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introduction

two notions of locality

relativistic circuit
basis of relativity theory postulate of QM
foundational to QFT, GR widely used in models

no-signalling assumed in reconstructions



rgy gquantum gravity N

“/ T - N beyond quantum theory
If we detect gravity mediated entanglement,

then graVity cannOt be both: E Published: 2022-08-17, volume 6, page 779

introduction

low-ene

Thomas D. Galley', Flaminia Giacomini', and John H. Selby?

—

Eprint: arXiv:2012.01441v7 G PT
0 Doi: https://doi.org/10.22331/9-2022-08-17-779 S

lr Citation: Quantum 6, 779 (2022).
!
I

1
- - |

Spin Entanglement Witness for Quantum Gravity

classical

—

Sougato Bose, Anupam Mazumdar, Gavin W. Morley, Hendrik Ulbricht, Marko
ToroS, Mauro Paternostro, Andrew A. Geraci, Peter F. Barker, M. S. Kim, and
Gerard Milburn

Phys. Rev. Lett. 119, 240401 — Published 13 December 2017 Q M

Gravitationally Induced Entanglement between
Two Massive Particles is Sufficient Evidence of
Quantum Effects in Gravity

C. Marletto and V. Vedral conStru Ctor
Phys. Rev. Lett. 119, 240402 — Published 13 December 2017
theory

is this a good . ( J

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

introduction

mediation

focus on quantum theory:
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 two quick observations
« scalar field and quantum-controlled particles
 only fields

e GME no-go theorems revisited

QM+QFT



two quick observations




observation 1

Suzuki-Trotter




observation 1

Suzuki-Trotter

H = Hyc+ Hpc

— U(f) = o—iHyctHpot = pmiHact p—iHpt e%[HAC,HB ATz



observation 1

Suzuki-Trotter

— U(f) = e~ iHactHpdt £ pmiHact p=iHlpct

. o i n
— lim (6 iHyctn, zHBCt/n)
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arbitrarily good approximation but no input from relativity.



observation 2

QED in Coulomb gauge
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QED in Coulomb gauge

observation 2

H = H, + Hy+ H 4 — 192

q149>
H\W1>“<H1+H2+ 3 )\Wl) —

no mediation!

theory is relativistically local (no-signalling) _ o
On inference of quantization from

gravitationally induced entanglement
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—> mediation does not follow from relativistic locality
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AVS Quantum Sci. 4, 045601 (2022)

(= circuit locality is gauge-dependent)
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circuit locality
with massive scalar field
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Circuit locality from relativistic locality
in scalar field mediated entanglement

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

« scalar field mediates, up to some phases

« microcausality ([gg(x), qg(x’)] = 0 if x, x’ spacelike) eliminates the phases

* relativistic locality yields circuit locality in this approximation


https://arxiv.org/abs/2305.05645

three key assumptions

D\ 12) 2)
[0) [0)

 support of the matter wavefunctions | 1)

contained within two distinct spacetime
regions

e no back-action on the field >

 matter in quantum-controlled superposition
of semiclassical states




derivation _

setup 7 = (C1® LARY) ® (C/® LXRY)) ® F,

H() = H,(t) + Hy(t) + H, + H;,

Ay = ) 1rXr| ® Hy®) i, = J Pk

A, d
(271_)3 Kk k Kk

quantum-controlled kinetic field term

dynamics

A\

iy = [d3x H) (4(%) + fi5(x))
(%) = pu(x = %)

local interaction



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: ” |y (D) = — iH',(2) |y (D))

d A N A{’S — r 0y T r s
field: E\qy’sg)) = —i(Hy+ H (D) | $7(2)) Hip(1) = Qi Oyrp(0) | Hine | w4 (Owp(D)

evolution of the whole system: [/ = 2 | rsXrs| @ ﬁz X lA]fg QU Z;
S



derivation _

condition for subsystem locality

U = Z | rsXrs| @ U, @ US, ® lA]f; is not field a mediation yet
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;)



U= ) |rsXrs| @ U, @ Uy ® U7

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 + (Wi Ow0) | Hy | W5 Ow(0)

exact solution

lA]g — eiQrS AFSe—lﬁ¢(t2—tl)



derivation

field mediation?

