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Local Operations and Field Mediated Entanglement without a Local Tensor Product Structure
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Local Algebra on a Region A
Quantum information tools rely on subsystem locality, which is ob- . N
structed in gauge theories by the absence of a spacetime-local ten- Pas Py® bo Gz ®
sor product structure. This limits the direct applicability of results such

as the LOCC theorem. We address this in a two-dimensional lattice A e
gauge model of electromagnetism by constructing gauge-invariant local !
algebras and an operationally meaningful Hilbert space decomposition. e o = - *
Applying this framework to field-mediated entanglement protocols, we !
show that a discrete analogue of the LOCC theorem holds: entangle- e o - - .
ment requires genuinely quantum field interactions. This points toward !
an operational notion of subsystems in gauge theories. A o N .
Generators
Protocol: LO (path splitting and recombination) + C (field-mediated evo- . . . . . ) i
lution). By LOCC theorem [1], LO + classical C cannot create entangle- With matter: add the p*/’s

ment. If entanglement is observed, the mediator is non-classical [2, 3].
Local Algebraof A —  A4:{0][0,C] =0, V(i,j)}

The Local Decomposition

Method based on Zanardi et al. construction [5] applied to gauge theo-
ries [6,7]

Edge Terms

Diagonalize Z4 A= @ Ofx ® H’i
Diagonalize {C.’} k

s A= Prie ok
Impose Cf/ [¢)pny =0 | @ ASEA

Gauge-Theory Obstruction « Operational Decomposition: Hyy = D HE @ HYy
k

In QED, Gauss law becomes an operator constraint on physical states:

« Split Decomposition: Hyny = PIs)™ @ (D Hi 4 ® H; 1)
5 3

V- E(X) [¥),, =0 Vx
Thus H,,, is not a simple tensor product over space points:
H=0 HE, © HE @ HE | @=. Hony # @ HE BMV Revisited
S~ S——
v v

e —— oLO: Uy, Uye Ay, Up, Up € Ap.
s0 “local ops” and “entanglement” need a refined, operational definition. leld mediation

«C: field evolution and relaxation

Hony = DG @ | @ i
.

Measure sector-wise entanglement

1.The LOCC framework and the corresponding theorem cannot
be applied

2.The mechanism of generating matter superposition and mea-
suring entanglement is unclear

4
2D Toy Lattice Model A AB B Non-classical field
a
° 'Y by Electromagnetism Toy model Conclusions
i Alx) q = (¢, q”) « Operational Decomposition: sector-wise tensor products enable
/-\ _E(x) i = (o, pi) LOCC without a global local factorization.
‘o jije G-V Ex = Bt 4 Dyl «Split Decomposition: explicit mechanism for spatial
e P ———— T superpositions and matter—field—induced entanglement.
H = ax(EGOR + [BOOP| = 15 ,_/),i( ‘“j’w")’] «Next steps: delocalized sources; finite-resolution continuum,; links
=3 X x)I X% =3 P )” Py )™ 0"7)7) ” . .
-\\-,/0‘ : g to edge modes/QRFs; towards linearized gravity.
—HCmci - I
g - L g Hy=H, C=C"+p7=0 References
" 2a (1] A. Bennett et al., ” Phy: , vol. 53, pp. 2046-2052, Apr. 1996
Lattice and discrete derivatives. :2:: ;ose et al., “Spin entanglement witness for quantum gravity,” Phys. Rev. Lett., vol. 119, p."240401, I:ec 2017 .
P 3] A Marltto et al., is suffcint evidens tum efects
Quantlzatlon \ngv:v“sy,'a:h:s Rev. Lett., vol. 119, p. 240402, Dec 2017. o suflcent videnes el quantum e
B g snm ) insim [4] A. Chen et al., “Quantum States of Fields for Quantum Spiit Sources,” Quantum, vol. 7, p. 958, Mar. 2023,
Canonical commutators: [gs7, 0™ = ih g, 010, (5] A. Zanardi et al., “Quantum tensor truct " Phys. Rev. Lett, vol. 92, p. 060402, Feb 2004.
N 5 nid i i [6] A. Van Acoleyen et al., f distilation for lattice gaug " Physical Review Letters, vol. 117, Sept. 2016.
Gauge Constraint: (3 cph P ‘j) ‘\I/)plw =0, P = ‘1)<1|,'J . [7]A. Casini et al., "Remarks on entanglement entropy for gauge fields.” Phys. Rev. D, vol. 89, p. 085012, Apr 2014,
Yacuum soution for agenerc semiclassioa source state 3., ce) ) Wit | oy
s) = 0V 1), ;,is acoherent superposition of shifted Gaussians [4]:
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Aleksandra Gocanin

Spacetime Tomography: Probing Spacetime Geometry with Entangled Particles

Peres time correlations as operational probes of
spacetime curvature

Ivana Dordevi¢, Aleksandra Gocanin, Dragoljub Gocanin

Faculty of Physics, University of Belgrade

Building on the operational framework developed by Perche [Phys. Rev. D 106, 025018 (2022)], we study two localized nonrelativistic quantum particles propagating along timelike geodesics in curved spacetime background. For each particle, we consider

the Peres sojourn time accumulated in a spatial region transported along the reference geodesic and calculate the covariance of Peres times for separable and entangled two-particle states, making a comparison between flat and curved spacetime
background. We then reformulate the protocol as a Bell-type experiment based on local, time-integrated measurements, and show that the violation of the CHSH inequality arises specifically when entangled states and gravity are involved together, the

CHSH parameter acquiring a curvature-dependent correction. As an explicit example, we analyze AdS spacetime, where the local tidal term produces a confining quadratic potential and hence a positive correction to the CHSH parameter. A protocol

calibrated to saturate the classical bound in flat spacetime is therefore driven above it in AdS spacetime for entangled states. Our results demonstrate how spacetime geometry can influence observable quantum correlations in a fully operational setting.

> A central question in modern fundamental physics is how
quantum mechanics and gravity can be brought into a common
operational framework. In particular, one would like to
understand whether spacetime geometry can leave observable
signatures in genuinely quantum correlations.

Recent developments in relativistic quantum information have
shifted attention toward localized, operationally defined
quantum systems such as wave packets, detectors, clocks, and
quantum reference frames, which provide a natural arena for
probing curved spacetime.

v

v

In this work we study two localized, non-interacting particles
propagating along timelike geodesics in curved spacetime and
use the Peres sojourn time as our basic local observable.
Our starting question is whether entanglement can leave an
operational imprint even when the one-particle reduced
dynamics is identical to that of a corresponding classical
mixture.

v

v

We show that the distinction appears at the level of
two-particle temporal correlations, and that these
correlations are also sensitive to the background geometry.
This leads naturally to a Bell-type reformulation, where
curvature modifies the effective local dynamics and turns the
CHSH parameter into an operational curvature witness.

v

Framework: localized particles in curved

spacetime

For a sufficiently localized wave packet, one introduces Fermi normal
coordinates (7, x') around a reference timelike worldline . The
effective one-particle Hamiltonian is
5
B = ml + 2”7 + ma(7)% + gku,o,(,—);';/ boes
where curvature enters through the tidal term Roo;.
For a transported spatial region R C the Peres-time operator is

Tr=[drlix(r).  fr(r) = [ dT x.7) (x.7].

Its expectation value gives the sojourn time,

To = (vn| Tr[tin) = [ d7 [ dX [v(x, 7)1

o-particle state and covariance

We consider the maximally entangled two-branch state

1
ﬁ(‘l.a)l“) ‘(.0>(E‘) + \l'])“’ ® ‘(.‘>(B))

Define the branch-resolved single-particle Peres matrix elements

78 = (v T a.pe 0.1}

[We)

k=A.B.

Then the one-particle expectations are

A 1
Vo[ T, © [¥ene) = 5(780) + 7).

(1) =
For the joint expectation value we obtain
(TOTE) = (Vo Ty @ Ty W
= %(TA:’ 76+ TOTY) + W10 )
Hence the covariance is
Cof T, T4) = LT — )18 - 74P)
+W10T).

Key point: the off-diagonal contribution % 7§ T4f) is what

distinguishes the entangled state from the corresponding classical
mixture with identical one-particle marginals.

Science Fund
of the Republic of Serbia

Why choose a subregion?

If the spatial integration covered the full support, orthogonality of v
and ¢y would suppress off-diagonal terms. By choosing a detector region
such as a half-line, the restricted overlaps become nonzero and the
covariance becomes sensitive to entanglement.

This choice also has a clear operational meaning: the Peres-time
observable is associated with a local detector region inside the laboratory,
rather than with the entire support of the wavefunction. In this way, the
measurement becomes genuinely selective and probes how much of each
branch passes through the chosen spatial sector. The subregion therefore
plays a double role: it prevents the off-diagonal contribution from
vanishing trivially, and it provides a realistic local measurement setting
from which temporal correlations can be constructed.

Explicit example: free fall in Ac

Near a timelike geodesic in anti-de Sitter spacetime,

Rogy = 07265, w=1"
The effective Hamiltonian becomes
2

i R e

H = ml+ — + -mw’x*.

™ om ™

Choose the first two oscillator eigenstates ¢'o(x) and ¢y(x), and the
Peres region

R={x>0}.
Then
Two=Tu=2, Tu=
w=Tu=7 o
Hence P
T T 01
e (i 1)

Main covariance result

For the entangled state,
) A) T(B) 276
Covar T, T) = T 76)
while for the corresponding classical mixture,

Covuin(TY). TH) =

In the symmetric AdS case,

Lo A
CovAd

This result makes the central distinction transparent. Although the
entangled state and the corresponding classical mixture have the same
one-particle marginals, they differ at the level of joint temporal
correlations. In particular, the entangled case retains the interference
contribution encoded in the off-diagonal matrix elements 737 and Tof),
whereas this contribution is absent for the classical mixture. The
Peres-time covariance therefore acts as an operational witness of
coherence between the two branches.

Covariance: flat spacetime vs. AdS

For the same initial branch wavefunctions, the Peres-time covariance
exhibits qualitatively different behaviour in flat spacetime and in anti-de
Sitter spacetime. In AdS, the local tidal term produces an effective
harmonic potential, leading to bounded oscillatory behaviour of the
off-diagonal Peres amplitude and hence of the covariance. In flat
spacetime, by contrast, the same initial states evolve under free-particle
dynamics, and the covariance develops a different time dependence
associated with dispersive spreading.

This comparison shows that the covariance is sensitive not only to
entanglement, but also to the geometry of the background spacetime. It
therefore provides an defined curvat: itive ob: I

sf  — Flatspacetime
— AdS

Blue: flat spacetime. Red: AdS. The qualitative difference arises from the distinct
background-induced evolution

Bell-protocol schematic

E(x,y),z € {a,a'},y € {b,b')

S = E(a,b) + E(a,b') + E(a’,b)

E(a,b)

Bell-type protocol realized through local Peres-time measurements,

Alice and Bob each choose an interrogation time in their laboratory, which
fixes the corresponding effective qubit observable. The measured correlations
are then combined into the CHSH parameter, whose value is shifted by the
background curvature.

Bell-type protocol

We recast the Peres-time setup as a Bell experiment between two
distant observers, Alice and Bob, each holding one particle of an
entangled pair. In each laboratory, the particle is probed only locally
through a Peres-time measurement associated with a chosen
detector region and a chosen interrogation time.
The key idea is that, when the dynamics is restricted to the
two-mode subspace

span{[0) . 1)}
the Peres-time operator takes the form of an effective qubit
observable. Its off-diagonal matrix element can be written as

Tou(r) = | Tou(7) e,
so that after binarization the corresponding local observable becomes

0(7) =~ cos 6(7) oy + sin (7) 7,

Therefore, each choice of interrogation time 7 defines a

measurement direction on the equator of the Bloch sphere. Alice

chooses between two local settings a, a', and Bob between b, b,

exactly as in the standard CHSH protocol, but here the settings are
through local time-integrated

measurements rather than by rotating spin analyzers.

nduced shift

Curvature does not modify the Bell inequality itself, and the local
protocol is kept the same as in flat spacetime. What changes is the
effective local dynamics. In each laboratory, the tidal term shifts the
oscillator frequency,

Curvatur

2 2 () N Tk (k)
B =B+ R ok~ R,

k = wo + Roxo, Tug 00
so the same interrogation times correspond to different effective
measurement axes.

. 1 A) B)
38 = o[ (ra + )RES — (7o + 7o) RE

o
Hence a protocol calibrated to give Sy, = 2 in flat spacetime is
shifted to

Seurv =2+ 0S.

For positive tidal curvature, this yields a positive correction and can
drive the CHSH parameter above the classical bound. The Bell
parameter therefore acts as an operational witness of
background curvature.

Take-home messages

Peres-time covariance distinguishes entanglement from a
classical mixture with identical one-particle marginals.

The relevant signature appears in joint temporal correlations,
not in reduced one-particle dynamics.

The covariance is also sensitive to the background spacetime
and can serve as a curvature-sensitive observable.

w

IS

In the Bell reformulation, local interrogation times play the role
of effective measurement settings.

Curvature shifts these settings dynamically, so the CHSH
parameter becomes an operational curvature witness.

@



Alessandro Capurso

Time as a Quantum Memory, Causality as a Resource: The Minkowski Metric from an Information-

Theoretic Axiom

@inE®
@4 @
Do DoweM0 wa N
iS4
PRESENTISM

SPECIAL RELATIVITY from INFORMATION
in a PRESENTIST ONTOLOGY

\

ALESSANDRO CAPURSO

proper time from an
area-law constraint
on info accessible to
observers modeled as [
quantum processes

- only the present Becoming exists

- Becoming > quantum indefinite
irreversible events ¢ classical past
temporal naturalism
i (2005); Smolin

s present nstant
o Gausal Cones

MULTI-TIME STEP
ope o

t y ic boundary-to-fi
@w+n-vr
@ sor L:‘“‘A" forward wave: [1) = 5 aili)” € Hi = H (past bulk)
wr X backward wave: (Y| € H; = H;! (future bulk)
- ‘\wv - X fixed points (crossing of quantum histories)
Q&=+ 1T - maximal entanglement links: d}F, , = ST, *E(il

history state: |Wyc) = OME_, - DME L1y Weon)

d-point description u, Jia, Qi, Li, Dahlsten (2024)

PROCESS MATRIX
=i QUANTUM HISTORIES
PSEUDO-DENSITY Op.

FUNDAMENTAL DISCRETENESS

finite information density cannot describe the real continuum

thickness in time AT is needed to discriminate cause from effect
K (2019,

CAUSAL TIME

SGwA

TIME as a QUANTUM MEMORY

- PRESENT MEMORY T, ENCODES QUANTUM PROCESSES
representing quantum histories from the last collapse

@k + 1T .l.
- implemented as a circuit of Operational theories
2kT X Ty evolving in atomic computational instants AT
@k-DrT - X = discrete space of possible events locations
G fixed points in a time-symmetric formalism
o t bounda ki1k laboratories in the process-matrix description
the Present
AT = 2T = tick - spatial separation operationally defined
AT = stepin X via light signals: d(X,Y) = nypn (X, Y)cAT

future boundary
of the Present

orthonormal basis  {|X)}yex © Hy

(X'1X) = 8xrxs Txex IXNX| = Lo

@+ or

X

past boundary

k-1 of the Present

- maximal entanglement link ®}E, | = Z [X)s1 (X1
yex

ENTANGLEMENT in SPACE and TIME

PROCESSES in the PRESENT MEMORY & ORTHOGONAL LOOP STRUCTURES

UNDEFINED LOCALITY

boundary-supported localization superposition

forward wave [1ho) = Exex wx|X)k € Hi
backward wave (o| = Zxex wx K(X| € Hi
non-local process Wiy, = [1ho)(wol

Wy, < loop structure normal to X

(ol € 26! ks 0T

S

207

@k -1

UNDEFINED CAUSALITY

superposition of paths in a cyclic configuration

control qubit |S) = |+)s
[trs) = a4l +)s @ [Vas) + a-l-)s ® [Op.a)

acausal process Wy = [1hs)ibs|

Wy¢ ¢ loop structure tangent to X

1=)s @ [Opa)

— =l ®un) —

ELEMENTARY OBSERVERS

OBSERVER as NON-LOCAL and ACAUSAL PROCESS
identified by internal self-consistent loops which ensure consistency
in the internal state space. Nowakowski (2023); AC ( 2026)

Spacetime intervals between collapses from the accumulation of
ENTANGLEMENT RESOURCES in INTERNAL DoF

OBSERVERS &' EXPERIENCE of TIME

MASSIVE/INERTIAL SPIN 1/2 inthe bulks,Interforing in the space X

ENTANGLEMENT in TIME

Given the last collapse at {2(k — N)T; 0 € X}
the observer state at 2kT is defined by the process
We(N) =Wy, (Ns) ® WUC(NL)
N = SPATIAL CORRELATION REACH
= non-local spread of Wy, (Ng)
= reach of the observer’s future causal cone
from the last location 0
N, = TEMPORAL CORRELATION DEPTH
= undefined causality in Wy (N;)
= depth of the observer’s past causal cone
from the present instant k

(B}
o)

s
=

1) &

|
ety

OBSERVERS & SPACETIME

7
w
o
4
=
o
w
w
3
73
w
w
3
4
a

Temporal depth encoded in Wyc(Ne)
of sup

4

The information ¢ in a causal cone of
N instants scales with the cone area

¢(N) = 4mN?

Orthogonality of processes leads to
additivity of information capacities

We =Wy, @ Wyc = ¢e =65+ 6t
4N? = 4N? + 4nN?

Collapse at instant k = post-collapse speed
Ary  cNAT  Ng

V=3 = war T nE TP
Subsampling factor

_Ne _ Ss _ 2

ar—N— 1 e 1-p7¢

PROPER TIME«>SUBSAMPLING of INSTANTS
induced by the informational cost of its non-locality

At = NAT = a,NAT = /1 — p2At

SPACETIME from INFORMATION SAMPLING

boundary size controls the amount of
correlation across a spacetime region
Oreshkav, Cerf (2016}: operatars an the boundary
of a spacetime region describe its pure dynamics
Hubeny, Rangamani (2012): causal holographic info

{causal wedges)
_ 2 _ total information capacity in the

Se = 4N = ;. sal cone from the last collapse

_ 4.2 _ information encoded in Wy, (N5)

T Ss = ATNS = e through entanglement 1 space
6, = dmZ = information encoded Wic(Ne)

sampled through entanglement in time

Ss e
o 0+
ieNAT

N7

=
=
5
causal time

2k - N)T

LIV and RESOLUTION LIMITS

» Information ¢ < E2

OUTLOOK on CURVED SPACETIME

Sopro el e g MATTER GRAVITY
itk
2 3
= LIVat O(AT?) = AT < 10%t, INTERNAL ASYMMETRIC
LHAASO Collaboration (202 ENTANGLEMENT ENTANGLEMENT
P Relativistic, gravitational, quantum inTIME in SPACE
= physical limits on clocks resolution
AR % 2tp < AT = 2T INFORMATION COMPENSATORY
i HIDDEN from X REACTION of X
(myO)ro
hidden information ¢, = 2r(2mm) = 2 Zere.
FALSIFIABILITY $m = 2r(2mm) o
asymmetric potential g2 = 2 = T = 26Mo _ %
> IF internal DoF & internal clocks 9 " amr? T r T roct T c?

