In principle, under some assumptions, 

are tests of quantum gravity. 