UI”S elQrSDArSe_lﬁo(tz_tl) S eiQI"S A; A;e_lﬁo(tz_tl)

full evolution:

T 19018 038 03) - (1tr1 @ 05 9. o s

almost there!



pa(t,X) = (i (0 | 14 (X) [yy (1)

derivation

the phase

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

I

—1 J dt[ dt’H d3xd3x’(/¢£(t, X)Up(t', X') + pug(t, X)p (', X’)) [qgl(t, X), ¢?I(t’, X)]
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pa(t,X) = (i (0 | 14 (X) [yy (1)

derivation

relativistic locality

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

I

microcausality:

[¢? X)), ¢? /(x)] = 0 if x and x’ are spacelike

2

if suppu,, Supppy are spacelike

then Q = ()




pa(t,X) = (i (0 | 14 (X) [yy (1)

derivation

relativistic locality

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

I

microcausality:

[¢? X)), ¢? /(x)] = 0 if x and x’ are spacelike

if suppu,, SUPP Uy are spacelike V7, s 4

then Q=0 Vr,s




derivation _

relativistic locality gives circuit locality

if supppy,, SUppiUp are spacelike V7, s

then ﬁ(tl’ tz) — l/]B¢ o l/]A¢ o e_iﬁ()(tz—tl)
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derivation _

scalar-field mediated entanglement

| .
W —————o—— %) =5 ) el ) 147) ~

rs=0,1

coherent state peaked
around classical solution

- rs 1
(qﬁjﬁ’s\qﬁ”) ~l = Y~ | 2 e |rs) | ® Wy 07 = EJd4xprS(X)¢rS(X) =5,

Locally Mediated Entanglement in Linearized Quantum
) entangling phases 0" are given by the on-shell action

il de L DR M g s D s Ll L e of field sourced by classical trajectory!

Rovelli ®°%7, and Richard How!®?°
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only fields




only fields

a more general result

(work in progress) T., ~
- hic arios
Perche Christodoulou

three fields interacting with each other

assume localisation condition on the fields _—

A A /
microcausality ([¢(x), @(x")] = O if x, x" spacelike) .——

valid for possibly curved spacetime




only fields

mediation in QFT

/ -
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local free-field term _ _
local interactions
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microcausality localisation



only fields _

localisation assumption

+ 00 1% T o0

1 1
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only fields _

localisation assumption

Ly=- —a (PO P — —m2¢ V(X)¢

dx) = Y (e7 (X, + e'pE(x)a]) + Jd3k (e—iwqubk(x)&k + eiwqusf(x)al’g)
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( localisation only approximate §



summary

mediation in QFT

H() = H,(t) + Hy (1) +1§{¢ +H,_ =L +Lr+ L, + L, + Dy,

TRy =
{ —
’ \ \ [ —
: // —

|

 system-local coupling to relativistic field not sufficient to ensure mediation

D¢

 need assumptions on the states
 only approximate!



no-go theorems?




no-go theorems

Bell 1976

flab|xy) = ) pab|xyl)p(i|xy)
A

pla|xyl) = p(a|xAi)
p(b|xyd) = p(b|yl) pxy|4) = p(xy)

B

i

no

local causalit ..
4 superdeterminism

Bell inequalities



no-go theorems

Bell 1976

flab|xy) = ) pab|xyl)p(i|xy)
A

pla|xyl) = p(a|xAi)
p(b|xyd) = p(b|yl) pxy|4) = p(xy)

no

local causalit ..
4 superdeterminism

Bell inequalities



no-go theorems _

experimental metaphysics

= — P — e — =S — e ———_— —
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| a new way of doing science: \

» define a space | of theories *

|
» define a subspace T, C T of theories based on set of assumptions A |
- derive experimental predictions P , for all theoriest € T, :

} » if experiment does not conform to P,, rule out T, and A

e s ———— —_— —- — - = — s

(how naturally) do our theories fitinto T ?

how much do we care for the assumptions A?



no-go theorems

GIE no-go theorems

statespace mediation

statespace of G Is simplex
T | only commuting observables
[ ] (no superposition)

A B [ ] no entanglement




no-go theorems

GIE no-go theorems

@%é e

A G B




no-go theorems?

If we observe GIE

statespace mediation

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

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

no entanglement

do we learn much doing the experiment?

YES! maybe?

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



no-go theorems _

experimental predictions

_—— ———————— e ——— —_—— - —

/ theory GIE? assumption dropped good candidate? \i

Newtonian QM statespace X (GwW)

| semiclassical GR X (?) ? % (inconsistent) !

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

LinQG (radiation gauge) statespace ﬂ

\\ hybrid models depends mediation (?) depends ///}f
N

need to test quantitative predictions of the different theories



thank you!




conclusion

summary B % %%

 two notions of locality from

different fields NN J—
« can obtain mediation from > / VS
relativistic locality in QFT, but ( /K 5 —
only approximately — \s
« circuit locality seems not H|y) ~ (H1+H2+ N >|l//1>
fundamental + gauge dependent X1 =X, | o
 implications for GIE no-gos ! ,I ] [ Upo |
[ Ul(ty, o) J=[ Ung ]
= T T
A le |B