= Interference reduces visibility m = mass mg in Planck units; 7= f steps from the

FINAL REMARKS

what if entanglement in time tells
entanglement in space how to be asymmetric
while entanglement in space tells
entanglement in time how to be nonlocal?

> IF ¢ # 47N2 (area law) or
IF W, # Wy, ® Wy (orthogonality)
= LIV expected

...there Ls no time Like the Present

A GLANCE SPECIAL RELATIVITY TIME as a QUANTUM MEMORY
Time Eternalism Presentism
Ontology (4D manifold, block universe) (Becoming as quantum memory T,)
Atomic instant not applicable atomic update time of T} (tick)
AT (smooth manifold kinematics) and events’ temporal resolution
tick index not applicable structural update label of T,
k (smooth manifold kinematics) (not observable)
inertial frames of | y massive particles
Observers a priori of physical objects as quantum processes in Ty
Primitive set of ontological events £ entanglement resources (Ns, N;)
Objects in a pre-existing 4D manifold M accumulated between collapses
Axiomatic light-speed Invariance cauvsal-conevcapaclty
Constraint the speed of light ¢ is measured accessible information in N instants
equal in all inertial frames scales with cone area A o« N?
Derived Lorentz gamma factor resource trade-off (subsampling)
Quantit y=1/J1—v%/c? a, = N;/N = J1— NZ/N?
¥ At =At/yforv<c At = NAT = a,NAT
Physical geometry of spacetime as spacetime is operationally reconstructed
Interpretation background kinematics for all systems by massive observers (not fundamental)

8



Andreas Leitherer

Paradox-free classical non-causality and unambiguous non-locality without entanglement are
equivalent

ut entanglement are equivalent

Hippolyte Dourdent’, Kyrylo Simonov?, Andreas Leitherer', Emanuel-Cristian Boghiu?, Ravi Kunjwal?,
Saronath Halder*, Remigiusz Augusiak®, Antonio Acin'

1 ICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology, 08860 Castelldefels, Barcelona, Spain
2 Fakultat fiir Mathematik, Universitat Wien, Oskar-Morgenstern-Platz 1, 1090 Vienna, Austria

ix-Marseille University, CNRS, LIS, Marseille, France
4 Center for Theoretical Physics, Polish Academy of Sciences, Aleja Lotnikow 32/46, 02-668 Warsaw, Poland

Abstract

Closed timelike curves (CTCs) challenge our conception of causality by allowing information to loop back into its own past. Process
functions [1] are information-theoretic CTCs that generalize deterministic classical communication. Certain process functions can violate
causal inequalities, signifying non-causality, while being logically consistent: time-travel paradoxes are avoided without restricting local
operations. We show that process functions correspond to unambiguous product bases in which every local state belongs to a unique local
basis [2] (significantly extending [3] to arbitrary dimensions and number of parties). Non-causality of process functions is exactly mirrored
by quantum nonlocality without entanglement, i.e., the impossibility of perfectly distinguishing separable states using local operations and
classical communication [4]. We represent this equivalence using hypergraphs in a theory-independent way [5,6,7]. All process functions -
including non-causal ones - emerge in a specific composite hypergraph which surprisingly, makes no assumption about causal order while
invoking the no-signaling principle. This work suggests an interpretation of classical non-causality as a non-standard way of wiring
theory-independent measurements.

Process functions [1] Joint projective measurement from local Unambiguous product bases [2]
e Collection of non-self-signaling functions operations with process function [2]: e Complete product basis of n-partite
Hilbert space:

S={) = l¢)) & .. 0 i)},

e For each party, define local sets and
partition them into local bases

| X | -1
SO ={lely, sY= ] s
zr=0
. is measurement setting,
position of local state is outcome ay
Unambiguity: two local vectors are
orthogonal iff they belong to the
Classical channel underlying w from same local basis S&
projective measurement [2]: Basis exhibits quantum nonlocality
without entanglement if each local
e wis logically consistent iff p(oli) define % set has more than one local basis:
valid probabilities or [2]: : 3 : : {1000}, |+01), [01+),[01=),  SHIFT
iff wis valid for all fixed local operations

) [1+0),[-01).[1 = 0),[111)} basis [3]
that are constant and non-erasing - 8® = {10}, 1), [+). =)},

e There are non-causalw [1]:  ==c(®&l) . : : SW o ={10), 11}, P, = {14, 1)}
y=a(c®1) :
(z,y,2) = (wa(b,c),wp(a,c),wc(a.b))  z=b@e1) |000) — (000[000) [+01) — (001|100)

w = (), wy Ay — X

Non-causality from no-signaling [7] Agency and events [2,7]

Sop,w) =" p(v,w) Vo€ V(Ha)e e € E(Hp) Hypergraph H = (V, E) defines
wee wee! contextuality scenario [5,6] g, %, e
Probabilistic model p : V—[0,1]is Equivalence of

theory-independent perspectives:
-~ Composite contextuality who is Process events Agent events
& ot SARY scenarios: p satlsfles the agent?  *1@ (@|x)
no-signaling only if allow for Equivalence of
o) ol Juce communication perspectives
e e )
7 = Foulis-Randall (FR) product Logical <—m—> Unambiguity

. . consistency
i1 onfu

achieves this for N=2 parties; )
il LAREEA|) R hierarchy of products for N>2 What is an event?

(@) = (a1, s nla1, oy 20)

.
10011

Maximal FR product: hypergdges Unambiguity:
ar.e‘a” Causal process functions Specific Local states require Global states require
Disjunctive FR prOdUCt: hyperedges eeenl fine-grained labeling coarse-grained labeling

| Complete basis:
[}
: h I
are all process functions labeling (both setting and } (onlyoutpuy
1
1
1

i 1 1 I(
Graphical criterion for fjgc:[es output)

non-causality: w in disjunctive but |l consistency | Identification of
local eventsis

setting-dependent

Identification of
global events is

not maximal FR product setting-independent

Causal order was not predefined
but emerges from product rule Non-causality: no local event can be identified in
setting-independent manner: 3 k : (ax|zr = 20)a,

Theory-independent character of non-locality without entanglement and
non-causality. Non-causal process functions as non-standard wirings. Related to Grinbaum [8]
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Extended Uncertainty Principle (EUP)

In order to treat particles within a quantum mechanical . .

framework, a separation of time and space is needed. This Can strong gravity have a quantum effect on partICIeS?

can be done using the ADM formalism, with which the Could it cause them to decay?

uncertainty relation can be written as We investigate observational possibilities of such a phenomenon in

general relativity, and in the extra-dimensional Kaluza—Klein spacetime.

PRl 1
opp 2mh |1 - Tort + &

\T{,.V,;\',V’N"“J .

L. Petruzziello, F. Wagner, PRD 103, 104061 (2021) Observations

The effect considered is tiny, however, there could still be a
possibility for observation. These include:

« modifications to neutron star equation of state

* position of photon ring

* Hawking radiation

Effective mass and particle decay
From the modified uncertainty relation, one can write a modified
dispersion relation

m?
\ ~—— IR 7 e " ;
Do = k'k, 7T+h‘5mv“\,vu =m?

which results in an effective mass. When the modification is a large
negative number, the effective mass becomes imaginary. Then the
quantum mechanical evolution describes the decay of the state.

Kaluza—Klein spacetime
Kaluza—Klein is a 5D theory with one additional compactified spatial
dimension. However, one can perform dimensional reduction, such that
the Sth direction is integrated out. Thus it effectively becomes a scalar-
tensor theory of gravity with action

2

[ Va2 PO P 9e-0e” | dta
s J]GWG(!"[” e P 2 D(:|(1J.

written in the Jordan frame. Not taking the vector potential into account,
solving the field equations for a spherically symmetric spacetime results in
the metric

with a constraint for the parameters @, b and d.

Observers - static R. Coquereaux, G. Esposito-Farese, in Annales de I'lHP Physique Théorique, Vol. 52 (1990) pp. 113-150.

The observer of the effect is the Eulerian observer of the ADM
slicing. In Schwarzschild coordinates this corresponds to the
hovering observer: static and accelerating. In this case the shift
vector vanishes, so only the phase space curvature contributes.

Observers - flat spacetime
Modifications to the uncertainty and dispersion relations do not only appear
when the spacetime is curved. Even in flat spacetime written in Rindler

coordinates ds? = —(ax)dt? + da? + dy? + d2? |

Imett.conl [-]

where the observer is an accelerating one, the curvature of the phase space
is non-zero, showing a connection to the Unruh effect.

Observers - free-falling
To study what a free-falling, raindrop observer sees, one needs to perform a coordinate transformation to Painlevé-Gullstrand
coordinates, with which the Kaluza-Klein metric becomes

ds2:—(1—g)%dT2++2[(1—g) 2:—( ;)%]%der++(l—%) Z:dr2+rz(1—g)l e

In this case, both the phase space curvature and the shift vector contribute.
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Abstract

Agreement theorems are no-go results about rational disagreement: if two of Aumann’s agreement theorem without assuming an objective state of
agents start from a common prior and their posterior beliefs are common the world and instead focusing only on what is observed. This allows us
knowledge, they cannot assign different probabilities to the same event. to establish the theorem’s validity in quantum theory and even in situa-
Standard treatments of the result have the agents reason about an un- tions with indefinite causal order or involving hypothetical postquantum
derlying state of the world, which has led some to ask whether the result phenomena. We comment on seemingly contradictory results in the liter-
can extend to quantum or postquantum phenomena, where such a de- ature and point to the one place where the theorem might fail: Wigner’s
scription may no longer be appropriate. We derive an operational version friend-type situations.

J

Classical Agreement Theorem Operational Agreement Theorem
Consider a finite state space §2, a common prior p on €2, and a true state We formulate agreement in an operational way: instead of referring to
of the world w* € €. Alice and Bob obtain coarse-grained information underlying states of the world, our formulation involves only measure-
via partitions of §2; after observing their respective information sets, ment outcomes. Let M =7 x J x K, where i is Alice’s observation,
they update by ordinary Bayesian conditioning to form posteriors for an j is Bob’s observation, and k labels the event of interest, with common
event of interest £ C ). prior p(i, j, k). After observing only their own outcomes, Alice and Bob
Common knowledge of posteriors. Alice and Bob have common update by Bayesian reasoning. For an event £ C K, define
knowledge when Alice knows Bob’s posterior, Bob knows Alice’s poste-
rior, Alice knows that Bob knows hers, and so on indefinitely (and vice Ao ={i:pa(E i) =qa}, Bo={j:ps(E|j) =as},

versa). Specifically, fix two numbers ¢, ¢p € [0,1]. Let Aj be the set of
states where Alice’s posterior equals g4, and By the set of states where
Bob’s posterior equals gp. Define Ay as the subset of Ay where Alice can
deduce (from her information set) that Bob must be in By; define By
analogously. Continue iterating: A,4; is the subset of A, where Alice The posteriors are common knowledge at (i, j) when (i,7) € N >0(A,, X
can deduce that Bob is in B,,, and B,,+; is the subset of B,, where Bob By). "=

can deduce that Alice is in A,,. The posteriors are common knowledge
at w* when w* survives all rounds of this reasoning.

Aumann’s theorem (1976). If Alice’s posterior is g4 and Bob’s pos-
terior is gp, and this is common knowledge at w*, then ¢4 = ¢p: two

and iterate

Anpr={i € Ap:pa(Bn [i) =1}, Buyr ={j € Bn:pp(4n | j) =1}

Operational agreement theorem. If a theory provides such a joint
distribution for the relevant observations, then common knowledge of
posteriors implies

. . « . qA = 4B-
Bayesian agents with a common prior cannot “agree to disagree”.
J So agreement does not require a hidden classical state space, but

only a consistent joint probability assignment for the outcomes
entering the agents’ reasoning.

J

Applications

Quantum mechanics: Let # = C*. Alice measures in the basis {|a;)},
and Bob measures in the basis {|b;)}, with

[bo) = co lao) + s¢ |ar) . [b1) = —sq |ao) + cg la)
[b2) = cg laz) + s |as) , |bs) = —sg laz) + g |as) ,

and event measurement Ey = |eg){eo|, E1 = | — |eg)(eo| with

Does This Hold in Q um Theory? leo) = v/ [bo) + v/ |b1) + V/r [b2) + /1 —2q — 7 |b3) .

‘What happens when Alice and Bob’s measurements do not merely reveal Then
information about a pre-existing state of the world, but instead update
the state itself? Different claims have been made in the literature:

qa(i) = (q.q.c@v’ +53(1—2¢—7),s2r +c5(1—2¢ 1)),

m Contreras-Tejada et al. (Nat. Commun., 2021): agreement holds aB(j) = ((I~(1~7'<,1 —2q— T)<
for quantum non-signalling boxes, but postquantum boxes can
support disagreement about counterfactual outcomes.

®m Brandenburger et al. (Phil. Trans. R. Soc. A, 2024): using signed
probabilities, they show that there can be common certainty of Indefinite causal order: the theorem holds even in scenarios with
disagreement in quantum mechanics. indefinite causal order, as long as they know the process matrix.

When common knowledge holds (e.g. Alice sees i = 0), the posteriors
coincide; when it does not hold (e.g. i = 2), they may differ.

m Garcia Diaz et al. (arXiv:2511.21258): there can be common cer-

tainty of disagreement in noncommuting scenarios. Postquantum: the same logic holds in GPT-like frameworks whenever

a joint p(i,7j, k) exists, independently of the theory.
These results appear to point in different directions because they do not

adopt the same notions of event, posterior, or common knowledge. The ‘Wigner’s friend? A likely boundary is Wigner’s friend-type situations,
operational theorem clarifies that, once these notions are formulated where the consistency of a shared outcome description across observers
purely in terms of jointly observable outcomes, agreement is recovered. can break down. If no single joint probability assignment is available

for all relevant outcome statements, the assumptions of the operational
agreement theorem fail, and disagreement can persist.

11



Caroline Lima
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Introduction, Definitions, and Setup Towards an if and only if statement

The Ryu-Takayanagi (RT) formula Sy = %‘\\\ relates the
entanglement entropy between a boundary region A and its comple-

ment to minimal codim-2 homologous surfaces in the bulk. It kicked
off a vast literature that has revealed how quantum entanglement on
the boundary theory is key to the emergence of the bulk geometry
in the semiclassical limit.

The entanglement wedge of a boundary region A, £[A], is the
causal development of the region enclosed between A and the RT

surface 4. If there exists more than one minimal geodesic, 74 is
chosen to make the entanglement wedge as large as possible. Example: Fi Figure reproduced from [2
g -

A

How can we modify the CWT to get a theorem with a converse?

Option 1: Add extra assumptions on top of connectedness of the
entanglement wedge. In another work, we have shown that for vacuum
geometries, if a certain relation between non-minimal Ryu-Takayanagi
surfaces is satisfied, then the converse holds. See 1st QR code [5].

Figu Figure extracted from [1] Option 2: Replace the scattering bulk region S with some bulk region

that contains S (but it is in general larger). For pure AdSj;, this

Setup: Take input points ¢, ¢, and output points ry, 7 on the region must reduce to S exactly, as in that case the theorem is
boundary of an asymptotically AdS3 spacetime, such that ¢; and ¢, already an iff statement. More below and on the 2nd QR code:

are in the past of both 7 and r,. Define the boundary regions:

V= JHe) NI (r) 0T (r). Wi = JHe) 0 (e) N T ().

Boundary scattering region: S = JHe)n .7‘((:_;) n j’(m) n j’(r‘g).

Bulk scattering region: S = J*(e1) N JH (o) N T~ (1) N T (ra). Our PI’OpOSZ': modified bulk reg' n

& Ty Based on the fact that the operator algebras associated to local
. 5 W) ¥ subregions in large N field theories display the phenomenon of su-
Wy V2 1 . X . . . .
peradditivity, Leutheusser and Liu conjecture a Generalized Con-
. X nected Wedge (GCW) proposal by defining the bulk subregion [6]:
Fa V2 2 2 Sg = EV1 UV NEIW, U Wy, which is guaranteed to contain the
¢ €2 e usual scattering region S. Their conjecture was that £[V; U V| is

connected if and only if Sg # 0.

- We established a modified version of the GCW by introducing an
Holographlc Scatte! Jd and the CWT alternative bulk region Sg which subtracts the individual entangle-
Hol hi tteri bulk-onl ttori is the pl ment wedges:

olographic scattering or bulk-only scattering is the phe- S o - . . N N .
nomenon of concomitantly having § = @) and S # 0. In order not to Sp = (EMUVNEWVJUEWD) N (EVUWNEMIUE))
contradict the hulugm})hi(; principle, the bmu.ulal"\' must htt able to We proved: g[f}‘ U f})] and X[VA\/\ U W)] are connected < Sp # 0.
reproduce the outcomes of such processes, which is accomplished by
using the entanglement of the boundary joint quantum state [2].

Thm. [Connected Wedge Theorem (CWT)]: Pick points Quantum Information Interpretation

¢y, ¢, 71,75 on the boundary of an asymptotically AdS spacetime
with a holographic dual, such that S = () and S # 0. Then [V, UV,

is connected [3, 4].

While the non-emptiness of the usual region S maps to a boundary
non-local quantum computation task, Sg # 0 relates naturally to
subsystem quantum error correction with complementary recovery.

The CWT is an if and only if statement in pure AdSs. In If Alice has access to ]>[ UV, and Bob to Wl U W_). Sp # 0 ensures
other asymptotically AdS;, the converse does not hold. That there exists a choice of operations allowing Alice to safely encode and
is, a connected entanglement wedge does not imply that Bob to successfully decode a message, completely protected against
scattering is possible through the bulk. an adversary (Eve) acting on the complementary CFT regions.

Institute for WATERLOO

Quantum
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INSTITUTE
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1. INTRODUCTION

!

r

Goal. Benchmark passive bosonic interfer-
ometers.

Bottleneck. The original filter needs pro-
jectors, Clebsch—-Gordan data, permanents,
Fock inputs, and number-resolving detectors.
This work. Use immanants and SU(m) char-
acters as filters.

Payoff. Keep single-exponential decay while
simplifying post-processing and experimental
requirements.

\.

2. BACKGROUND

Representation.  For n indistinguishable
photons in m modes, the channel splits into
irreps, and benchmarking estimates p,(€).

