
a tale of two localities

Andrea Di Biagio

A look at the interface between gravity and quantum theory

2025-07-25



relativistic

spacetime regions

circuit

systems

two notions of locality
introduction



relativistic circuit

two notions of locality
introduction

basis of relativity theory

foundational to QFT, GR

no-signalling

widely used in models

postulate of QM

assumed in reconstructions



if we detect gravity mediated entanglement, 
then gravity cannot be both:

classical

QM

constructor 
theory

GPTs

introduction

low-energy quantum gravity

local

is this a good 
assumption?

https://doi.org/10.1103/physrevlett.119.240401
https://doi.org/10.1103/physrevlett.119.240401
https://doi.org/10.1103/physrevlett.119.240401
https://doi.org/10.1103/physrevlett.119.240402
https://doi.org/10.1103/physrevlett.119.240402
https://doi.org/10.1103/physrevlett.119.240402
https://doi.org/10.22331/q-2022-08-17-779
https://doi.org/10.22331/q-2022-08-17-779
https://doi.org/10.22331/q-2022-08-17-779
https://doi.org/10.22331/q-2022-08-17-779


H = HA + HB + HC + HAC + HBC

mediation
introduction

U(t) = e−iHt

A C B

UAC

A C B

UBC

=
?

focus on quantum theory:



plan
• two quick observations 

• scalar field and quantum-controlled particles 

• only fields 

• GME no-go theorems revisited

} QM+QFT



two quick observations



H = HA + HB + HC + HAC + HBC

Suzuki-Trotter
observation 1



H = HAC + HBC

⟹ U(t) = e−i(HAC+HBC)t = e−iHACt e−iHBCt e
1
2 [HAC,HBC]t2

Suzuki-Trotter
observation 1



H = HAC + HBC

⟹ U(t) = e−i(HAC+HBC)t ≠ e−iHACt e−iHBCt

= lim
n→∞

(e−iHAC t/ne−iHBC t/n)n

arbitrarily good approximation but no input from relativity.

Suzuki-Trotter
observation 1



t1

t0

QED in Coulomb gauge
observation 2

H = H1 + H2 + Hrad
A⊥

+
q1q2

| x̂1 − x̂2 |
− ∫ d3x A⊥(x) ⋅ (J1(x) + J2(x))

|ψ0⟩ = |C⟩1 |C⟩2 |0⟩A⊥

|ψ1⟩ ≈
1
2 ( |L⟩1 + |R⟩1) ( |L⟩2 + |R⟩2) |0⟩A⊥

H |ψ1⟩ ≈ (H1 + H2 +
q1q2

| x̂1 − x̂2 | ) |ψ1⟩ ⟹ e−iHt

1 2 A⊥

U

1 2 A⊥

=



QED in Coulomb gauge

no mediation!

theory is relativistically local (no-signalling)

 mediation does not follow from relativistic locality⟹

( circuit locality is gauge-dependent)⟹

observation 2

⟹ e−iHt

1 2 A⊥

U

1 2 A⊥

=

H = H1 + H2 + Hrad
A⊥

+
q1q2

| x̂1 − x̂2 |
− ∫ d3x A⊥(x) ⋅ (J1(x) + J2(x))

H |ψ1⟩ ≈ (H1 + H2 +
q1q2

| x̂1 − x̂2 | ) |ψ1⟩

https://doi.org/10.1116/5.0101334
https://doi.org/10.1116/5.0101334


circuit locality 
with massive scalar field



a positive result
massive scalar field

• two particles coupled to a massive scalar field, in a specific regime 

• scalar field mediates, up to some phases 

• microcausality (  if ,  spacelike) eliminates the phases[ ̂ϕ(x), ̂ϕ(x′￼)] = 0 x x′￼

• relativistic locality yields circuit locality in this approximation

concrete example:

https://arxiv.org/abs/2305.05645


three key assumptions
massive scalar field

• support of the matter wavefunctions 
contained within two distinct spacetime 
regions 

