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

classical local

QM

constructor 
theory

GPTs

introduction

low energy quantum gravity



• Subsystem locality is a often good operational assumption. 

• Axiomatically assumed in quantum foundations works 

• Motivated by relativistic intuition 

• Does subsystem locality hold in QFT? 

• Does a field mediate interactions, in the QI sense? 

• To what extent does this property hold in nature? 

introduction

a foundation for subsystem locality?



plan

• two false starts 

• the scalar field theory case 

• open questions



two false starts



H = HA + HB + HC + HAC + HBC

Suzuki-Trotter
two false starts



H = HAC + HBC

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

= lim
n→∞

(e−iHAC t/ne−iHBC t/n)n

Arbitrarily good approximation but no input from relativity.

Suzuki-Trotter
two false starts



QED in Coulomb gauge
two false starts

H = H1 + H2 + Hrad
A⊥

+
q1q2

|x1 − x2 |
− ∫ d3x A⊥(x) ⋅ (J1(x) + J2(x))

If two particles are at rest, and there is no radiation, then

H ≈
q1q2

|x1 − x2 |

Not subsystem local!



massive scalar field



a positive result
massive scalar field

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

• Evolution is subsystem local, up to some phases.  

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

• Relativistic locality implies subsystem locality.

Concrete example:



three key assumptions
massive scalar field

• Support of the matter wavefunctions 
contained within two distinct 
spacetime regions. 

• Matter in quantum-controlled 
superposition of semi-classical states.
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derivation sketch



Ĥ(t) = ĤA(t) + ĤB(t) + Ĥ0 + Ĥint

setup
derivation

ĤA(t) = ∑
r

|r⟩⟨r | ⊗ Ĥr
A(t)

quantum-controlled 
dynamics

Ĥ0 = ∫
d3k

(2π)3
ωk ̂a†

k ̂ak

kinetic field term

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



|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(Ĥ0 + 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 subsystem local

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

Û = ∑
rs

|rs⟩⟨rs | ⊗ Ûr
A ⊗ Ûs

B ⊗ Ûrs
ϕ

d
dt

Ûrs
ϕ (t) = − iĤrs(t)Ûrs

ϕ (t)

x

t



evolution of the field
derivation

Ĥrs(t) = Ĥ0 + ⟨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−iĤ0(t2−t1)

exact solution



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

ϕÛs
ϕe−iĤ0(t2−t1)

Û = ∑
sr

eiΩ̃rs ( |s⟩⟨s | Ûs
B ⊗ Ûs

ϕ) ∘ ( |r⟩⟨r | Ûr
A ⊗ Ûr

ϕ) ∘ e−iĤ0(t2−t1)

subsystem locality?
derivation

=

almost subsystem local!

full evolution:



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′ )]



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



relativistic locality
derivation

t2

x

t

t1

x
x′ 

Ω̃rs = − i∬
t2

t1

d4xd4x μr
A(x)μs

B(x′ )[ ̂ϕI(x), ̂ϕI(x′ )] − ⋯

supp μr
A, supp μs

Bif

are spacelike

Ω̃rs = 0then



derivation

t2

x

t

t1

Ω̃rs = − i∬
t2

t1

d4xd4x μr
A(x)μs

B(x′ )[ ̂ϕI(x), ̂ϕI(x′ )] − ⋯

supp μr
A, supp μs

Bif

are spacelike ∀rs

Ω̃rs = 0then Ω̃rs = 0Ω̃rs = 0Ω̃rs = 0Ω̃rs = 0 ∀rs

relativistic locality



relativistic locality implies subsystem locality
derivation

t2

x

t

t1

dom μr
A, dom μs

Bif

are spacelike ∀rs
Û(t1, t2) = ÛBϕ ∘ ÛAϕ ∘ e−iĤ0(t2−t1)then

⟹



• Subsystem locality and relativistic locality are related but different notions. 

• Relativistic locality (via microcausality) implies subsystem locality, in a 
simple model, and only in a certain approximate regime. 

• This is to be expected. 

• Interesting intersection for RQI.

conclusion

Summary



• To what extend can this result be generalised? 

• Massless, gauge fields? 

• Perhaps we need to leverage tools from AQFT. 

• If result cannot be generalised, what is the impact on quantum 
foundations?

conclusion

Open questions
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