IU)=UeU=gp

F(E) = d3* 5 dupyl€)

i

Bridge. Kostant maps zero-weight traces to
immanants; whole-irrep traces give SU(m)
characters. These become our filters.

1. Data. Sample sequences U, , and record
do9(U,,).

2. Filters. Build two filters from the same
benchmarking data:

Sime =Tmmy, — fy =X
3. Average. Form the filtered signal:

(9.5) 7(9.5) 9
0ff) = (fp7ds), o pf™

4. Fit. One decay per irrep yields the p, val-
ues and reconstructs F'(£).

Key simplification. Same data, but no ex-
plicit projectors or Clebsch-Gordan coeffi-
cients.

|

(pwmsss 3]

3. APPROACH

6.

DATA AND CODE AVAILABILITY

doi.org/10.5281/zenodo . 19493886

.

Filtering Procedure
Using the sampled data matrix D and filter
matrix F},/ ),

) =x(F) @ D),y o pih
Fitting {g, ®{/} yields p,.

i

Gain/Loss Extension
The analysis extends to
(Ho)i = @, Mo
For a weak coherent input,
|a) & [0,0) + a|1,0) + O(|af?).
Intensity measurement still supports the fil-
tered estimate.

Character Filter
Var[y,(U)] = 1.

l..ml

Polynomial-time evaluation; no Clebsch—
Gordan coefficients.

=

-

Filtered Signal

2 4 6 8 10 12 14 16 18 20
9

The filtered quantity shows an
approximately exponential trend as the
circuit depth increases.

Fidelity Comparison

0.99)

B T
F(E|HY)

. The estimfaée tracks the restricted
single-photon fidelity closely; the observed
overestimate comes from extra irreps in
the extended space.

Error Histogram

w0
X ‘i_l_\

0.00 050 100 150

r

The percentage error is concentrated near

zero; the paper reports about 2% error for
fidelities above 0.95.

5. DISCUSSION AND CONCLUSION

Takeaway. The reformulation preserves the benchmarking decay while making the filter simpler

and easier to evaluate.

Best practical option. Character filters avoid Clebsch-Gordan data, have constant variance,

and are polynomial-time to evaluate.

Outlook. Extending the method to active bosonic transformations is the next natural step.
Funding. Supported by DeQHOST APVV-22-0570 and QUAS VEGA 2/0164/25.

Arienzo et al., PRX Quantum 6, 020305 (2025);
Kostant, J. Amer. Math. Soc. 8, 181-186 (1995);
Birgisser, SIAM J. Comput. 30, 1023-1040 (2000).
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Non-quantum motivation " T, ®
« CO2 is released into the atmosphere ®e E o
« Microplastics or hormones released in water supply 0® 00 o°
- Desalination all cost energy l
O o ®
Usual Story Initial So = kpInQ; + kplnQy . °, .o
Final S=kpnQ oo 0 0®
Difference AS=8-Sy=---=kpN(—z1Inz; — x2Inx3) -~
Symmetric =kpNn2 %,W «?m“ A
Indistinguishable 1/N;!.  1/N! Pl M;j,

Costof unmixing W = —AF = TAS.

¢ T

Gibbs paradox

« Rick associates higher entropy (despite having more knowledge)

« Morty associates lower (because of his ignorance)
« Morty learns of the existence of two particle types

- Can this knowledge allow Morty to extract more energy?

o o oo @ @ SR:21n(13U)

o o (oo o |® SA’:ln(l()'O)
AS ~6In2

sudden entropy increase!

Work Extracted

Extracted energy difference

. Measurement + Observational entropy difference olel lo| o] [0 |
— p — Pj —> Observational entropy AS=S- — 8 % SideA | SideB
= ¢ C
lSC S84 SE ==Y pilnp; + Y pilnV; MA An o o oo o |0
1 Extracted work estimate ' ! - Work extraction difference A oo o o |®
) =WP —W = — T T Side A Side B
p W (3) = [ - )] AW = W~ W, = tulH(ps, — ps)] 3 Swk | s
S () = Se Sun(ppar) = Sew Sun(pgr) = Sen

Random Extraction
Unitary Unitary
Can measure Knows
* Rick blue left, blue right, red left, red right total, total blue
«Morty1 total left, total right total, total blue
«Morty2 total left, total right total, blue and red exist
+Morty3 total left, total right total
(ignorant)
Different coarse-grainings Parameters of the model
Cr,Car,Cary, Cary N, N,
« Lower entropy than Morty 2
« But the same energy extracted!
« We proved this by studying the map
« Assumptions:
« Consistency « Superselection rules
« Measurements « Superpositions |+) + | ) can't exist
« Densitymatrix and neither can be created bya

« Unitary
« Hamiltonian
« Measurement
« Color-independence of the Hamiltonian

+ |[+4+0),|+ —0) havethesameenergy

* Unitary operations

Simulations

Energy difference in small AS

emperatire. G AS = N1n2
(of the higher
entropy S)
1AS 1. 9mG AS\?
AW=kTAS(1-=22 4~ (1- T2 Ep ) (22 4
2C; 6 or Cp
~ Heat —
([:);?:;i’onlessheat Cg = CE/:IC caepaacwly Cg = 8E/8T
Related to the variance in — d(E) C kT2

energy of the thermal state

Conclusion

« Mixing is a fundamental problem
* Usual story includes a thermal bath and thermal equilibrium
* Isolated quantum systems don’t have either

« Still, we can extract work

« Any initial state, any measurement

+ Classically, this works the same
« Difference in extracted work AW: kTAS
+ Cost of unmixing?
« Different types of Morty 3: all extract the same! === Consistent, no paradox
+ Even the one that does not know of the existence of particle types
+ Knowing of existence is not enough: one needs to be able to distinguish them by a measurement

But details about Morty 3 matter
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Rotating frames from quantum-deformed spacetime
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Abstract: Itis often believed that the effects of quantum gravity at certain scales can be captured by making the spacetime
coordinates fail to commute. One way to introduce this noncommutativity is by using the twist deformation. We can
consider matter fields propagating on spacetime with twist deformation and obtain corrections to the classical equations of
motion. Interestingly, assuming the noncommutativity parameter is small, the resulting equations can be written as classical
(undeformed) equations with a specific effective spacetime metric. We will consider axially symmetric Melvin's solution of
Einstein-Maxwell's equations with a special kind of Killing twist deformation and show that the resulting effective spacetime
metric corresponds to a reference frame rotating with a constant angular velocity proportional to the field's charge and the
parameter of noncommutativity, regardless of whether the matter field is a scalar boson or a Dirac fermion. This fact can be
used to obtain a quantum gravity-induced version of the Sagnac effect.

N ( ™
One way to introduce the notion of a quantum We consider a charged scalar field minimally coupled to the
spacetime is to promote coordinates to operators that Melvin’s background, with a twist deformation resulting from
do not commute, namely two Killing vector fields that we introduced. Assuming that the
[ﬁ:“ :i'"] _ 1,0(:1?) noncommutativity parameter is small, we use the Seiberg-Witten
’ map to obtain modified dynamical equation for the scalar field
In this work, we use the twist deformation formalism differing from the classical version by the term
explained in [1] to analyze the effects of NC geometry. o5 A of
: : : ) . kqE ( 57 —iqEz%
Important ingredients of this formalism are: EIRrs )
oA sol'ution of Einstein-Maxwell’s equations with (1 + E2p2 )2
some isometries. 1
* A set of commuting Killing vector fields that are used The resulting equation can be written as an undeformed
to construct a twist ; classical equation for the effective metric
F= -0 X2 X o e
cxp( 5 1@ Xy —(1+"‘%ﬁ)2 0 0 ﬁ‘?b_z"ﬁﬁ
which introduces a NC star-product ; (+5)
0 0
-1
r) = G =
(f*g)(@)=pn(F'(f ®f)) ’ (1+@)2 0
= f(2)g(x) + 56" X1[f]1Xslg] + O(6%) 0 2,

- 2 J (1+52)

r ~N In the case of positive cosmological constant, similar procedure
We will consider a particular solution of Einstein-Maxwell’s can be done, with the resulting effective metric of the form
equations, with and without a cosmological constant, known
as the Melvin’s universe [2]. The metric of this spacetime, for -1 0 0 2FVAgo?sin® (\/21\[))
vanishing cosmological constant, is given by 0 10 0

Guw =
B\ 2 . 0 01 0
ds? = (1 + TP2> (—dt? + dp? + d2?) + ——d¢’ v/ Ago? sin® (\/27\,;) 00  o’sin? (\/27\;1)
(1 %0)
Electromagnetic sauge field is given b The conclusion is that the effect of our twist is to make the scalar
g gaug 8 Yy fields “feel” like being in a noninertial rotating reference frame.
A=Ezdt = F=EdzAdt \The same can be shown to be true for Dirac fermions.
J
Thi time h lindrical h
s spacetime has cylindrica N NC angular velocity of the frame is obtained to be
symmetry, as a consequence of 1
. - N N— — 1
having two Killing vector fields: One = — Qqu Qne = — EE-Q\/K
X1=20. With a stationary cylindrical interferometer
Xo =0, in NC Melvin’s spacetime we can test the L©
Sagnac effect resulting from this quantum-
Similarly, we can construct a gravity-induced rotation felt by charged s
version of the Melvin’s universe particles. 9 Ok b
with a positive cosmological N Ad’ _ mgq¥Yge
constantA , with the line element h2
and gauge field given by [3] ~ o
References:
ds? = —dt? + dp?® + d2? + o2 sin®(V/2Ap)d¢? (1] M.Dimitrijevi¢ Ciri€, N.Konjik and A Samsarov, Int.
J. Mod. Phys. A 38 (2023) no.32, 2343004
A=+vVAzdt = F=+vAdzAdt [2] M.A.Melvin, Phys. Lett. 8 (1964), 6570
(3] M. Zofka, Phys. Rev. D 99 (2019) no.4, 044058
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Lattice QED as a QECC

= Is gauge symmetry merely a redundancy in our description,
or does it carry a deeper information-theoretic significance?

- Quantum error-correcting codes (QECCs) use redundancy to
protect information against noise. Previous works have es-
tablished a bridge between gauge systems, stabilizer QECCs
and quantum reference frames (QRFs) [1, 2].

= As an example, we study lattice quantum electrodynamics
(QED) as a QECC, construct QRFs and determine correctable
error sets.

* Using Gauss’ law as a resource for quantum error correction
has applications for fault-tolerant simulations of lattice gauge
theories [3].

Gauge systems as generalized
stabilizer codes

* Gauge systems: Kinematical space contains physical states
(Mphys € Hiin) which are invariant under gauge transforma-
tions, U(g)[1) gy = [1) s forall g € G.

* Stabilizer codes: Code states are encoded in a physical sys-
tem (Heode © Hphysical), invariant under the stabilizer group
Sl¥)cote = [1)coqe for all S € S.

= Identifications:
Gauge system  Stabilizer code
Hophys “ Heode
Hiin ©  Hphysical
Ulg).ge G Ses

Based on the decomposition Hyin = @, Hg, a charge (syn-
drome) measurement can be used to correct errors. If {44},
are unitary on Hy, and satisfy Ag(Hynys) C Hg, the channel

(see Fig. 1)
Z,, AL ()TgA,

corrects any error E for which A} 1y Elpnys o Typys.

Hiio = @” ‘H‘,\ Hiin = @” ‘H:

Hq By, e
V@
), o I1,Ev)
( g )(3>
( Hyys (\ [ Hy

o[v) oAb, Elv))

Figure 1. Left: My, decomposes into a direct sum of charge sec-
tors H,, where Hpys corresponds to the trivial representation.
Right: (1) An error £ maps a physical state |[¢/) € Hppys to
the error state £[¢») which may have support spread across all
charge sectors. (2) A measurement collapses the state to one of
the charge sectors, [1,£]¢) € Hg. (3) Applying an operator A},
recovers the original state if A}llyE|¢) o< [¢).

QRFs and correctable errors

Perspective-neutral framework of QRFs [4, 5]: Hyi, =

Hpr @ Hs, and the QRF R parametrizes the action of G with

covariant orientation states |¢(g)) , which resolve identity.

= Correctable gauge-fixing operators: For G compact, the
gauge-fixing operators Pf;, o< |¢(g))¢(g)| @ I for orthog-
onal orientation states are correctable, Iy PP Tnys =
(g, M) pys-

= Recoveries via charge-sector measurements: For ¢
Abelian and R an ideal QRF (all orientation states orthog-
onal), the gauge-fixing operators yield { A4}, as in Fig. 1:

Ay [arxoPh

If non-ideal frames are ideal for subgroups /' C G, this

yields correctable errors through coarse-grained charge
sectors.

Figure 2. In Hamiltonian lattice QED, space is discretized to a
lattice. On every site v, physical states satisfy C,[t/) p, = 0.

In the Hamiltonian formulation of lattice QED, time is kept con-
tinuous (A = 0) and space discretized to a lattice with ver-
tices/sites v € V and oriented links / € L.

= Pure gauge sector: Each link carries L°(U(1)), with group
basis {|¢"”);}0..x) and Fourier-transformed electric flux basis
{IF) i} rez.
« link operator: Uy|e™),
= electric flux operator: ¢/|k), = k[k),

it

i)

Gauss’ law constraints annihilate physical states, C,[1)

¢-Ya- Y

Ieout(v I€in(v)

phys —
0, where

Gauge transformations are of the form IT,cye'*¢

+ Including staggered fermions: (Anti-)Fermions are placed
on even (odd) sites v € V, with creation and annihilation
operators ¥], ¥, satisfying

(Wt} = Sy (ot} = {0l
Each site is spanned by the number basis [0),, 1), Gauss’ law
includes the staggered charge density p, = ¥fi, — 3(1 —

(=1)), e,
Co= Y a3y a-pe

Ieout(v I€in(v)

QRFs for lattice QED

For lattice QED, we find two types of QRFs according to the
perspective-neutral framework (see Fig. 3).

= Spanning tree QRFs: The links of a spanning tree (a loop-
free subgraph containing every vertex) form an ideal QRF
for the pure-gauge sector, with orientation states

[6)r = @) le™);-
IR

Gauge-fixing the orientation maps physical d.o.f. into non-
tree links S = £\ R. Each [ € S labels a fundamental
holonomy belonging to the loop on R closed by [.

= Fermionic field QRF: Including staggered fermions, the
fermionic field on the sites forms a complete but non-ideal
QRF R, with orientation states
A= @ 5(10), + e 1),).
vev
Physical states can be expressed purely in terms of electric
flux, and the fermions are recoverable from Gauss’ law.

R R

Figure 3. Left: In the pure-gauge sector, the links of a span-
ning tree form an ideal QRF R. Right: Including fermions, the
Sl

Interpreted as a QECC, two types of codes arise from lattice
QED:

* A quantum rotor code from the pure gauge sector, encoding
|£] = |V| + 1 rotors (L*(U(1))-spaces) into | £| rotors with U~
distance dyy = 4.

+ A hybrid rotor-qubit code from lattice QED with fermions.

Correctable errors in lattice QED

We find correctable sets of gauge-violating errors for the two
types of codes above. They have recoveries based charge-
sector (constraint) measurements.
= Pure gauge lattice QED: Gauge-violating operators con-
sist of products of link operators (open Wilson lines).
= A spanning tree QRF R yields the correctable errors

{®, v |vierimez}.
These are products of Wilson lines supported on the
spanning tree which shift the electric flux on the corre-
sponding links.

= Since dj; = 4, a different recovery than for spanning trees
can correct any single U;"-error, i.e., any shift in electric
flux on a single link.

& ionic lattice QED: Cq ble errors from the pure
gauge case carry over. Additionally, ¢, w,f. and combina-
tions thereof yield gauge-violating errors.
= The fermionic field QRF R yields correctable errors via

grained charge

{®vsv Ay(a)™ [ Vo i1y € {0, 1)} .
Here, A,(a,) = 1), + e"““w!, implement particle num-
ber flips (with phases). E.g., fixing a,, = 0, these are arbi-
trary products of Pauli-X errors.

= Combining coarse-grained and standard charge-sector
measurements:

{U"tmeziec U {Au(e) }uev,

i.e., any single electric flux error on a link or particle num-
ber flip on a site is correctable.

Conclusions
Gauge systems can be viewed as QECCs. We show that:

* In the Abelian case, QRFs yield sets of correctable errors via
charge measurements.

* Lattice QED has ideal QRFs given by spanning trees in the
pure-gauge sector, and complete but non-ideal QRFs from the
fermionic field when including staggered fermions.

* Based on charge (constraint) measurements, certain electric
flux error can be corrected.

* Including staggered fermions, particle number flips can

be corrected through coarse-grained charge measurements.
This can be combined with correcting electric flux errors.
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Observables are glocal

All local information can be

completely encoded into global

functions.

Observables are glocal
Emil Broukal, Andrea Di Biagio, Eugenio Bianchi, and Marios Christodoulou

Complete observables

0 N (S) — RN « The gravitational field has
local degrees of freedom.

« Diffeomorphism invariant
functions of the metric are

expected to be global.

* All local information must
be completely encoded into
global objects. How
precisely does this take
place?

Collection of spacetimes /
Space of weighted graphs

Gtup: Weighted graphs with permutations of node labels as discrete coordinate changes. )

Local correlations encoded in background independent observables

T Tha i
b b ;é a a O 1 \
O(

Top) = 3a%b + b # 3ab® + a® = O(Tha)

« Fully background independent observable can distinguish configurations with same global
information, but different local structure.

« A glocal observable oM probes a local correlation specified by a connected multigraph M, by
taking a global average of all possible appearances of this local subgraph structure. This achieves
full background independ

Glocal observables are complete

oy 3 (i) - fo s (1))

oc€SNy i)

« Theorem: Ié’ generates the full algebra of permutation-invariant polynomials on weighted
graphs up to N nodes.

« A finite number of glocal observables captures complete information about all kinds of local
correlations on any finite weighted graph. In this sense, we can say that all information on a
weighted graph is glocal information.

Take a picture to

download paper.

(Why weighted graphs? \
Many approaches to quantum gravity use graphs
as the topological basis on which they build their
theory. Notable examples: Loop Quantum Gravity,
Causal Sets, and Tensor Models.

*Why permutations?

Node labels are discrete coordinates on a graph.
Permutations of the node labels are coordinate
changes.