• no back-action on the field 

• matter in quantum-controlled superposition 
of semiclassical states

x

t

|0⟩
|1⟩ |2⟩

|0⟩

|1⟩

|2⟩



Ĥ(t) = ĤA(t) + ĤB(t) + Ĥϕ + Ĥint

setup
derivation

ĤA(t) = ∑
r

|r⟩⟨r | ⊗ Ĥr
A(t)

quantum-controlled 
dynamics

Ĥϕ = ∫
d3k

(2π)3
ωk ̂a†

k ̂ak

kinetic field term

Ĥint = ∫ d3x ̂ϕ(x)( ̂μA(x) + ̂μB(x))
local interaction

ℋ = (ℂd ⊗ L2(ℝ3)) ⊗ (ℂd ⊗ L2(ℝ3)) ⊗ ℱϕ

̂μA(x) = μ(x − x̂A)



|Ψ(t)⟩ = ∑
rs

crs |rs⟩ |ψr
A(t)⟩ |ψ s

B(t)⟩ |ϕrs(t)⟩

no back action on the qudits + matter in superposition of pointer states:

evolution of the whole system: Û = ∑
rs

|rs⟩⟨rs | ⊗ Ûr
A ⊗ Ûs

B ⊗ Ûrs
ϕ

qudit-controlled dynamics
derivation

d
dt

|ψr
A(t)⟩ = − iĤr

A(t) |ψr
A(t)⟩particles:

d
dt

|ϕrs(t)⟩ = − i(Ĥϕ + Ĥrs
int(t)) |ϕrs(t)⟩field: Ĥrs

int(t) = ⟨ψr
A(t)ψ s

B(t) | Ĥint |ψr
A(t)ψ s

B(t)⟩



is not field a mediation yet

but if we had ∀rs : Ûrs
ϕ = Ûr

ϕ ∘ Ûs
ϕ then it would be:

Û = (∑
s

|s⟩⟨s | ⊗ Ûs
B ⊗ Ûs

ϕ) ∘ (∑
r

|r⟩⟨r | ⊗ Ûr
A ⊗ Ûr

ϕ)

condition for subsystem locality
derivation

Û = ∑
rs

|rs⟩⟨rs | ⊗ Ûr
A ⊗ Ûs

B ⊗ Ûrs
ϕ



evolution of the field
derivation

d
dt

Ûrs
ϕ (t) = − iĤrs(t)Ûrs

ϕ (t)

x

t
Û = ∑

rs

|rs⟩⟨rs | ⊗ Ûr
A ⊗ Ûs

B ⊗ Ûrs
ϕ



evolution of the field
derivation

Ĥrs(t) = Ĥϕ + ⟨ψr
A(t)ψ s

B(t) | Ĥint |ψr
A(t)ψ s

B(t)⟩

x

t
quantum field with  
classical source!

d
dt

Ûrs
ϕ (t) = − iĤrs(t)Ûrs

ϕ (t)

Ûrs
ϕ = eiΩrsD̂rse−iĤϕ(t2−t1)

exact solution



Ûrs
ϕ = eiΩrsD̂rse−iĤ0(t2−t1) eiΩ̃rsÛr

ϕÛs
ϕe−iĤ0(t2−t1)

field mediation?
derivation

=

almost there!

full evolution:

Û = ∑
sr

eiΩ̃rs ( |s⟩⟨s | ⊗ Ûs
B ⊗ Ûs

ϕ) ∘ ( |r⟩⟨r | ⊗ Ûr
A ⊗ Ûr

ϕ) ∘ e−iĤ0(t2−t1)



the phase
derivation

Ω̃rs = − i∬
t2

t1

dtdt′￼∬ d3xd3x′￼μr
A(t, x)μs

B(t′￼, x′￼)[ ̂ϕI(t, x), ̂ϕI(t′￼, x′￼)]

