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low energy quantum gravity

If we detect gravity mediated entanglement,
then gravity cannot be both:
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a foundation for subsystem locality?

introduction

 Subsystem locality is a often good operational assumption. | |
* Axiomatically assumed in quantum foundations works [ | J
 Motivated by relativistic intuition [ ‘ J
 Does subsystem locality hold in QFT? [ J
 Does a field mediate interactions, in the QI sense? [ ‘ ]

 To what extent does this property hold in nature?
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 two false starts
 the scalar field theory case

e open questions




two false starts




two false starts

Suzuki-Trotter

H=HA+HB+HC+HAC+HBC



two false starts

Suzuki-Trotter

—> U(1) = e~ Hac+Hpc)t + e U p—iHpl
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n— 00

Arbitrarily good approximation but no input from relativity.



two false starts

I
QED in Coulomb gauge
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B [dBX AL (%) - (1(x) + J(x))

If two particles are at rest, and there is no radiation, then
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| X — X; |

H ~

Not subsystem local!



massive scalar field




a positive result

[Submitted on 9 May 2023]
Relativistic locality can imply subsystem locality

Andrea Di Biagio, Richard Howl, Caslav Brukner, Carlo Rovelli, Marios Christodoulou

Concrete example:

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

 Evolution is subsystem local, up to some phases.

« Microcausality ([gg(x), qg(x’)] = (O if x, x’ spacelike) eliminates the phases.

 Relativistic locality implies subsystem locality.



three key assumptions

D\ 12) 2)
0) 0)

 Support of the matter wavefunctions 1
contained within two distinct
spacetime regions.

 Matter in quantum-controlled 1
superposition of semi-classical states.




derivation sketch




derivation

setup

Ht) =H,(t)+ Hy(t) + Hy+ H.,

quantum-controlled

dynamics kinetic field term

3 o A d’k
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local interaction
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i = l[dBX ¢?(X) (ﬂA(X) T ﬂB(X))



derivation _

qudit-controlled dynamics

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

WD) = ) el rs) Wi ) WD) | 7))

rs

d .
Particles: P [y (D) = — iH, (D) |y (D)

Field: —\¢”S(t)) = —i(H,+H?

Int
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Evolution of the whole system: [/ — 2 | rsXrs| @ ﬁz X lA]fg QU Z;



derivation _

condition for subsystem locality

U = Z | rsXrs| @ U, @ US, ® lA]f; is not subsystem local
rs

but if we had Vrs : lAfgf — lAfgb 0 lAfzb then it would be:

U= (Z\s)(s\@ff%@ ﬁ;)o(Z\rXr@ﬁz@ﬁ;)
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derivation

evolution of the field

d . D
— U0 = — il () U0




quantum field with
> classical source!

derivation

evolution of the field

d . D
— U0 = — il () U0

H(t) = Hy + (W (Ows(0) | Hyy | i (Ow(0))

exact solution
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derivation

subsystem locality?
[5 = (& l’jrs e—iﬁo(tz—tl) _ eifl’“ 3 Zb (/}Zb e—iﬁo(tz—tl)

full evolution:

ﬁ — Z eiQ”S ( |S><S‘ l/\]% X l/\]‘;ﬁ) o ( ‘I/'le'l l/\]j:l X ﬁ;) o e_iI‘AIo(tz—t1)
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almost subsystem local!



derivation

the phase

O = — lﬂ 2 dtdt’” EPxd®x’ ul (8, X)us (', X1, X), (1, X))
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derivation

relativistic locality

Q" = — lﬂ d*xd*x ﬂﬁ(x)ﬂg(x,)[él(x)a él(x,)] —

I

Microcausality: [¢?I(x), qgl(x')] =0

if x and x’ are spacelike



derivation

relativistic locality

Q" = — lﬂ d*xd*x ﬂﬁ(x)ﬂg(xf)[él(x)a él(x,)] —
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are spacelike z §
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derivation

relativistic locality

Q" = — lﬂ d*xd*x ﬂﬁ(x)ﬂg(xf)[él(x)a él(x,)] —

A1

if supp u ;{, supp ,M;S; 5
are spacelike Vrs

then Qrs — O Vrs




derivation _

relativistic locality implies subsystem locality

if domu), domu; . . . .A
ll/tA //tB then U(tl, tz) — UB¢ o UA¢ o e—lHQ(fz—fl)
are spacelike Vrs
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conclusion

Summary

 Subsystem locality and relativistic locality are related but different notions.

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

 This is to be expected.

 Interesting intersection for RQI.




conclusion

Open questions

 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 immpact on quantum
foundations?
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