N /

Ao p

g B

D 5 C
Active\/ \Passive
B o oA A o | B
B 4 g B
YY) D 5 C

Extension to LQG:
+ Unlabelled spin networks:

1 .
10r) =—— ' |H) € Invs, K"
Vv [Or| HeO
1,ifC=1"
Or|Or) = ’ -
(©r16r) {O, T
+ Hilbert space spanned by unlabelled spin
networks is a discrete and quantum analogue of
imposing the spatial diffeomorphism constraint of

general relativity. j
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A Fine-Grained Perspective on Higher Order Operations: Modelling Agents in Spacetime

A FINE-GRAINED PERSPECTIVE ON HIGHER ORDER OPERATIONS:
K0 R @ MODELLING AGENTS IN SPACETIME
DA

5
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‘o Abstract — N\ Result Il: Measurement m

Causality is a fundamental concept that takes on markedly different forms in quantum and rela-

theories. Yet in quantum ion protocols i in ime, both notions must < An agent's operation M , receives a classical bit = and sends a classical bit a,

coexist i This raises i ti about the i of indefinite causal order A | t=tp Ay _ '
(ICO) processes, where the ordering of agents’ operations is not fixed or acyclic. My (I-‘Y O M) o Map with M, @ Mae

We study a fine-grained framework, in which such protocols are embedded in spacetime in a way o
that respects relativistic causality. Our modelling of quantum measurements in spacetime informs how o In spacetime, agents must coherently write possible outputs on a quantum memory that is mea-
agents’ interventions can be described within the fine-grained picture and still capture the operational sured at the end of the process.
correlations.

Furthermore, considering recent experimental claims for certifying non-classical correlations in < Projecting at the very end erases the which way ir and gives i with
ICO processes, we analyse how they align with a fine-grained, spacetime-consistent interpretation which a controlled superposition of causal order.
can involve superpositions of arrival times [1]. This can enable a better understanding of the physical

ible for these lassical features in the fine-grained picture which accounts for © We show a correspondence between time decoherence for process boxes and control decoher-
both quantum information and relativistic aspects. ) ence for QC-QCs through our measurement models.
\

—

© The process matrix framework can describe circuits
with indefinite causal order [3].

— Generalised Born Rule

plabelayz) = Tr [(u[g" g

o The canonical example is the quantum switch.

© Causal inequalities are introduced as analogs of Fig. 4: The quantum switch with Alice and Bob's quantum instruments unraveled in spacetime for two different measurement models. The
Bell inequalities, under the assumptions of measurement on the left decoheres the ime of arrival .01, whilethe rght one preserves .
— Free Choice, \. J

— Closed Laboratories,

— The presence of an acyclic causal structure in
which events are localised.

—

Fig. 1: The quantum switch (2}

i o The process box framework allows us to identify and

\ _ J clarify potential loopholes in physical it
— For instance, the outcome of the memory might
) travel spatially through the process.

— The control might also be accessible to the agents.

© This work aims at providing measurements models for systems non-localized in spacetime,

o In the process box framework, certification protocols
(e.g. causal witness [10] or DRF inequalities [11]) attest
the No Classical Localisation of states and operations.

< and characterises achievable correlations in fine-grained process realisations under different
measurement model.

o Itis used to study in optical i that i process matrix scenarios.

; . - : . Fig.: Optcalimplementation o h witch
© We introduce a resource called no classical of states and distinct from 0 Opteat melomentaton ofhe quartum swich (1 )

ICO, that correlations certify at the fine-grained level.

. J look: Perspective transformation (WIP) —

‘o Process boxes )

o A framework that models processes in fixed and acyclic © We are developing a perspectival version of process
spacetime [4, 5, 6, 7]. boxes relative to agents' reference frames, and describe

transformations between fine-grained perspectives.

© Spacetime is represented by a partially ordered set 7.

X © Process box protocol (C, {M . ME },, ) where Al-
o Hilbert spaces are replaced by Fock spaces ox P M, X ”‘”.)”1 =y
ice is localised i.e. she acts at a fixed time step.
x
T _ m 2 )
Fh= @ Vs e AT) o Unitary transformation to change from Alice’s to Bob’s
m=0 perspective as in [12],
° \s are necessary to enforce a single round 7 — ooyPeFe 2 PoFe +2
. = + 11 T -
scenario between agents, a-5)) = [00) AlaoBIBo 1 AlA0BI B0
— Acting Once © The transformation delocalises Alice’s states and operations
Ak ¢ g p 1/0, and localises Bob ones.
i 2 Fersantsiont s i v 1yt € span( ikt © 12T NUD ), o .
process box framenork. _s Local order L process box ramenork. J

My, [, ) 190, TINEY) = |0t + 1) [ TOt +1)).
q . . J) References —
— Result | : Process boxes and QC-QCs — 111V Vi . Rerner. Embedng ey ormaton-horeicsrucves  cye spce-mos: No-gorouls et causalty’. Pyscal view A 1102 (A
2020

216, Crirbeta ot a. 2019
+ Quantum Circuit with Quantum Control of causal order (QC-QCs) are known not to violate causal [3]0. Oreshkov, F. Costa, and C. Brukner. (0ct. 2012)
inequalities [4] V. Vilasini, L. del Rio, and R. Renner. “Causalty in definite and indefinite space-tmes". (June 2020)
« For all process boxes there exists a QC-QC whose behaviour is equivalent (At the level of the 1M, Sezger " (o 2023)
probability distribution) [4, 5, 6, 7]. We provide {61 Salzgerand . Viasin. e o w2
. N - . o [71M. Saizger and V. Viasin. Higher. . Inpropaation.
— an alternative mapping that clarifies how time of arrival information can act as control. 811 Wechs otal. PRX.
— trace preserving i that are to those satisfied by QC-QCs, for [81H. Cao eta. * Optica 10.5 (May 2020).
process boxes. [10] Mateus Araijo, Cyril Branciard, Fabio Costa, Adrien Feix, Christina Giarmatz, and Caslav Brukner. “Witnessing causal nonseparabilty”. New Journal of Physics
p

17(10):102001 (Oct. 2015).

(1) van der Lugt et al. 3 14(1)5811 (Sep. 2023)
112]L. Apacua ot a. . (Ape. 2026)

‘Quantum controlof camsal

Fig. 3: Quantum Gircuit with Quantum Control of causal order (QC-QC) (8],




Everett A. Patterson

Perspectival Entanglement Degradation: What Alice and Rob might see using quantum reference
frames

Alice and Rob Return:
The effect of acceleration on quantum
resources beyond entanglement

Other Quantum Perspectives:

Everett A. Patterson, Sijia Wang, Robert B. Mann

Set-Up:
« Flat Spacetime . &l
+ Observers Alice (A) and Rob (R) -- P
« Initially share Bell State: 6 - - C;im

[} ~ 10)]0) +[1)|1)
* Maximal entanglement: £ = 1
* Zero coherence:C =0

— el
— elf el

« Rob’s acceleration: a € [0, )
parametrized by r € [0,71/4)

B AR Details:

(@) r (€D, (R Detalls:

* Quantum states are excitations of
spin-1/2 Dirac quantum field

* Rob’s Minkowski mode is related to Rob
and anti-Rob’s Rindler modes

|p(r))arg~ cosr|000) + sinr|011) + [110)

* Entanglement Entropy £(|¢) ,5) = S(pa)

* Relative Entropy

Methods: of Coherence Clp) = S(p) = S(pa)

Quantum Reference Frames (Idea): + vonNeumann Entropy  §(p) = —Tr(plog )

+ Describes physics from “perspective” of
quantum observer:

More Details:

_ (4 (A4)
= SR,R +Cx

C)
[¥)asc = |T/J)(
” [11P. M. Alsing, et al., PRA 74,032326 (2006)

10.1103/phys-reva.74.032326
[2] C. Cepollaro, et al., PRL 135, 010201
(2025) arXiv:2406.19448
[3] E. A. Patterson, Sijia Wang, and Robert B.
Mann, arXiv:2603.23601 (2026)
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Isometry and gauge invariance on quantum spaces implies metric signature

Quantum spacetime 4+ gauge symmetry =

metric signature
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and modules over them).

\

Introduction

Noncommutative geometry in physics is used to model "manifolds" with intrinsic minimal length scales. Often it is incorporated by deforming the algebra
of smooth spacetime functions C*°(M) by systematically promoting the pointwise function product - into a noncommutative product . This * product
imposes noncommutativity of coordinate functions [2#, 2], = a# *2” — 2" x 2 # 0 and propagates to an uncertainity relation of position measurement.
As a mathematical field, noncommutative geometry studies geometric constructions on noncommutative algebraic structures (noncommutative algebras

In this presentation we show how deformations which impose (almost Abelian) Lie algebraic commutation relations on coordinates satisfy a unique
oroperty that U (V) gauge invariance (of a natural choice of an action) is possible only on specific metric signatures for a given Lie algebraic deformation. y

Consider an almost abelian Lie group
G=Rx,R" a€& Mat,x,
whose group product is given as [1]

() (.7) = (¥ + 5+ o)1)

for pM,¢M € R and p,§ € R". Then, for
A(pM) = a(pM) @ 1141 € Mat,i1xp41 One can
consider a star product on the n+1 dimensional
spacetime as

(f*9)(x) =

1 apM dyM —ipMyM My oo A(pM
oo [ dpdye @ +y)g(A(p™)z)
(2m)
This deformed product imposes the commuta-
tors on coordinates as

L [J:M,JJ“]* = —i [Bpar A(P™) =) " oat )

Multi-derivation structure

It turns out that partial derivatives form twisted
multi-derivations [2] of the deformed algebra
C2°(M) in the sense

Ou(f x9) = (0uf) * g+ A(Pr)” u(f) * Opg

. _ ;0
lelele Py = —igor

In noncommutative geometry one can define
a connection over a noncommutative algebra’s
right module M. M is a right module over an
algebra A is there exists a map <: A — Aut(M)
which obeys

(m < a) b= (m)<(ab) ,Ya,bc A;me M

The module M models sections of vector bun-
dles, as commutatively they form a right module
over spacetime functions C*°(M) (¥ < f)(z) =
U(z) - f(z)). On M one can define a covariant
derivative in the direction of a derivation X (let
us for now forget that partial derivatives
are not derivations of the algebra in our
almost abelian case) of the algebra A as any
map Vy : M — M satisfying the Leibniz rule

1

where derivations X of the algebra A are linear
maps X : A — A satisfying

Vx(m<a)=m<X(a)+Vx(m)<a

X (ab) = X (a)b+ aX(b)

Gauge transformations are defined as automor-
phisms of left module M, i.e., invertible linear
maps ¢ which are also right A-linear

d(m < a) =¢(m) <a

This exactly reproduces the C°°(M) linearity of
\gauge transformations in the commutative case.

With that said, V? := ¢ o Vx o ¢! satisfies
the same Leibniz rule as Vy. Additionally, it
satisfies ¢V x(m) = V?(¢m). One can define
curvature of the connection as the right A-linear
map for any two derivations X .Y as

F(X,Y)(m) = [Vx,Vy](m) = Vix yj(m) .

It can be shown that F¢(X,Y) = ¢o F(X,Y)o
¢! is the curvature of Vf(.

To model electromagnetism’s U(1) connection,
we actually choose the module to equal the al-
gebra itself and we restrict to gauge transforma-
tions given as multiplication by unitary elements
g. One can show, via the Leibniz rule, that any
connection is comletely determined by its action
on the unit element of the algebra

Vx(a) =Vx(lxa)=1xX(a)+Vx(l)xa
=X(a)+iAx *a
where Ax can be thought of the contraction of
the vector field X and gauge potential A. Simi-
larly, curvature’s components come from acting
on the identity F,, = F(9,,0,)(1) and we have
Fuy = 0,A, —0,A, —i[Au A,
Using this curvature, we define an action princi-
ple
S = /d“zFu,, * Fgg * g x g"7

J

A complication that we encountered is that the
Leibniz rule (1) is well defined only for deriva-
tions X, but, as we have announced in Section
2, partial derivatives are actually twisted multi-
derivations, not derivations. Thus, the concept
of the connection needs to be adapted. (1) is im-
possible to consistently satisfy, but, the following
Leibniz rule

Viulaxf) = AAPa)” 1(a)x8, () +Vu(a)xf (2)

is satisfied by connections parametrized by A, =
V(1) in the following usual way

Vu(a) = du(a) +iA, *a . (3)
Additionally, for a unitary automorphism
¢g(a) = g a the concept of gauge transforma-
tions needs to be deformed as well. The correct
choice amounts to

.

Vil(a) = AAPa)” u(9) * Vplg' xa)  (4)

which affects the transformation rules of the po-
tential

A9 = V(1) = A(Par)” 1u(9) * (99" + Ay xg")
and of the curvature
FY, =g Fag* A7 (APy)™ LA™ (APy)” (")

The condition for gauge invariance S9 = S gives
finally a condition on A(AP)/) and ¢g"” as a re-
lation which has hold for all unitary elements
he CX(M)

g g" (AT (AT G (hY) x A% A% () =
giagxﬁ )

c

p and hyperbolic p Minkowski spacetimes:

1 o o o
__ [0 cos(Py)  sin(Pp) O
A(Po) = (o SRy coiry) o
o T o3
cosh(P3)  sinh(Pg) 0 0
Y ot e L
A(P3) = ("™ 5 3 8
H A

solve (5) for
9(p)" = aus(=1,10], (8], 1) , bER

g(Hp)" = ais(—[0], |b[,1,1), bER
Triangular space
1000
LR
0 001

is solved by Galilean metric diag(0,1,1,1).
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Time of arrival on the circle and relativistic quantum clocks

Time of arrival on a ring and relativistic UNIVERSITY OF
quantum clocks (1) BATRAS

lason Vakondios*, and Charis Anastopoulos ®
Laboratory of Universe Sciences, Department of Physics, University of Patras, 26500 Greece
*j.vakondios@ac.upatras.gr v

Abstract

We study the time-of-arrival problem for relativistic particles constrained to move on a ring, formulating the problem entirely within Quantum Field
Theory (QFT). We employ the Quantum Temporal Probabilities (QTP) method to derive a class of Positive-Operator-Valued Measures (POVMs) for

\time-of-arrival observables directly from QFT. )

Time-of-arrival probabilities Rotating observers

For a detector rotating with angular velocity €2p the background noise
increases as Qpr — 1.

; p 2
For a relativistic particle with wfn =2+ ("71) moving in a ring the
time-of-arrival probability is

Z pps(mmm’) (m) £ ') fometm=me=item =)t

m,m’

Pu(t,¢) = 27”

_ Po(00) _log(1 — -5

Py(0) log(1—e—@
« B: normalization constant. v(0) ( )
o Uy =m/(wyr): linear velocity of the particle. oo e o e w0 ™
o (m|L|m'): detection event localization operator. Fig;ll‘e L: Noise ratio 1 as a fuention of
o pps(m,m'): post-selected density matrix. The change of the background noise is a manifestation of the circular
Unruh effect.
\ J J
Quantum clocks and quantum recurrence
Wm
Time-of-arrival probabilities define a periodic clock variable on a fundamentally quantum system. ™
1. A large number of particles prepared in a state sharply localized in position and momentum passing through om
a detector behave as a quantum clock. Each peak in the probability density W (¢ fo dsP.(s, ) of the time ou
of arrival defines a tick of the clock. o
1w [ n P
2. Because of the discrete spectrum of the Hamiltonian, the probability amplitude is subject to the quantum .
recurrence theorem. We define two relevant time scales: Figure 2:  The cumulative
probability density W (t) for
o the quantum time scale T,, where the spreading becomes significant and ticks become superimposed. massless particles.

o the recurrence time scale T,.., where the wavepacket initial form is partially restored.

(a) Semiclassical regime, ¢ ~ 0.07T,. (b) Onset of quantum regime, t ~ 1.87,. (c) Deep quantum regime, ¢ ~ 10 T},. (d) Partial revival, t ~ Tyec.

)
60 o) 200
00) 2|
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w0 2|
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100 E
o o o
o 70 e e 0 0 50 El EQ E 0 Ez] 2% 2040 £ 510 550 £

Multi-time measurements Results

Measurement independence is a classical locality criterion, asserting that

Relativistic quantum clock based on time-of-arrival measurements in
the measurements of two quantities are independent.

a ring.
In this model, when considering multi-time measurements, classical mea-
surement independence may be violated for entangled states when the joint
probability amplitudes take certain values,

Entirely QFT treatment.

Tool for probing quantum spacetime effects.

Setting to explore quantum effects in clock readings.

12| \_ )

{

) \ 1. C. Anastopoulos, B. L. Hu, and K. Savvidou,
TR N T I3 ' 5 730 Quantum Field Theory Based Quantum Informa-
t t tion: Measurements and Correlations, Ann. Phys. E.
(a) Entangled particles in one ring. (b) Entangled particles in different rings. 450, 169239 (2023).
1
where A, (t, o) Z'm Pi(m) \/meimqa—uumt' 2. L. Vakondios and C. Anastopoulos, Time of ar- E

rival on a ring and relativistic quantum clocks,
arXiv:2603.27311 (2026).
. J U J
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James Robinson

A formal refinement for operator size of qudits

» We study many-body teleportation [1-4] as an experimental probe of the holographic principle
« ETH: larger operators are on average worse than small operators at distinguishing neighbouring eigenstates [5]
» Holography: operator size in the boundary is dual to the momentum (magnitude) of a particle in the bulk [6]

Growth under Heisen-

e

berg evolution 7 =
<
Loca\ T
LI R
S Ll
Cosze N\ . ¥
et B

An initial perturbation (black) delocalizes
over a one dimensional lattice.
Operator size is ex-
pected weight

% %

o 1 % k ° 1 % k
A P

<0 =X pceE/|0. pe =3l (EO)|

« Weight w(E), cg. w(X @Y ®1)=2

« Weight distribution p;. sum all pg of
equal w(E) = k

Perfect size winding
Condition
cp=c"cp| 6 oxS(E)

©Isior ¢ (_@ )
- MoHa—o

SYK model

Gaussian random couplings

H= Z Jijit Vbt

ijkl

(OISIOV“E (é%@

— ¥ —
« Lg IrCo’B’cB)-ZBﬁB)

N
. . w“ o 0“1/1 <
sTofi]: | et o, )

Jordan-Wigner trans-
form

Represent fermion on qubits

Sl # Slom(w)] = S[(@"'2) @ X]

Chaos

Use p = (¢*~1)/q* with ¢ qudit dimension
EF(B) = (O5|0) =1 - 8(0)/p
Operator correlator
G(0,9) = (0]®[0)])

SA. R. Brown et al., Physical Review D 98, 126016 (2018).
™X-L. Qi et al.. JHEP 08, 012 (2019).