−i∫
t2

t1

dt∫
t

t1

dt′￼∬ d3xd3x′￼(μr
A(t, x)μs

B(t′￼, x′￼) + μr
B(t, x)μs

A(t′￼, x′￼))[ ̂ϕI(t, x), ̂ϕI(t′￼, x′￼)]

μr
A(t, x) = ⟨ψr

A(t) | ̂μA(x) |ψr
A(t)⟩



derivation

Ω̃rs = − i∬
t2

t1

d4xd4x μr
A(x)μs

B(x′￼)[ ̂ϕI(x), ̂ϕI(x′￼)] − ⋯

microcausality:

[ ̂ϕI(x), ̂ϕI(x′￼)] = 0 if  and  are spacelike  x x′￼

relativistic locality μr
A(t, x) = ⟨ψr

A(t) | ̂μA(x) |ψr
A(t)⟩

t2

x

t

t1

x
x′￼

supp μr
A, supp μs

Bif are spacelike

Ω̃rs = 0then



derivation

relativistic locality

Ω̃rs = − i∬
t2

t1

d4xd4x μr
A(x)μs

B(x′￼)[ ̂ϕI(x), ̂ϕI(x′￼)] − ⋯

t2

x

t

t1

μr
A(t, x) = ⟨ψr

A(t) | ̂μA(x) |ψr
A(t)⟩

supp μr
A, supp μs

Bif are spacelike ∀r, s

Ω̃rs = 0 ∀r, sthen

microcausality:

[ ̂ϕI(x), ̂ϕI(x′￼)] = 0 if  and  are spacelike  x x′￼



relativistic locality gives circuit locality
derivation

t2

x

t

t1

Û(t1, t2) = ÛBϕ ∘ ÛAϕ ∘ e−iĤ0(t2−t1)then

⟹

supp μr
A, supp μs

Bif are spacelike ∀r, s



t1

t0

scalar-field mediated entanglement
derivation

|Ψ0⟩ =
1
2 ∑

rs=0,1

|rs⟩ |ψA,0⟩ |ψB,0⟩ |ϕ0⟩

|Ψ(t)⟩ =
1
2 ∑

rs=0,1

|rs⟩ |ψr
A(t)⟩ |ψ s

B(t)⟩ |ϕrs(t)⟩

⟨ϕrs
f |ϕr′￼s′￼⟩ ≈ 1 ⟹ |Ψf⟩ ≈

1
2 ∑

rs=0,1

eiθrs |rs⟩ ⊗ |ψABϕ⟩ θrs = −
1
2 ∫ d4x ρrs(x)ϕrs(x) = Ssr

ϕ

entangling phases  are given by the on-shell action 
of field sourced by classical trajectory!

θrs

coherent state peaked 
around classical solution

|Ψf⟩ =
1
2 ∑

rs=0,1

eiθrs |rs⟩ |ψA,f⟩ |ψB,f⟩ |ϕrs
f ⟩

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.100202


only fields



𝒮1 𝒮2

a more general result
only fields

• three fields interacting with each other 

• assume localisation condition on the fields   

• microcausality (  if ,  spacelike) 

• valid for possibly curved spacetime

[ ̂ϕ(x), ̂ϕ(x′￼)] = 0 x x′￼

(work in progress)
Marios 

Christodoulou
T. Rick 
Perche



𝒮1 𝒮2

mediation in QFT
only fields

ℒ = ℒ1 + ℒ2 + ℒφ + ℒ1φ + ℒ2φ

free-field term 
 for each field

−𝒪φ ⋅ J1

local interactions

−𝒬φ ⋅ J2
ℒ = ℒ(x)

local 
Lagrangian density

[ ̂A(x), B̂(y)] = 0
if  and  spacelikex y

microcausality

𝒪̂1(x) = 0 if x ∉ 𝒮1

𝒪̂2(x) = 0 if x ∉ 𝒮2

localisation



localisation assumption
only fields

ℒϕ = −
1
2

∂μϕ∂μϕ −
1
2

m2ϕ − V(x)ϕ

x

V+∞ +∞

ϕn(x) = 0 if  and then x ∉ 𝒮 ̂ϕ(x) = 0

̂ϕ(x) = ∑
n

(e−iωntϕn(x) ̂an + eiωntϕ*n (x) ̂a†
n)