Effect of X'
where @ is a quantum channel. Result:
8(0) =p-G(0,9%)
where §|0) = |$*[0O])
and ®% o< Y7, A
Develokped method
Relate size k averages M, to simple
averages W: Further work
f .
My(0) x BOB" Wg(0) Ty, (0) Compute the partition function for size (related to higher order OTOCs)
Thermally renormal- * Operator size ~ susceptibility to depolarization W\(0)
ized size = operator growth & (operator) entanglement growth? '1 1
B [ « Operator growth of RMT Hamiltonians under depolarizing noise = §(O+X fox +Y'oy + ZfOZ) _30
a 1
References B QI _1) e o o
'A. R. Brown et al., PRX Quantum 4, 010320 (2023).
N 2S. Nezami et al., PRX Quantum 4, 010321 (2023). &@_ 6) 4.' : g
oy 9T, Schuster et al., Phys. Rev. X 12, 031013 (2022).
Result 5. Hotr e, iyl R 85, b8 G0 By d § 2
AsSi Z [S;;(B) —Sg(l)] = k3(y75) . Hosur et al., Physical Review 3 ( ). ’ o [ ) o
B
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Jerzy Paczos

Measuring quantum time dilation with delocalised atoms

Measuring quantum time

dilation with delocalised atoms

Jerzy Paczos

Motivation: clock superposition

« Classical theory: proper time is associated
with a spacetime trajectory (worldline).

« Quantum theory: a clock can follow a
superposition of trajectories.

« What is the time measured by a
superposed clock? Is it a superposition of
proper times?

« Are there any observable consequences of
such a superposition?

Quantum time dilation

« Consider two wave packets ( A A
or position-basis). z \ A
« Compare clocks in:
o quantum superposition, or
o classical (statistical) mixture. 1) [p2)
« Do they measure the same time?
« No! A superposed clock experiences a
quantum correction to the measured time Q

dilation [1-4]!

Our problem: spontaneous emission
from a delocalized atom

. [%1) [1h2)
/'""'f g ;"f}\
3 ) , J\ N
P gy ,\ >

X

« Two wave packets localized at different heights in a
gravitational field.

« Gravitational time dilation — position-dependent
spectrum of the atom.

« What is the spectrum of a superposed atom?

« How does quantum time dilation manifest in the
spontaneous emission process?

Paczos, J., Debski, K., Grochowski, P.T., Smith, A.R.H.,
Dragan, A., “Quantum time dilation in a gravitational field”,
Quantum 8, 1338 (2024)

Quantum 8, 1338 (2024)

ockholm

niversity

Simplifying assumptions

« One-di 0 | photon prop g
(atom coupled to a waveguide).
« Constant gravitational field (Rindler
frame). e
+ Neglect the atom’s kinetic energy (very 3
massive atom; no recoil, no kinematic
time dilation).

Results: superposition vs mixture

Single wave packet:
d)i (Z) — (27I'A2) —1/4e—(z—z,)2/2A2
Quantum superposition:
Psup(2) = N [cos 011 (2) + €' sin Orhs (z)]
Classical mixture:

Py (2) = (cos0)%1(2) + (sin 0) % (2)

Decay rate

(Tp = ) /T 10 R 1.0

. 10 0.8 P
106

Emission spectrum

y ' (w =)/

« Quantum time dilation affects both:
o total decay rate, and
o spectrum of emitted photons.
« The overlap b the wave p
(interference!).
« The effects might be observable in near-future
experiments!

is crucial
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Multiparameter estimation with a photonic quantum switch
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Several experiments have demonstrated the advantages that indefinite causal order offers
for quantum information. For instance, the quantum switch, which is the most prominent
example of an indefinite causal order process, has been shown to enhance the precision of
some metrological tasks compared to fixed order strategies [1]

In this work, we aim to experimentally demonstrate the advantages of indefinite causal
order for multiparameter estimation in a photonic quantum switch. Our setup, based on
Ref. [2], uses multicore optical fibers technology to coherently control the order of three
quantum operations, two of them being noisy channels with variable noise strength.

Our setup is expected to estimate parameters even in noisy regimes where the consecutive
application of the operations in a fixed order would make it unattainable. Additionally. we
assess the Fisher information matrix for different configurations of the setup and different
amounts of noise, showing that the best configuration of the quantum switch depends on a
priori information and weighing of the parameters. Our results will highlight the pertinence
of indefinite causal order for quantum information under noisy conditions.

o Three qubit operations:

U(6) = exp(—ifo,) 0€(0,7/2] (1)

EN(p) =pap+(1— 1),0% pa€[0,1] (2)
1 )

EB(p) = ppp+(1— 17")3 pp € [0,1] (3)

* Six possible orders:

(0): EWoeBoU (1): UoEWog® (2): EBoUoEW
(3): Uo&WogH 1) EBWogWoy (5): EWNoUogD
o Task:

To estimate (6, ., pi) when the operations are applied consecutively.

3. Experimental Setup

DMUX 4CF-BS DMUX

»
®

L

Eme (9, -5
o | (), -e.<Er
Pl Y el

Quantum Switch j

The setup uses the polarization degree of freedom of a photon as target and the path degree
of freedom as control. The photon is coupled to one core of a four-core optical fiber and a
multicore-fiber beam splitter prepares a state of superposition of four paths. Single-mode
fibers route the photon through the operations in a coherent superposition of different

orders.

Configurations: (orders combined in the experiment)

(0,1,3,4) (in the figure) and

Figure of merit: According to the Cramér-Rao bound, cov(#) > F~1/n, where F is
the Fisher information matrix and n is the size of the ensemble. We define the following
measure for the achievable precision of estimating the i-th parameter in #:

. if Fis invertible
Qi= ’ (4)
0 otherwise
Similarly, for the average precision of estimating N parameters, we define
N
Quy = =7 (5
ducy Tr(F-1) )

SCENARIO I: (p4 = pp = p. with no prior information)

<02 <0, <Oup>
SCENARIO II: (p,4 = pp = p. with prior information on )
<02 <0,> <Ouy>
. S =

(indeper r information)

SCENARIO 1V:

<0i>

(independent parameters, with prior information on p,1)

<0n> <0u>

<a

o We aim to demonstrate in a photonic setup that indefinite causal order can be leveraged
to solve multiparameter estimation tasks.

e The performance of our experiment is independent of the initial polarization of the
photons, as in other photonic realizations of the quantum switch

e The quantum switch allows the simultancous estimation of multiple parameters even
in scenarios where a definite order would make it unattainable, e.g. in presence of fully
depolarising channels.

e The quantum switch is a tunable device whose performance depends on its configu-
ration. The optimal configuration for a given task should be chosen considering prior
information or relevance of the involved parameters
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Thermodynamic social influence on hyperbolic
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Abstract

We study equilibr models of social influence on non-Euclidean lattices using tensor-network methods. Each agent carries discrete
“features” (opinions, cultural traits), yielding a multi-component Potts/clock spin model. We apply the corner transfer matrix renor-
malization group (CTMRG) and the higher-order tensor renormalization group (HOTRG) to compute thermodynamic quantities on
Euclidean sqy g e limits, and a fractal lattice. On the sq
trait model exhibits two continuous transitions; increasing traits induces a first-order transition. On hyperbolic lattices, boundary bias
continuously shifts the transition temperature, reflec he dominance of boundary degrees of freedom — analogous to boundary/bulk

re lattices,

hyperbolic tilings, tre lattice, the two-feature binary-

correspondence in holographic se

Motivation

agents leads to either global consensus or fragmentation.
ment in the thermodynamic

« The Axelrod model [1] describes how cultural influ
We reformulate it as a thermodynami
Timit

among interacting
nenable to tensor-network methods, enabling tr

pin model

uclidean lattices: real social networks are far from flat grids — their “small-world” properties are better captured by hyper-

‘geometries.
* Workshop connection: on negatively curved lattices, the boundary dominates the bulk, mirroring the holograp}

nts can continuously control collective behavior

a con

Model

Each agent (lattice site) carries f cultural features, each with ¢’ possible traits. We label models by the trait vector {"... ¢/} (e.g..
{2,2} for f=2 binary features: total [T, ¢'*) sates per site).
e notation (. ): a regular tiling by j-gons with ¢ meeting at each vertex. Examples: (4, 4) = Euclidean square lattice; (5, 4) and
7.4) = hyperbolic.
Hamiltonian [2,3]: H = 3, H,, + 3.,., B, where the two-site interaction and boundary field are
= =032 cos (6 =07 =TT6(o"0") . Bi= =Y cost] )

Here 0" = 270" /¢, the sum (i) runs oves hbors, and  denotes boundary sites. The conditional coupling J|" activates
the clock interaction on feature o only when a atch (Potts condition). 7" plays the role of social noise: / is the boundary
field (f,).

Bulk free energy: B = I — F, where F'is the total free energy per site and F} the boundary contribution (removed via CTMRG).
Bis the key observable for locating phase transitions; normalized as 3/ for comparison

Lattice Geometries

fractal

(7,0) (00,7)

Figure 1: Top row: Euclidean (1,1) square latice, hyperbolic (5.1) and (7. 4) lattices (Poincaré disk). Bottom row: tree-like limits (7, o) and (0. 7
fractal lattice [7],

Methods
« CTMRG [4, 6]: works directly in the thermodynamic limit on regular lattices. Computes free energ
ment entropy. Boundary conditions controlled via boundary tensors: fixed (FBC, fy=1) or open (OBC., f,
+ HOTR(
sion D,

Results: Euclidean (4, 4)
T

n
30,

3 [5]: used for fractal (non-translationally invariant) lattices; the local tensor is iteratively coar

Lattice
T

0.0

-0.1

. and the

etization, and entangle-

e-grained with bond dimen-

Results: Hyperbolic (5,4) Lattice

(5.4)

L

A T T T 7

0.8~ 54
0.6 -

s
0.4 -
02p i H ]
0'0*...\...\.‘...L........L....L...
0.0 05 10 15 20 25 30

No free-

Figure 3: Same observables on the hyperbolic (5. 1] lattice. FBC (fixed boundary. /1) and OBC (open boundary, f,—0) shown as separate curves
energy crossing between branches (unlike Euclidean case)

Key Result: Boundary Control of Phase Transitions

On hyperbolic lattices, a phase-coexistence region [Ti,, Tiia] exists [81, within which the phase-transition temperature T;(f;) can
be continuously tuned by varying the boundary field f;. This does not happen on flat (Euclidean) lattices, where boundary effects
are subdominant.

Physical interpretation: On negatively curved lattices, boundary sites grow exponentially — boundary “agents” control where
within [Tiow. Tises] the transition oceurs, analogous to how boundary conditions control bulk physies in holographic / AdS sei-
tings

Geometry Dependence

WO ]

098 0.99

100 101 1.02
TIT;

T T F TR RN FE R TR SERRRT
0. 7 08 09 10

TIT,,

Figure 4: B/q and M vs. T/, for the {2,2} model actoss five geometries: fractal, (1.1
ice curvature.

7.4), (00 7). (7.00). Tnset: (2.3) magnetization. Phase-transition

character varies with l

Conclusions & Outlook

1. On the Euclidean (4, 4) lattice: two continuous transitions for {2, 2} first-order for ¢ > 3.

2. On the hyperbolic (5, 4) lattice: boundary fields continuously tune 7, within a phase-coexistence region [Ti,u., Tiyg] [8] — a discrete
analogue of holographic boundary/bulk correspondence.

3. Geometry shapes criticality: different curvatures yield distinct phase-transition profiles across Euclidean, hyperbolic, fractal, and
tr ke lattices.
m-0.2 q 4. These tensor-network results serve as toy models for boundary/bulk correspondence, directly relevant to observers and causality
quantum gravity.
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What Wigner's friend teaches us about black holes

~ What quantum foundations
ETHzurich teach us about black holes

Ladina Hausmann, Renato Renner
Institute for Theoretical Physics, ETH Zurich

Complementarity Game Firewall paradox
Quentu theory —> P(win) < 1 Black holes provide another winning strategy

Quantum collaboration paradox

Winning Strategy for the Complementarity Game Assumptions:

(G1) For a freely falling observer, all fields at the horizon are in the Minkowski
vacuum state.

[

(G2) For an outside observer, the S-matrix is a typical unitary on a finite-
dimensional Hilbert space.

(GB) For an outside observer, effective field theory applies outside the stretched
horizon.

Assumptions:

(Q) Any agent can apply quantum theory to any system

(@)

x=0

:’ Analysing the protocol:

Analysing the protocol: GIAGH = W= y/Z(10410e+ 1141130

@ = x=%
©Q = r=0
© = s=0
© = x=0 Q) = z=0

©) = x=0

3 (100410)z + 11)41 1)) (@) —> )

P(win) = 1 P(win) = 1
= (Q)A(O) = (G)—(G3) A (Q) A (C)
©) = x=0

The firewall paradox relies on the assumptions (Q) and (C), which lead
to the quantum collaboration paradox.

So, we need to solve the quantum collaboration paradox, to be
What can quantum ,

certain that (G1)—(G3) are responsible for the firewall paradox.
foundatlons teaCh us abOUt Black holes are an implementation of a closed laboratory in a Wigner’s
friend experiment.
black holes?
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Semiclassical spacetime thermodynamics

Marek Liska S and M

Introduction

It has been shown that the condition for vanishing of the variation of the total von Neumann entropy in a small sphere in curved spacetime is equivalent to the (traceless) semiclassical Einstein equations [1]. Our works [2] explicitly
incorporates the backreaction of quantum fields in this paradigm. We focus on the 2D case where the effect of backreaction on von Neumann entropy is fully encoded in Wald entropy corresponding to the effective conformal anomaly
action [3]. In order to address this case, we propose a new way to derive the full semiclassical dynamics of scalar-tensor gravity theories from equilibrium conditions. Our approach may be further extended to incorporate quantum reference
frames, opening a way to study genuine quantum gravitational effects in the simple 2D setting.

Stretched light cones and their thermodynamic properties

at any point P in a generic 2D spacetime we consider a local Minkowski
coordinate system (t, x)

we consider a (flat) future-directed light cone with the tip in P
stretched light cone is a timelike surface I located just outside the light
cone

around P it has spatial radius a much smaller than the local curvature
length scale, a < /1/|R|

corresponds to world lines of uniformly accelerating observers

ut =5 (x, t) with acceleration 1/a

in 2D, ' is an approximate Killing vector

we invoke Einstein equivalence principle to construct a local Minkowski
vacuum

the observers see this vacuum as a thermal state at Unruh temperature
Ty = b/ (27a)

valid at time scales t < ¢ < o

Leading order entropy

2D gravity can be understood as effective dynamics of the horizon of a
higher dimensional extremal black hole

entanglement entropy of a test field in this extremal black hole
background scales with area

upon compactification, the area-scaled entropy becomes So = 70, where
o is a scalar degree of freedom and 7 a constant

we assume this behaviour of horizon entropy is universal and independent
of its higher dimensional motivation

in this way, we introduce the leading order contribution to 2D
entanglement entropy without referencing gravitational dynamics

Conformal anomaly contribution

conformal anomaly is a feature of dynamics of test conformal quantum
field theory in a curved spacetime
in 2D, it can be fully captured in the Polyakov action

b= H/zaﬂ)/ (xR + V) Vg

c denotes the central charge of the conformal field theory (c > 1)
the corresponding entanglement entropy reads

/ VAV xaudE,
e

also obtained without referencing gravitational dynamics

Sp = (c/6) x + (c/24m

To do list

generalise to 4D

» same logic, sketched in our paper
» R“ term in conformal anomaly cannot be localised

the stretched light cone has a well defined temperature

the light cone itself is further a causal horizon with entanglement
entropy

due to their closeness, we can associate entanglement entropy with the
stretched light cone

the total generalised entropy of the stretched light cone consist of its
entanglement entropy and of von Neumann entropy of the matter
enclosed in it [4]

the stretched light cone geometry only changes with t2

it is then nearly stationary at small time scales

in 2D [1], entanglement entropy is then given by the dynamical Wald
entropy prescription [5]

in equilibrium change of entropy times Unruh temperature equals the
work performed on the stretched light cone

this relation is equivalent to the equations of motion of the semiclassical
JT gravity

Figure 1: A sketch of a stretched light cone (image credit: Celia Lopez Pineros)

physical process equilibrium condition

ASy+ ASp + ASy = AW/ Ty

evaluation between times t

o
0= N.t,,[ (WV - ,M) (16— 5x) + £VxVix
)

c AL 2T
= ﬁgm;VuV X+ WT,W +1 (7 4+ Wo) g,w]

Matter entropy

» matter crossing the boundary of the stretched light cone carries entropy
» at t = 0, von Neumann entropy of the conformal quantum fields inside
the stretched light cone obeys

Su = (2r/R) / St

(requires the field state to be a small perturbation of Minkowski vacuum)
» for nearly stationary situations, it holds

ASy = (25/R) / tTdE
T

» compatible with the second law [5]
» reduces to the Clausius entropy flux in the classical limit [6]

0 and t

<
6

V(9
2

time direction t" is arbitrary, G = 1/ (4hn)

8]
0= <V,‘V,/ - g,u?) (

Gh 12
- ST ar6T +

divergenceless condition fixes W

(Vs — gD (u -
+ V(¢) guv = 87GTy

We recover semiclassical JT gravity with an
arbitrary dilaton potential

» conformal anomaly effective action does not seem to fully describe semiclassical backreaction

» combine with nonlocal (e.g. logarithmic) corrections to entropy?
rephrase in terms of von Neumann algebras

> allows more formal definition of generalised entropy

» can account for the effect of the clock dynamics

> fairly straightforward in 2D

apply the quantum reference frame formalism

» conceptually difficult

> basic idea: represent Unruh observers in terms of QRFs

» might allow QRF perspective on gravitational dynamics

» in principle can go beyond the semiclassical regime

27

2Ghe
8]

Work

» the standard thermodynamic derivations effectively recover only the
traceless equations of motion [7]
cannot incorporate the effect of a potential of the scalar field V (¢)
V/(6) may be seen as an external condition imposed on the stretched
light cone by the heat bath
we treat the stretched light cone as an open system with V,, T," = F,,
consequently, integral of F,u/" becomes a work term in the first law
we consider work as consisting of two contributions, one proportional to
V/(8), the other, Wp, unfixed

2Ghc
) + =5 VuxVix
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Process matrices provide a framework to model quantum information processing protocols in the absence of a well-defined acyclic causal order, defined
without reference to a background spacetime.

Main question: Which indefinite causal order processes can be physically realised through experiments in a meaningful way in a classical acyclic
spacetime?

Main contribution: any protocol realisable in an acyclic background spacetime that respects the closed labs assumption of the process matrix
framework necessarily behaves as a QC-QC.

Process matrix framework [1] Modelling multi-agent protocols in spacetime

G Ry

A causal box protocol consists of
@a causal box C (= environment)
osets of causal boxes { M} for

each agent (modelling allowed
operations of each agent)

e Local agents apply CP maps in their labs
e Environment modelled by process matrix
B W
w e Causally non-separable process
matrices cannot be interpreted as mixtures

Bl
fixed order processes and
o Can violate causal inequalities. Cf. Bell Trivial violation of causal inequalities
l inequalities. Y [z

Quantum circuits with quantum control of causal order

(QC-QC) [2]
oS.ubse.ttof process matrices interpretable as generalized quantum Maximal trivial causal inequality violation with a causal box protocol
Circuits o ) Game: Alice to guess Bob's input bit y and Bob Alice's input bit x
o Clear physical interpretation ) Protocol: Alice at t = 1 sends x to Bob, Bob at t = 2 sends y to Alice
@ Causal order can be controlled via a quantum system and/or Lesson: Arbitrary causal box protocols are not processes

dynamically by agent actions - -
What makes a protocol in spacetime a process?

Causal box framework [3] Process box protocols need to satisfy closed labs

@ Models protocols satisfying relativistic causality in fixed spacetime
@ Quantum messages in superpositions of different spacetime locations

e Composition: closed under parallel, sequential composition and [ |
feedback loops
o Causality: Outputs only depend on inputs in the causal past L]
Classical/Quantum Message(Space)time Stamp A
... O Acting once: Agents can only act once
, Local order: If an agent receives a message at spacetime point t, they
‘i’ ! output at Ok(t) = t where O is injective. In particular, agents must
— receive a message before they send one
\ Mapping process box protocols to QC-QCs
. : The behaviour of any process box protocol can be reproduced by a
A ! QC-QC. For every process box protocol P8 = {C, {M%} .} there exists
[ a QC-QC Q together with operations { M2}, such that V{xc}«
A A
Acknowledgments Co ® M =Qo ® M
k k

National Science Centre, Poland (Opus project, Categorical Foundations of the Non-

Classicality of Nature, project no. 2021/41/B/ST2/03149). National Science Centre, Poland Coaclisionslandioutivok

(Preludium project, Classicality and compositionality of general probabilistic theories in infinite @ Only QC-QCs are physical in fixed, acyclic spacetime

dimensions , project no. 2024/53/N/ST2/01192). PEPR integrated project EPiQ ANR-22- @ Recover QC-QCs from spacetime principle

PETQ-0007 as part of Plan France 2030 @ Genuine violations of causal inequalities are not possible in a fixed,

References acyclic spacetime

[1] O. Oreshkov, F. Costa, and . Brukner. “Quantum correlations with no causal order”. o Cyclic or quantum spacetimes? Some of our techniques may be useful
In: Nature Communications 3.1 (Jan. 2012) as we disentangle information-theoretic and spacetime notions of

[2] J. Wechs et al. “Quantum Circuits with Classical Versus Quantum Control of Causal causality
Order”. In: PRX Quantum 2.3 (Aug. 2021) @ Can we weaken our closed labs assumptions?

[3] C. Portmann et al. “Causal Boxes: Quantum Information-Processing Systems Closed
under Composition”. In: IEEE Transactions on Information Theory (2017)

European Republic European Union YNARODOWE
Funds f Poland European Regional CENTRUM
SmareGrowth I ofPolan : Devetopment Fund NAUKI

28



Max Joseph Fahn

Relational observables and quantum master equations for bosonic matter coupled to linearised
gravity

Relational Observables and Causality in Gravitational
Decoherence Scenarios

Max Joseph Fahn INFN Crubionn

Universita di Bologna and INFN Sezione di Bologna UNIVERSITA DI BOLOGNA

maxjoseph.fahn@unibo.it

Open Quantum Systems and Decoherence Communica ed Black Hole Horizons?

Investigate effective dynamics of a with Alessandro Pesci (INFN Bologna)

matter system of interest pg inter- ® n: Phys.Rev.D 112 (2025) 12, p. L121502 arXiv:2507.16911

acting with an environment of grav- [—rg In: Phys.Rev.D 112 (2025) 12, p. 124036 arXiv:2507.18709
Environment

n across Quan

itational waves (GWs) based on GR
and QFT/QM

« Basic question:

Total Hamiltonian: Hyot = Hs @ 1¢ + 15 ® He + Hint — Alice (A) has a system in a spatial superposition. After a certain time
interval, she recombines the branches and checks for coherence.

Master equation for effective evolution of matter system: .
— Bob (B), at some distance, can entangle a particle with A’s superposition

%/}S(t) = —i[Hs + Hyaa, ps(t)] + Dlps(t)] and can decide to measure at Ty before A recombines.
= Goal: Derive red terms ﬂ e J:Z'J.‘L’,":ffi";,‘[é

New processes compared to an isolated quantum system, encoded in red terms:
— Energy shifts/renormalisation of the energies of pg
— Dissipation (energy flux from system into environment) ﬁ = 2

— Decoherence (information flux from system into environment) T
. R ey Ju . . o
\_ = diagonalisation ("classicalisation") of js in a certain basis )

— B’s measurement might collapse A’s superposition = A finds decoher-

ence upon recombination = Possible communication from B to A [7]
Relational Observables and Quantum Master Equations — What changon if B is placed behind a horizon? [g]

with Kristina Giesel and Michael Kobler (FAU Erlangen-Niirnberg)

.

Setup: Alice stationary outside a black hole, opens and closes spatial superposi-

In: Class. Quant. Grav. 40.9 (2023), p. 094002. arXiv:2206.06397 tion of an electrically charged/massive particle described by ps(t)
with Kristina Giesel and Roman Kemper (FAU Erlangen-Niirnberg)
arXiv:2602.07622 SA(T) o S Here: Focus for simplic-
spatial i H ity on electromagnetic
« Aim: Derive master equation from classical action of scalar feld /electromagnetic | @ | case:
field coupled to linearised GR using relational formalism [1, 2] and Ashtekar H ‘ ‘ T A ion: T > Ty
variables in Fock quantisation Ty T “Ti Aspropertime

Degrees of freedom (canonically conjugate pairs):

Density matrix of A’s particle when closing the superposition:

5 5 —F(Hi—Hj)t—D . .
linearised gravity: (6€(',0.AL)  scalar field: (¢,7)  photon field: (B, Aq) ps(t) = ps(0) - = FH=HDI=D with decoherence factor (see [9]):

.

Application of the relational formalism: drdr’ 54(7) SE(+)({Ea(r, X), Es(r', X)})a

— Total system contains n (linearised) constraints {C}: Hamiltonian con-

straint, spatial diffeomorphism constraint, GauB constraint(s) with E4(,X) electric field quantised on a black hole spacetime (e.g.
— Construct n reference fields {T} from degrees of freedom (=5 "geomet- Schwarzschild) evaluated in A’s frame, 2 Unruh/Hartle-Hawking vacuum
rical clocks") s.t. {Cy,T7} = 6] and {T1, 77} =0 « Main result for horizons with classical horizon geometry (see e.g. [8-10]): Very

low frequency radiation (*entangling photons®) pierces the horizon and leads to
decoherence D o< T'
— horizons with classical geometries destroy spatial superpositions

Each reference field comes with a clock parameter 7/; picking specific values
for these corresponds to gauge fixing; here we leave them general

— Apply the observable map (up to desired perturbative order) to all degrees = A’s superposition decoheres, no matter what B does behind the horizon
of freedom F = no communication from B to A possible
« Horizons with quantum geometries: Assumption of a minimal quantum of
e - 3 I . area Ag (e.g. of the order of the Planck length squared, see [11-13]) arising for
Op (11 -71)y =xP | # /d v ('@ - @) AC1@.} | F instance from a minimal length in spacetime ([14, 15])
R3 == minimal frequency required to interact with the horizon

and the (vacuum) dual map Tmplementation in Minkowski spacetime with Alice following a Rindler trajectory
as near horizon approximation to a Schwarzschild black hole

Sketch of decoherence behaviour:

D - Modified behaviour: Linear in-
crease in T saturates after a
certain time

Oty =on | = [y i {0 @) .} | ¢

R3

= physical degrees of freedom (relational observables): STT modes for
linearised gravity + scalar field / transverse modes of the photon field
— Fock quantisation only of the physical degrees of freedom

- Saturation value o 2=
o
- Negligibly small if Ag ~ I2

« Trace out environment (in thermal state with temperature ©) = decoherence strongly sup-

= master equation for small coupling  (similarities to [3-5]): T pressed
ﬁﬁs(t) = —i[As+r U +k Hys, ps(t)] « Communication from B to A possible?
ot . , Horizon quantum geometry prevents entangling photons to cross horizon
K (b~ rant i . . . S L
L Z Run(t) (Jﬁ, ps() G2 =2 {Gy1 32, ps()} ) = B cannot entangle his particle with A’s superposition
2 2 = his measurement does not influence A’s superposition

ab = no communication from B to A possible
1 « Results:
— Modified decoherence behaviour compared to classical horizon geometries

with self-interaction term U, Lamb-Shift-like H Hpg, time-d
coefficients Ry (t) and "current’ operators j°
Results: — Horizons with quantum geometries decohere superpositions only negligibly

if Ag ~ lf,. as the low frequency radiation cannot interact with the horizon

.

— Tmplementation of relational formalism in open quantum systems in per-
turbation theory; master equation depends on choice of reference fields — No communication from B to A possible in this gedankenexperiment
through classical and quantised horizons = Causality preserved

\\ J

\_ — Single-particle projection for the scalar field case [6] )
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Abstract Uncertainty relation

The poster presents a unification of classical and quantum
mechanics in terms of mathematical metrology. In that regard, the
uncertainty relation of position and momentum corresponds to
one of classical time and velocity. An intermediary between
theories concerns signal processing wherein the frequency
operator v = h 4/, is induced by the Fourier transform

30 = [ ey

considering h = h/z,”» to be an imaginary constant. The derivation
by quantum time is defined in order to satisfy a kinetical
requirement that gives rise to the Schrddinger equation. Having
inducted statistical superoperators which act onto densities, one
gets to a measurement process that is presented by the equation
of a free particle. The time superoperator should provide a change
in representation from the reversible to an irreversible dynamics.

Heisenberg algebra: [t,v] = h & (Y4, Yay] = Y
Quantum mechanics: position t & momentum v
Signal processing: position (time) t & frequencv v

Classical mechanics: time t & velocity v m
Galilean transformation:s + +:s =» s+ 1  time position
t++:t>t+1  yelocity momentum

v++:isHs+t 1
Heisenberg group: t + +;v + +;t — —; v ——=s5 + +
Group commutator: eYac e%av e=ar e=lav = *h

mass

Classical distribution: § = e”h & ||z = 1

T = 3 2iIm(s)
Quantum distribution: [y|2 = Y = e /h = e /

Quantum states are related to a complexification of the distance.

Statistical mechanics

Quantum ensembles

Coordinates and derivatives

Reversibility to irreversibility

Density operator: p >0, trp =1l Derivation by operator: Derivative by tlme [ ] [L/h
ET F d oy
Derivative by time: 22 = 22 h—=|h—,| = [v,] Hamilt ti 0H)
[ T a’ ) amilton equation: Z- = = ==
a d
dT ] —_—= — | =[—=t- 2
hav [ ’ ] (=] Free particle: h = hi=2
Schrédinger equat|on —=v e zvz h2 92
d vz Comutativity: [a[ av] = [[a: o ] =0 Hamiltonian: H = {h,’} = CRaT
e [T,V]=0 Liouvillian: L = ha- = [, ] = hv =
s Canonical coordinate: T2 S FCRE e T = T
—rpa=ttt v
Evaluation derivative: h% - ”z"’/z =Ey r={}= /2 U | L 1 h h
V={v}=" 4 1;/2 ncertainty relation: [L,t] = [ o) V]

ho¥

2 Derivation by superoperator

veT
Evaluation operator: Y(*); = e~ 2n

1 2
= e 2ht *
V2mh
”(:; Hamiltonlan. H= {h } = ’”‘h/z
2

Derivative redefinition: & U000

= V7+ E(T) + o(h)

Change in representation: A = A(T)

Liouville equation: h g—i =Lp
General solution: p = e”'/hpo

Lie group: U™ = e™h

Markov semigroup: W* = AUTA™!

5T T— 10 : oS -1, >
) Liouvillian: L = [,] = h— k Irreversible procelss.‘p >0 W p _9 .
s/ ds d?s (hdt)/ OHd 9 oH Increase of the Rényi entropy: — log||[W™ ||
b=ehsr—orm=E+ 2 =nrZ + o(h2
dr Zhdt Gvac " awar o)
(H> Preservation of positivity: p > 0 = Ap = 0
I " h Preservation of equilibrium: A1 =1
Wave potential: |/ (hdt lewile equatlon ={H)o + o) Preservation of trace: tr Ap = tr p
UicEr =L Preservation of information: A~ on a dense
ear frequency: k = h T domain

Measurement process

Euclidean algorithm: % =1

n1+#+%
Automorphism: ?: C H;—;+~-
B gt gmitt | omadmant
Dy ©
0] Vi
Frobenius-Perron group: U? = e &5
dd, _ vt/h o, = _ZTdCIJp _ dd,
d9log2 dr —%dlogr
Group reparametrization: T = 2=
dy (), _ d<I> . d2d> vz b0
dt “Tar Zhdt2 2h T

-
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. Misra B.; Prigogine, I. Irreversibility and non-locality, Letters in Mathematical
Physics 1983, 7, 421-429

. Prigogine, |. From Being to Becoming: Time and Complexity in the Physical
Science; W.H. Freeman & Co., New York, 1980, pp. 65-67, 241

. Prigogine, I. Coherence and randomness in quantum theory, Physica A 1979, 99,
369—382

. Misra, B.; Prigogine, |.; Courbage, M. From deterministic dynamics to
probabilistic descriptions. Physica A 1979, 98, 1-26

. Koopman, B. O. Quantum theory and the foundations of probability,
Proceedings of Symposia in Applied Mathematics of the American Mathematical
Society, vol. 7, Applied Probability, L. A. MacColl, ed., McGraw-Hill Book
Company, New York — Toronto — London, 1957, pp. 97-102

w N

IS

v

o

~

30



Nathan Cohen

The Spin-Geometry Theorem

Prequantum Physics and
the Spin-Geometry Theorem
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& Luis C. Barbado, Esteban Castro-Ruiz, Caslav Brukner Seences

Sciences

Standard QM presupposes a well-defined classical "context" (e.g. reference frames, devices, repeatable preparations) out of which the parameters of the Born rule are
written. This presupposition breaks down in « low-resource » regimes of physics. We revisit Penrose’s spin-networks programme understanding as a finite-resource
formulation of QM. Built with no background space, Hilbert space, or continuum of parameters assumed, this framework carries a natural rational probability rule,
encoding a degradable notion of predictability. We introduce the &-classicality condition that characterises regimes of effectively unbounded resources, in which
repeated operations yield stable probabilities and an operational separation between "system" and "classical context" emerges. In this regime we prove the Spin-

y Th : for 5-classical spin-networks, the probabilities generated by the Y2-unit exchange define angles satisfying all constraints of 3D Euclidean geometry,
and the probability reduces to the Born rule. Quantum mechanics thus emerges as the large-resource limit of a more primitive, discrete theory.

1. Classical contexts, prob. es and physicality Out of which a rational probability rule based on counting can be defined:

« An operational notion of existence: one can say that something exists in| z
science if it can in principle be realised and probed.
—> Everything exists relative to the « context » necessary to realise or probe it.

No reference frame/measurement apparatus, no property: a physical quantity (e.g. P(XY = 2)=
expressed in terms of a physical unit) one cannot possibly measure, not even in
principle, cannot be said to exist. /I\

—> Physicality and measurability require a context. x v

Quantum states are containers of probabilities, so they can be legitimately used or
defined, only insofar as the probabilities they summarise can be defined. —> Crucially, no physical content nor Hilbert space has been introduced
The context necessary to possibly realise a probability is any situation where one| |nare.

can repeat the preparation-measurement a large amount of times in an i.i.d. way.

But what if one cannot prepare-and-measure N times identically ? What if the 3. Stable prObab"Itles
preparation-measurement context in which we do QM degrades every time we| | Consider an « experiment » inside a SN with 7 outcomes. This experiment is said
use it, or worse what if it is not well-defined in the first place ? to be S-classical if:

—> Probabilities (as usually understood) cannot be legitimately used, and |Prob(o(2)|a(l))—Prob(a(l))| <8 VYm.n with § < 1

neither can quantum states. QM breaks in such scenarios. o Lm n T

—> Rebuilding the experiment in the same SN yields the same probabilities as
In a low-resource scenario, one can no longer distinguish a context from an| | the first time.

object, a measurement from a preparation, a time duration from a length from a -— y+ X—— y++

mass.

-y x- vt X
- - - X x\ /v X~ x \—yt
2. Spin networks and the logic of relations Example: % % XY XY
— —
Two objects and a relation: | —

Two (unordered) sets of N objects and N relations: =

+ One can repeat identically the « experiment », building the context for the
probability rule to be realisable.

Given two sets of N and M objects, how many objects can a third set P hold ?
M+N+P ey2N] 4. The Spin-Geometry theorem
P IM=N|<P<M+N Theorem (Spin-Geometry): Let @ be a spin-network with N > 3 d-classical open|
M == ends with respect to the 1/2-unit exchange operation.

Then, for each pair (X, Y) of these open ends, the probability associated with the|
1/2-unit exchange from X to Y takes the form:

1
1” Proby,(X*Y*) = E(l + cos byy) + O(e),

where the Oyy satisfy all the constraints of angles between directions in three-
dimensional Euclidean space, ande — () as 6 — 0.
3 (Proof in our upcoming paper)

(recoupling rules for spin!)

N

s

Build trivalent graphs half-integer labels: @ = "

A purely combinatorial norm can be naturally defined :

Probabilities are now repeatable + « Bulk » of the SN decouples from the
experiment, only parameters built by it stay in the probabilities.

1 . . —> Production of the context that justifies the use of probabilities
o] = H HA(V)2 2(—1)# Crossings in ¢(_7)l —> The same context provides the parameters the quantum states are

7 @' - expressed in.

Spin-Geometry
theorem
—p

transitions to
—_—

1) with probabilty |(1,|1.)]*

with probability : spin-1/2 particle is found in{ | |y with probability | (1|1 )|

P(nm — (n—1/2)(m £ 1/2))

Contact information: References:
Nathan Cohen, PhD Student at University of Vienna & IQOQI Vienna, Brukner group. L. C. Barbado and Caslav Brukner, Relational objectivity in presence of finite quantum resources (2025), https://arxiv.org/abs/2407.04391
Email: nathan.cohen@univie.ac.at R. Penrose, Theory of quantised directions, in Collected Works, Volume 1: 1953-1967 (OUP Oxford, Oxford, UK, 2010), chap. 31.

R. Penrose, Applications of negative dimensional tensors, in Combinatorial Mathematics and lts Applications, ed. D. Welsh (Academic Press, New York, 1971),
pp. 221-244.
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1. Recent proposals suggest that detecting entanglement between two
spatially superposed masses would establish the quantum nature of
gravity. However, these gravitationally induced entanglement (GIE)
experiments rely on assumptions about subsystem independence [1,2].