localisation assumption
only fields

x

V

ϕn(x) ∼ 0 as x ∉ 𝒮 if  then  as ak |ψ⟩ = 0 ̂ϕ(x) |ψ⟩ ∼ 0 x ∉ 𝒮

ϕk(x) ≁ 0 unnormalisable

ℒϕ = −
1
2

∂μϕ∂μϕ −
1
2

m2ϕ − V(x)ϕ

̂ϕ(x) = ∑
n

(e−iωntϕn(x) ̂an + eiωntϕ*n (x) ̂a†
n) + ∫ d3k (e−iωktϕk(x) ̂ak + eiωktϕ*k (x) ̂a†

k)

localisation only approximate



mediation in QFT
summary

ℒ = ℒ1 + ℒ2 + ℒφ + ℒ1φ + ℒ2φĤ(t) = ĤA(t) + ĤB(t) + Ĥϕ + Ĥint

• system-local coupling to relativistic field not sufficient to ensure mediation 
• need assumptions on the states  
• only approximate!

t2

x

t

t1



no-go theorems?



Bell 1976
no-go theorems

f(ab |xy) = ∑
λ

p(ab |xyλ)p(λ |xy)

Bell inequalities

no  
superdeterminismlocal causality

p(a |xyλ) = p(a |xλ)
p(b |xyλ) = p(b |yλ) p(xy |λ) = p(xy)



Bell 1976
no-go theorems

f(ab |xy)

Bell inequalities

no  
superdeterminismlocal causality

p(a |xyλ) = p(a |xλ)
p(b |xyλ) = p(b |yλ) p(xy |λ) = p(xy)

= ∑
λ

p(ab |xyλ)p(λ |xy)



experimental metaphysics
no-go theorems

• define a space  of theories  

• define a subspace  of theories based on set of assumptions  

• derive experimental predictions  for all theories  

• if experiment does not conform to , rule out  and 

𝖳
𝖳A ⊂ 𝖳 A

PA 𝗍 ∈ 𝖳A

PA 𝖳A A

a new way of doing science:

how much do we care for the assumptions ?A

(how naturally) do our theories fit into  ?𝖳



statespace of G is simplex 
only commuting observables 

(no superposition)

GIE no-go theorems
no-go theorems

A B

A

G

B

classicality

no entanglement

locality

statespace mediation



GIE no-go theorems
no-go theorems

statespace mediation

A

G

B

A B

=

A B

G
A B

=
A G B

A G B

=

= +locality



if we observe GIE
no-go theorems?

observing entanglement is not enough to 
rule out theories with classical gravity!

locality assumption is not that natural 
(unlike Bell's local causality assumption)

do we learn much doing the experiment?
YES!

do the "old" kind of science: compare candidate theories with experiment

maybe?



experimental predictions
no-go theorems

theory GIE? assumption dropped good candidate?

Newtonian QM ✅ statespace ❌ (GW)

semiclassical GR ❌ (?) ? ❌ (inconsistent)

LinQG (Lorenz gauge) ✅ classicality, statespace (?) ✅

LinQG (radiation gauge) ✅ statespace ✅

hybrid models depends mediation (?) depends

need to test quantitative predictions of the different theories



thank you! 



x

t

|0⟩
|1⟩ |2⟩

|0⟩

|1⟩

|2⟩

H |ψ1⟩ ≈ (H1 + H2 +
q1q2

|x1 − x2 | ) |ψ1⟩

• two notions of locality from 
different fields 

• can obtain mediation from 
relativistic locality in QFT, but 
only approximately 

• circuit locality seems not 
fundamental + gauge dependent 

• implications for GIE no-gos

conclusion

summary