A my My A

II. We sharpen the theoretical underpinnings of such proposals by
examining them through the lens of algebraic quantum field theory,
distinguishing distinct operational and algebraic notions of
independence [3,4].

Assumption 1 (Operational: Independent preparation).

W‘A] = Wi, wIA'z =w2.

Assumption 2 (Operational: Uncorrelated initial preparation).

W(A1Ads) = wi(A)wa(A2), VA €A

Assumption 3 (Operational: Independent measurability).

[A1, Aol =0

Assumption 4 (Algebraic: Finite-dimensionality and completeness).
H~H @Hs

III. We argue that state and measurement independence of subsystems,
essential to the experimental logic, is nontrivial in the presence of gauge
constraints and gravitational dressing. Using gravitationally dressed
fields, we recall that commutation relations between spacelike
separated observables are nontrivial, undermining strict Hilbert space
factorization [5,6,7].

[$(a). D)) = —

ik’h ' —a

[®(z), D(a')] = ——— [6(2)Did(a’) + Dicp(x)d(2"))] |

7:L"|

Funnel Prop

| I

}-——{ Split property H Commutativity |

If type I11/factor

Statistical independence
in the product sense

Tensor Prod-

uct Structure

Statistical iudopm(lonm‘

*nicolas.boulle@miun.se

IV. We further explore the implications for entanglement witnesses,
investigating the Tsirelson bound when subsystem algebras fail to
commute, and showing that the Tsirelson bound persists for a suitably
symmetrized CHSH observable even though the operational status of
such "joint" observables becomes delicate when commensurability fails.
Ay, Ay, By, By be self-adjoint obs A=B =1
Without assuming commensurability (i.e. without requiring [A;, B;] = 0), the symmetrized
CHSH operator

Proposition. Let

bles satisfying

E. = AyoBi+ AyoBy+ Ayo By — Ayo By = #
satisfies the bound

E, < 2V21,
where E = Ay By + A By + A3 By — A3By and E' = By Ay + By Ay + By Ay — By A,

V. Finally, we derive estimates for dressing-induced microcausality
violations, which suggest a complementary avenue to current
proposals: in principle, bounding dressing-induced microcausality
violations themselves as a probe of the quantum nature of gravity.

A

P
ime*

() Vo () o(x) o o@)
[[®c(@), Pe(@)]] ﬂ ~ 10°%

[6(@)e(a) 2L
[@c(z), ®c(@)]|  Gm me g5 mc® =
ﬁ ~er o < 10 W 10s
|[ec(). ®e(@)]| G i~ 4% 1051

[o(@)o)]
Wiin ~ h/(2mL?) ~ 5 x 1079571

VI. The standard quantum-information narrative behind GIE-style
inference is not conceptually automatic once one insists on gauge-
invariant observables for gravity. The relevant observables must be
gravitationally dressed, and the resulting gauge-invariant subalgebras
need not commute even at spacelike separation. This obstructs
implementing exact commensurability and blocks the usual route from
microcausality to split inclusions, tensor-product factorization, and
statistical independence.

However, the present results still support and qualify the viewpoint on
GIE: they support it by showing that, for realistic parameters, the
induced violations of microcausality are tiny enough that the quantum-
information modelling can remain an excellent approximation; and they
qualify it by stressing that strong ontological conclusions rely on formal
properties that are not preserved once gauge-invariant gravitational
observables are taken seriously.

The fact that factorization itself is undermined suggests that gravity
may affect not only how we test quantumness, but also how we should
think about subsystems and measurement in regimes where
diffeomorphism constraints are inescapable.
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When does entanglement through gravity imply gravitons?

Does entanglement through gravity imply gravitons?
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The claim under study

In a thought experiment involving entanglement through gravity, a
paradox can arise if quantum fluctuations are ignored. Causality and
complementarity are in conflict [1], which has led to:

The received view

1. Newtonian entanglement and consistency with causality imply
the existence of gravitons.

2. There is a regime where Newtonian entanglement can be seen as
entanglement through gravitons.

A

Figure 1. Scalar model of mediated entanglement. The colored arrows correspond to
the colored terms in pag.

The paradox revisited

The paradox involves a one way signalling setup, Fig. 2. The two sides of
the paradox correspond to two ways of ignoring quantum fluctuations:

- Set 'y = I'y = 0: Complementarity is violated, B acquires
which-path information while A remains coherent.

- Stationary phase approximation: Causality is violated, A loses
coherence due to B, even though B is in spacelike separation.

For both approximations the which-path information propagates at the
speed of light.

Figure 2. Setup of the paradox.

Gravity Mediated
Entanglement

Complementarity vs
Causality Paradox

Scalar model of mediated
entanglement

Model linearized gravitational interaction with a scalar field mediator:

= Aand B are the two masses,
« each follows a superposition of trajectories ~ |L) + |R),
- each mass couples only to the scalar field linearly.

After splitting and recombination, the final state of the two masses

Entangling phases:

- from retarded potential of each mass at the position of the other,
= reproduce GME in ‘Newtonian’ limit [2].

Decoherence terms:

- from quantum fluctuations of the mediating field,
» local radiation production I's g or correlations harvested from field
vacuum Iag.

Related through uncertainty principle [3, 4]:
2
Tal's > (R = @) = (ol = &D))

Our conclusion

1. Entanglement through retarded potentials and consistency with
causality imply the existence of gravitons.

2. Only retarded potentials lead to entanglement in this setup,
gravitons lead to decoherence.
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Scattering in a Holographic Quantum Field Theory
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Scattering in a Holographic QFT (hQFT)

Holographic Scaling of Degrees of Freedom

According to the holographic principle, the number of
physical degrees of freedom within a spatial region scales (at
most) with its boundary area rather than its volume, as
implied by the entropy bound derived from black hole
thermodynamics!.2:

S(R) < IR
<7

This seems to contradict typical QFT, where the amount of
field operators scales with volume. In Fourier space this
means that the amount of Fourier modes and ladder
operators inside a momentum shell scale like3:

number of degrees
of freedom

N x kZA/-\shell

width

For holographic scaling of degrees of freedom this should

34:
bes: How do we get N

degrees of freedom
from ng degrees of
freedom if Ny > ng 1?

a “holographic”
number of degrees
of freedom

nex kA

Overlapping Quantum Field Theory

Paul Schneidewind Telge, Oliver Friedrich

We also make said replacement in the mode expansion of

quantum fields: _— Weyl spinor
u(k) «

yx, ) =— Z —Ak(t) —ikx

Anti-particle part

Scattering in hQFT

The holographic principle suggests that the N, many

apparent degrees of freedom are actually a function of only 7,
many frue degrees of freedom. We make the assumption that

this is a linear function, given by a N, X n, matrix, F:
“apparent” ladder
operators

\->AA Z F kak

“true” Iadderoperators \k

We take N, many

combinations of n
many operators!

We split the hamiltonian in multiple shells and make the

replacement a —>AA/7 in each of them. We explore the

P
resulting theory. glves the correct expectation

value to A1|0)
= Z [:[s 52 A Ak
s

We do a similar thing to anti-particles and their hamiltonian

As the underlying theory is still a QFT on a lattice (with
varying couplings) it is possible to construct a path integral
and explore what modifications we expect from said overlaps
to the Feynman rules in scattering amplitudes. These include:

» Modified propagator, which conserves energy but not
necessarily 3-momentum:

matrix handling the spinor components matrix that diagonalizes FF'

J dw Z(FRL) Z(q . k(w))e”"(‘ —yO)—igy+ipx I/

M (RFT)
>(kl(m))- +ie

iq*

...comes out with
momentum q

4-momentum with @ energy and
“momentum” that gets mapped to
the shell of p and ¢ it is also ~ k;

Comes in with
momentump ...

we can introduce crooked
propagator lines to reflect this

» Although momentum seems to be conserved at the
vertex, because it isn’t conserved in the propagator, we
need to sum over it every time two propagators meet.

+ External legs of diagrams come with energy @ = k;
instead of the one determined by their momentum.

Connections to Renomalization?

~ 0]
5 DD ][]
VTN L

]
[]
[]

We can also understand the F' matrices as fine graining,
taking the lattice from n points to N points. Such effects can

indeed be absorbed into the vertices if the matrix F'F is

approximately diagonal:
o

] /
required to conserve [)(/qup - g

momentum at the
vertex

The effect of the additional degrees of freedom is
absorbed by the coupling constant!
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Superradiant life: The Heisenberg cut within the observer?

PY T

SCIENCE ADVANCES | RESEARCH ARTICLE SCIENCE ADVANCES | RESEARCH ARTICLE

PHYSICS Coprgheo 2025he Margolus-Levitin bound gives Ny, = (€) /A = 10° operations (1 ng C). Assuming constant biomass over the age of the Earth 1, it
A e per sccond, indicatng that these protein fiber bundles arc operating i found that all Kingdoms of superradiant lfe on Earth can have

Computational capacity of life in relation to e
the universe :\.:mm,m

within two orders of magnitude of this limit (see Fig. 1). Intrigu:
ingly,in 1981, before Margolus and Levitn's proof [sce Methods and
(2)], Bekenstein (12) established an upper bound of 10/ ops/s on the

| sl speed of an idea digital computer X
Philip Kurian e Assuming 465-Gt C cukaryotic biomass on Earth, 1-ng C per
Goremmnt ot eakaryotic cell,and 100 superradiant fibers per eukaryotic cel (1000
As physical systems, all life in the universe processes information according to physical laws. Estimates for the 7/ il () per neuronal axon), a conservative estimate is obtained for the com.
capacity of assume resveCommons putational capacity of *superradiant ife” on Earth: Ny  10° ops/s
5 the  uinion it vlu cces by more tan 15 order of magitude he et
3 e Nosommercl mate for all Hodgkin-Huxley nearons, ~10 . calculated for
Leenie 40 CCOKNO, al animat on Bath (2 Gt ) wing thele aw cerage brain-to-body
4 mass ratio the average carbon mass for a single neuron
the nu istory of 00 and th b for a singl
y
excited| W
i
INTRODUCTION Life and the universe as physical computing systems
AlLphysicalsysems process iformtion and can therclore be - Quantum speed limitson computation
‘The dallorgan-  Margolus and Levitin (2) proved that physical systems have a mini

isms within it are physical systems, having physical attibutes, Thus,  mum time required to evolve between two orthogonal states (c.g,
10) and | 1). According to Heisenberg, pairs of noncommuting ob.
cal laws, Here, we assume (a)  servables will have the product oftheir uncert be

performing computations obey physi

theawsof quantum mechanics, 0 e relativistic sped imi s by below by valae proportionl 10 their commuttor Th product of

A momentum and position has the same units a the product of ener-

‘mdVd).nnuulnx]nrm m.uwurmn.umummnu.u.uym.w.w gy and time, which naively implie the existence of an energy-time
a by

ounded from

s i proei sysems at hermal squrum. By appying
the Margolus-Levitn theorem (2) derived from (a), rvisiting p

vious rguments (3) uing () s () a0 brinin Isghtsrom
operiment via @), thiarile

AEAC2H/2 W

where A signifies the variance of the qu

quantity. However, the time
variable ¢ in Eq. 1 shows up as a continuous parameter in the

S ——

es that the number of ele-

ey ol it ca e b perfod by the e o v o opesto s commaion
e (/) = 10 b spposimaly e st ofthe . S L ekt time uncerainy has e e bt of
bero (v]pcmlmlv\ s b pertomed byl Kingloms ekt oy o by Abaronce and Bobmm (4.5, B
o o e e e o e e derledti ey oo by At nd Bt 1
rasiclly revised update fo the computaionsl capaciy o e o B o1 8 quanum el nia En) o y(1) =
drastically pdat put pacity 3,6,6xp( — iE,t /1) |, ) and considering the inner product (w(0)]

(1a/)”" = 10% calclaed assuming a maximum nformation- ot G S0 S EEAR B R AV
an prove e argous-Levitntheoren (. S the Mithods or a
complete proof and for its application to macroscopi

theorem provides a strict lower bound on the time required to dis-
tinguish two orthogonal states and is given by

mluulhmundlm\uuﬂ« Herwlo = 38X 10 10" = 43521075
 of the universe, and f, = /Gh/¢> = 5.391 % 1074 s is the
ek time,

The calculations made here thus relae the amount of computa
tion that can have been performed by all carbon-based lfe in the
Bistoy of the Eacthy tote mount (nfumwm.uwu that can h

been performed by the part of the universe with which we ar
wsally connected (i.c., the e within our amervble oo,

@

where (€) is the average energy, the expectation value of a time.

performed no more tha

N

0%ops (14)

in the entire existence of our planet. Before the Cryogenian Period
~720 to 635 million years ago (Ma), the relatively low and static spe
cies richness in the eukaryotic fossil record mimicked the “Boring,
Billion” (~1800 t0 800 Ma) characterized by stable global carbon
eycles (21). Even though the cularyoti diversity patern increased
rapidly with more dynamic changes i the Ediacaran (~635 to 539 Ma)
and early Cambrian (~539 to 509 Ma) periods, the assumption of
constant cukaryotic biomass over the age of the Earth ensures a rea

sonable upper bound. However, in comparison to the presen

classical digital computers and future quantam computers, deriv. ndcpendent Hamiltonian where the ground-state energy is set to

g ditines extimatc for the times o Amgularty when the num 270 Simiar bounds have been demonstatd 10 hold in classcal i

ber of elementas

1y logical operations performed by the machines

and across the quantum-to-classical transition (6, 7). It is thus im.

107 to 10" opss, more than abillon timesfaste

equalsty /1t
als o/t poriact o sres it och Qostu” seed it we o derved

from operator noncommutativty but rather from dynamical prop- dominated
3 erties of systems in Hilbert space, wmwh..y..»pm«,m. lassical
“Cortesponding author Emalk puranahoward edu Liouville equation or the stochastic Fokker-Planck equation (7) o
Kutlan, Sl Ad. 1, eadtas23 (2025) 28 March 2025 Tot3 Kuran Sct Adv 1, eadtd623 (2025) 28 March 2025 o3
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Particle Detectors Witness the Non-Classicality of the Vacuum with Contextuality

Harvesting Contextuality from the
Vacuum Philip A. LeMaitre

University of Innsbruck, Institute for Theoretical Physics, Technikerstrafe 21a, 6020 Innsbruck, Austria
Phys. Rev. D 113, 045001 (2026)

Basic Idea: vacuum correlations can generate contextuality in Unruh-DeWitt (UDW) systems using suitable measurements for a single qutrit and qubit-qutrit setup, including

gapless systems which cannot harvest entanglement. The qubit-qutrit system also exhibits tunable contextuality-entanglement trade-off relations, allowing for non-classicality to
remain in the system if one resource disappears.

Motivating question: are there other resources besides entanglement in quantum fields? ubw Harvesting Protocol Internal dynamics prescribed by free Hamiltonian
mmm) Ves, contextuality!
Key question: can an initially non-contextual UDW system state become contextual after a local
interaction with the vacuum? (D) =t x (D) : Interacts with massless scalar quantum field & (x)
via Hamiltonian density

Contextuality Framework  contextuality asks whether a family of compatible local g (x) = Mgy (00 Ba(0) ®B ()
measurement data admit a single global model
independent of context. ——— Interaction smeared out over spacetime

region via smearing function \ ; (x

Qudit following trajectory through spacetime Hy =Y, Ho, = ¥, Q0% +jia)

Example: Mo
X = {mg,my,may,mzmy), O ={-11), Harvested contextuality measured using
7 = ({mg,ma) Amg,ma) {my ms) imy my),ima,my)} my m

1,-1 1,1 1,-1 1,1 The protocol:
(mo, ma) 0 1/9 2/3 2/9 X
(mo,m3) 0 2/3 1/3 0 1. Prepare 3. Reduce 4. Quantify
(m1,ms) 0 1/3 1/3 1/3 Non-contextual interacti ith Trace out the field Evaluate
(my,maq) 0 1/3 2/3 0 system ground state n eraé ('O)n w after time evolution ACF (v%)
(ma2,ma) 0 2/3 1/9 2/9 niy !
Compatibilty graph
Contextuality generalizes familiar nonclassical resources such as magic [5] and nonlocal Genuine Contextuality Harvesti

entanglement, and is equivalent to Wigner negativity as a measure of non-classicality

Can we call it “harvesting?”

Can phrase as Find  bER" * Vacuum state is highly non-classical [4] s

linear program:

) . maximizing  1-b )

e = CF(e)eSC + NCF(e)eNC, whjectto Mb < v . Besm."jce theory of cqntextuallty Use on f[eld and UD.W systems to r?duce
identifies free operations [6] — explanation of acquired contextuality to

N
— — and b20. non-classicality of vacuum

Contextual part Non-contextual part

Above probability table is called an
empirical model [1] and can be written as

Existing
contextuality

Not all harvested contextuality is due to field

I N easavector:  v((C,s)] = ec(s)

Measure contextuality witl ) * Hadamard function encodes Quantify: JAy)

—) the contextual fraction CF (¢) Glob_alasslgnment MI(C.s).4 { 1 ifgle=s field state-dependence A <1 and ACF(v*)>0.
matrix: 0 else. ﬂ v

Genuine harvesting is identified when the Hadamard contribution dominates the J

Single Qutrit Contextuality Harvestin polt) ( ° W signalling term in the relevant peak region
0 2W;
A single UDW system can harvest non- =2(W)iy o

as magic 3] or

Wit = ddgWy(A] AY)

u Harvestin

Adding a qubit allows the joint system to harvest
negativity while the qutrit still carries local contextuality. Polt)
The two resource windows need not coincide, so they can
compete, align, or separate as the detector profiles and
separation are varied.

o).
re=1=Wi =2W3;, re=-v2(G')3
2 s ==2W3' G =4idaGr(N]. AY)

Negativity: N(pp(1) ~ mm(l.fi(wg, Wiy + \ny.ll)

+min(0, —|re| +2W3;)| + O(4*)
Harvesting Behaviour

Spatial Width ¢

Figure 1: single-qutrit contextuality compared with harvested magic and with the genuine-harvesting diagnostic based on the

Hadamard and signalling contributions. Energy Gap Q Smaller
Sharp temporal profiles preserve genuinely quantum windows Eath smearing
N . P " resources fade generally
* Longer interactions amplify signalling and can wash out harvested peak e
N . " for large gaps amplifies
| + Smaller spatial smearing strengthens harvested contextuality N
Y harvesting

Can tune measurements to alter harvested amount at zero gap, and contextuality can persist

after harvested magic has already vanished Temporal Separation L
Width T Nonlocal
Can harvest contextuality and magic for gapless systems depending Controls peak entanglement
on the measurement scenario and smearing profile alignment and dies sooner
signalling than local

WA SN NN
Key Takeaways

contamination

contextuality

Coexistence Window
Fix the qutrit in a low-gap,
high-contextuality regime and
widen the qubit temporal
profile to pull the negativity
peak toward the same region.
Both can coexist inside a
controllable overlap region.

1 single qutrits harvest contextuality 3 Qubit-qutrit systems can harvest both
from vacuum correlations. negativity and local contextuality, with
coexistence and trade-offs.

4 New genuine-harvesting criteria separate
vacuum-resource extraction from field-
mediated signaling.

2 Gapless systems can harvest contextuality
for suitable measurement choices.
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Pop Nicolina

Some properties of coherent states representation with applications in the Quantum Information

Observers and Causality in

In the quantum information theory are operating with qubits and N-
qubits that can be express through of coherent states.

Density operator admits a representation in terms of coherent
states formalism. Consequently, in this paper the notions of a qubit
and density operators are cast in the framework of coherent states.
We have expressed a qubit as a coherent state, and thus a
sequence of qubits is a tensor product of coherent states. For the
ensembles of qubits, it could be used the density operator , in order
to describe the i i content of the

The coherent states representation may play an important role in
the gantum information theory and the use of this formalism is not
only theoretical, but also of some practical relevance by its
applications.

In quantum information theory (QIT) the fundamental unit of
information is a qubit (i.e. quantum bit) or, generally, a multiqubit (or
N-qubit) which is a vector in a two - dimensional (or2N dimensional)
Hilbert space. .

From the point of view of mathematics, a qubit is a linear
combination of two 2X1 basis vectors from the two-dimensional
Hilbert space [1], associated to a considered physical system:

\\l‘>:ﬁ(y\0>+v\l>):1\7‘l: )

RGNS

A qubit containts a infinity of the states because of different values
of the complex i H, v. Oftenitis to take:

[ul +lvP=1,

In the next, we propose to indicate that it is possible another
represantation of a qubit, namely, through the coherent states.
The normalized coherent states (CSs) of the one-dimensional
harmonic oscillator (HO-1D) can be expanded on a infinite Fock -
vector basis, where | > is the - boson Fock state :

|z>=e @

where z is a complex variable of the coherent states.
The CSs must fulfill the identity operator decomposition (the
identity resolution), as well
1=jﬂ\z><z| ®)
T
2 _do 2 i
where d’z= 7d(\ z[*) is elementary area in complex z - plane.

“)

d’z .
w(z')=
lz> ()j

o | M, > s atensor products of qubits [3]:

3

Zlzse 2 (n+vz')

dl
(- 4z
1= -
A messag
M, >=¥,>®|¥,>0..0|¥,>=0¥,> ©

e
dZ

| M, >:ﬁ J‘ ”z,

The mixed quantum states can not be described by the wave
function or, equivalently, by an ket vector (as the pure states) so, in
this case, we must use the density operator (or in some their
concrete representation - the density matrix). The most widely used

p is is the energy ion whose basis vectors
are the eigenvectors of the Hamiltonian: | E, >=[n >

p=w,n><n| 7)

W, =<n|p|n> -the probability to find the pure state

|n><n| in the irrespective mixture.
If we consider that the examined system is in the thermal contact

with a reservoir to the equilibrium temperature 7 = (ﬁkB )”
The normalized density operator is:
1 7\ 1
e ) L

Quantum Gravity
Bratislava, Slovakia
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The density operator can be also expanded on the CSs projectors

|z><z| as follows:
d’z 2
p=[lz>P(zf)<z] ®

where 2
PUz1) i so-called P- (quasi) distribution function (or

Glauber - Sudarshan - function). This function is expressed as

P(zf?

©)

i.e. itis a Gaussian function of mean | .\_ and variance -

In this way, the corresponding density operator is the isotropic -

Gaussian coherent state mixture,
i
12

d’z
e

e (10)

Let us we consider the following general expression of a
qubit and their conjugate, as a linear combination of two coherent

states, in the matrix representation:
5= N ) )=Nam(*19”
|¥>=N(@.p)ula>+v|f>)=N(a.p) VIg> (1)
<W=N@pu <al+v' <B)=Naplu <a| v <p)(12)

where a, B are two complex variables labelling the corresponding

coherent states. The normalization constant is:

- 82 . .
Fapye|ise J(W.M pver ﬁ] .
Our task is to calculate the fidelity of the transmission of this
qubit through a long optical fiber, in order to achieve the
transmission of quantum information. The optical fibers can be
characterized, from the point of view of qubit transmission, as
having an exponential energy loss exp(-2L) where A is the loss
coefficient of the fiber, and L is the transmission distance. As
mentioned, high commercial fibers typically have #=0.06/km [4),
We will to realize the transmission of the pure qubit state

Py =¥ >< |
through a thermal-noise channel and we will find the final state of
the pure qubit statea after transmission.During the transmission

process, information was lost to the environment and the pure
qubit state will be into a mixture described by a density operator

P =[24020)DGI0,0"2)

(14)

(15)
D(z)= cxp(z a - z‘g) -the displacement operator
D*(z)=D(-z) : D@)|0>4> (16)
Lep-p)
D(z)D(P) =e? D(z+p)
Their action on the qubits v sand  _ | are
! .
ea'-2a)
D)W >=Nap|#e 17>
p -2 p) an
lz+p>
<¥|D'(z)=
- Lwtiza) Lewep)
=N(op)| 1" € <z+al vie? e <z+f|
D(z)|¥><¥|D*(z) = (18)

~ Ylzta><z+al pv'|z+a><z+
:[N(a’ﬁ)]z U:H | u 2\ Al
Hvlz+f><z+al |v[|z+p><z+f|

.
The noise function 90 Z1") s of the Gaussian kind
1
1 —=
oy _ 1w
q(z[)==e
n

s

(19)

where the noise van’anoe is: i = 2[1 - T(l e )] (20)

0<7'<1 is the channel transmission coefficient of the noisy channel .

37

We observe that the transmission channel randomly displaces
an input pure coherent state ing to the i istributi
which results in a thermal state.

Finally, the output density operator (density matrix) becomes

Pou

| (dz (| pf| z+a><z+a| pv|z+a><z+p|
Oéﬁ)]':'[‘ﬂ ' 2
ne MV z+fp><z+a| |V[]z+f><z+p)

For the pure qubit input state Pu A ><¥| the channel fidelity

E,m,,,, can be derived as

Fruay =<¥ | P |9 > @
.

‘quant

. 1 rd?z = N
Fr =[Fapl = [Ze ™ ¥ 10G) ¥ @

In order to solve the infegral we we will use the following general
complex integral due to Perelomov [7], rather, an extension of this

integral [8]:

d’z s 1 (o
[SEe e fo=— 1| 2 @)

T A4

Finally, the quantum fidelity becomes:
- gl
1=2ul[v]|l1-e ™™

(24)

Fouam =

i +1 Mt ap2 . NG
{H—e bt ’(p'v ety e )]

a) The input state is a coherent state of the HO-1D

[P > .0):| s (25)
This means that y=1, a=z, v=0, f=0 and the fidelity is
FEO — 26)
o =50
b) The input pure qubit state is a linear combination of
Schrédinger’s ,,cat states*
1 -z'>
|y > (# ‘ , ] 27
1 ,z\:wz( . Alviz>
+e MV v
1=2|uf|vP{1-e”
(-z" 28)
Fyi ‘

v+ )f

¢) The input pure qubit state is of the following encoding
method:| o >=[0> | |/>=2:">

:ﬁv+1 [Hgf

1 [;1\0>)
(av e v o) 0¥ 125> (29

T+e”

F(O;Zz') — F(—z';z') (30)

quant quant

CONCLUS J
» We have examined the relationship between the qubit and the
coherent states of the one - dimensional quantum oscillator and, if
we refer to the mixed quantum states - the density operator or
density matrix.

»W e have calculated the standard fidelity of an transmission
channel (optical fiber), in a general manner, if the input state is a
pure qubit state . The fidelity is an important characteristic of
quantum channels and a nontrivial quantity to study, because it
evaluates how well the channel preserves the transmitted
information.
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Abstract

We investigate the trade-off between vacuum insensitivity and sensitivity to excitations in finite-size detectors, taking measurement locality as a fundamental
constraint. We derive an upper bound on the detectability of vacuum excitation, given a small but nonzero probability of false positives in the vacuum state. The
result is independent of the specific details of the measurement or the underlying physical mechanisms of the detector and relies only on the assumption of locality.
To connect with realistic photodetection scenarios, we model the detection region as a square prism operating over a finite time window and consider a normally
incident single-mode coherent state. Numerical results show that suppressing dark counts necessarily tightens the achievable click probability.

J
Setup: detector measurement Example: Coherent states [2]

The detector is modgled by a POVM of the form {E:"ck,I[ - Ec":k}, where a Coherent state: |¢)) = W(f)\Q) = exp[/’oA‘(f)]\Q),
positive outcome of Ejix corresponds to a click. We denote

24(}') = /[Rdn Ge(n — i) W[f oJoAi(-n)],

Pick == (V’\ElickW)- Pgark 1= (Q\Eclickm)
as the probability that the detector registers a click in Ee(f) = \/1 — / dn[2Ge(n) — Gac(n)] exp {WA[F, f o Ai(n)] — Wa(f, f)},
R
1)) := arbitl tate, Q) = .
\ ) := arbitrary state [€2) := vacuum ) with G¢ (1)) = Gaussian, J = reflection about t and x, A1(7) = boost along x,

Wh(f, f") = two-point Wightman function.
. J
Ideal detectors

In line with the conventional understanding of particle detectors, an idealized Photodetection scenario [3]

detector is expected to satisfy:

Oger = prismatic detector / x L x L operating at time interval 7.

(i) Vacuum insensitivity: The detector should not respond when the sys- [¢)) = single-mode coherent state, with amplitude ag, momentum ko and
tem is in the vacuum state: the dark count probability should be zero: coherence volume Von.
The same detector is used to measure the click probability Pk of [¢) (panel
Pgark = 0. (1) a) and the dark-count probability Pyark in the vacuum (panel b):
(a)

(ii) Sensitivity to some state: There exists at least one state |¢)) for which
the detector registers a click:

L/

L

L @ — Petick
=

Pk = 1. (2) (a0, ko, Veon)

Local detectors

|(
\
Z

L @ — Paark
=

We assume the detector operates within a fixed spacetime region

Oget = detector region.

In accordance with the principles of AQFT, the measurement operator Egick Upper bound Pém"'(f) on the click probability Pejc(f) vs dark count Pyark:
must be an element of the local algebra associated with this region: 1.1

Ecick € A(Oger) := local algebra in Oget. (3) 1.05 (N, Ag, a, arg(a))

No-go theorem: Equations (1), (2) and (3) are incompatible. = (10,10,1,0)

Trade-off: The more the detector is ideal with respect to one of the two (10%,10,1,0)

properties, (i) and (ii), the less it is with respect to the other. A detector that

responds less to the vacuum tends to be less responsive to all states. 0.9 Tt e (10,1,1,0)
L How to quantify this trade-off? ) 0.85 | e (10,10,102,0)
|nequa|]ty []_] 10°° 10-° 10-° 10-* 10-2 (10,1,1,7/2)

Reeh-Schlieder theorem: any state [¢)) can be approximated arbitrarily well Paark

by applying a local operator to the vacuum |Q2). Hence,
N := |(yg\2(l +7)(L+ T)Z/th number of photons “seen” by the detector,

32( € A(Ohey) : 4""‘054 =0, with & = HlU) _ 2(@)” \Aap := ko(/+7) cumulative optical phase, a := (/+7)/(L + 7) aspect ratio.
—

By applying this theorem, together with the triangle inequality and the fact _
that Egi is a POVM element, we obtain the inequality References
[1] R. Falcone and C. Conti, Phys. Rev. D 113, L061702 (2026);

—~ 2 . .
P < min (5 n HA || /P ) ) ) [2] R. Falcone and C. Conti, arXiv:2509.09021 (2025);
ek = G5 \T¢ T[] V ek (3] R. Falcone and C. Conti, arXiv:2601.10354 (2026)
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Abstract
We develop foundations for a relational approach to quantum field theory (RQFT) based on the operational quantum reference frames (QRFs) framework considered in a relativistic setting. Unlike other efforts in combining QFT with QRFs, we use
the latter to provide novel mathematical and conceptual foundations for the former. We focus on scalar fields in Minkowski spacetime and discuss the emergence of relational local observables and fields from the consideration of Poi
frame observables defined over the space of inertial reference frames. We recover a relational notion of Poincaré covariance, with transformations on the system directly linked to the state preparations of the QRE. We introduce and analyse various
causality conditions. The theory makes direct contact with established foundational approaches to QFT: the frame smearing functions describing the QRF's localisation uncertainty plays the role of the Wightmanian test functions, and the algebras
generated by relational local observables suitably extend the core axioms of Algebraic QFT.

Relativistic Quantum Reference Frames Covariance

Start with a classical inertial reference frame, which can be thought of as a clock and rods, sharply Usla, )b
localised in spacetime and with a definite Lorentz orientation. Such a tetrad lives in the (orthonormal)
frame bundle over Minkowski F'(IM).

Us(a, M)t = BR(Ug(a, NwUp(a, A)) (N(rl..\) Dy (f) = byy({a. A} j))

o Us(a NaR@WUs(a A = 68,0 syovgaap@e+ @) (~ (@A) dla)* ="d(Az +a))
FM) Relational causality
A weak epistemic condition (which is analogous to local commutativity in Wightman QFT) for rela-
/ tional causality is relational Einstein causality:

supp 47 L supp i — [‘\'R‘m)wlﬁlrw)]

R ), 6] =0

A (stronger) ontic condition (now at the level of kernels) is weak relational microcausalif

supp u% L supp i = [u&f“(.- ). dRe(a: )] - [«,)ﬁ!(rlﬂ.«,)ﬁi(rl)] =0 Vapz€M.

Suppose you want to describe a system in state p = p(X) € Z(Hg) with system Hilbert space H,g,
relative to your inertial reference frame X € F(M). The state relative to another inertial reference
frame X' = (, \) - X is plX') = Ugla, T pUs(a, \).

Perhaps you have some uncertainty regarding your inertial reference frame: you assign a probabil-
ity distribution ¢ € Prob(#(M)) so that the proper mixed state that you should assign to describe
experiments is

P = / P Xdp(x) = /1»1;( 2, N pUs (e, Ndp(a, )
JF(M) JP;
or, in a Heisenberg-like picture with fixed states, the observables now look like

o = /AUS( , \pUs(, \)
Jp:

An even stronger ontic condition is strong relational microcausality:
Tdp(a, \) .

v Loy = [$Ri(a n.wﬁ-’(.vzy] =

: .-_;)] =0 Vupw
Suppose now that your uncertainty stems from the fact that your measurement apparatus (clock

and rods) is fundamentally quantum mechanical: based on Mg, with Poincaré covariant POVM
Ex : Bor(F(M)) — E(Hg), prepared in state w € Z(Hg). We have a Born probability distri-
bution over possible clocks and rods (tetrads) associated to an oriented quantum reference frame.

cl

supp 5*

X

NN
WY

ion ((x — y)* > —o) causality itions with respect to
of the frame (& C Z(Hg)), leading to (strong/weak) (&g, o)-(micro)causality can
also be written down and a causal covariant relational quantum field can be constructed explicitly [1].

I M Relational QFT and Algebraic QFT

Let R be a relativistic QRF, S C Z(Hz) be convex, o > 0 and Og C B(H) be (S, 7)-causal.
Given a subset U C M, we call

supp i

Then the relational local observable relative to your quantum reference frame (QRF) is given by
ASRU) = (#R(W) | 6 € O, w e S s supp pfF € UY"
(u)—n / Us(, NpUs(ar, )T dpER (2, 2) . ¢
a relational local algebra. Then
The relational local observable that one recovers after preparing one’s detector (QRF) in a state - (Sralyy) ¢ 4SOy
w is ¥R(¢), ie. to every system operator ¢ € B(Hg) and detector modelled by the QRF 1. sotony) Forall U € V € M, Ag ™" (U) € A" (V).
R = (U, Eg, Hg) which can be prepared in states w we consider the relational quantum field 2. (Covariance) Forall (a, A) € P and U € M, (a. ) - A7 (1) = ALY 2 (0, 0) 1),

R g(H) 5w ¥(0) = /p Usla, NoUs(x N dufr(x, A) € B(Hs) . 3. (Causality) Forall U L, V C M, [Af”‘rv».A‘c;j”' /]] —0.

How does that compare (o the usual notion of “quantum field" in physics? The “fuzziness™ in the
space of inertial reference frames projects to the in spacetime. Consider the disi References
dpER (2, A) = duER(N | 2)dptR (x), where Frg : Bor(M) — £(Hg).

WRiw) = / R () dpfR () = / GR(w)fF
M ™

where f57 = L is the frame smearing function, and

[1] Samuel Fedida and Jan Glowacki. Foundations of Relational Quantum Field Theory I: Scalars,
()tle July 2025. arXiv:2507.21601 [quant-ph].
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1l Method: The Page-Wootters Formalism

@ Canonical quantum gravity: @ Distinguish the following cases of systems with relational | No parameter time, but (sub)systems can evolve w.r.t. a
© Assume global hyperbolicity, dynamics: relational /emergent time [PW83].
@ Ce ically quantize Hamiltonian formul: of general @ System with a periodic clock; @ Essentially:
relativity, ® System with a periodic clock and a memory/calendar; @ Separate full Hilbert space: H = Hc ® Hs
@ Arrive at Wheeler DeWitt (WDW) equation, @ System undergoing time travel @ Introduce a clock Hamiltonian H of a subsystem
H\w) =0, (without N(’Vik"?’ Sle‘COHSiStC“CY condition); © Fix the clock state 9c at some chosen, initial time
P S © System undergoing time travel @ Define time through evolution of this state with Ho
. P, Lo (with Novikov self-consistency condition). @ Measure time evolution of an operator A, stationary w.r.t.
° ? h“ﬁ’ t{)c Pl‘{)btlesﬂ}l ?fl,hme‘ L :.hc W_B]“O Gaeiio i ¢ @ Can we even distinguish cases 2 and 37 He, as
ime-independent Schrodinger equation with 0 energy. e q 5 o P N
@ Successor theories can be richer than the assumptions : ;‘\:r};t Sr;ﬂ:;j(:;:i:;::]:lons B B(Alr) = tr (AP’ P)/ o (P */])'
going into their (l?l‘lv‘dtl()n; @ Aim for more general results about time travel when faced wllc{c
o Our approach' i :sztudy. time travel: with the problem of time of canonical quantum gravity. Py =gc(r)) (We(r)| @15,  and  peL(H)
: Szz“::{;irdgv(vr:;:x;?i clocks and periodic sys © Demonstrate usability of the WDW equation in absence of | o Early counterarguments have recently been tackled, providing
constibuents of full Hamiltonian constraint £, the classical assumptions that went into its derivation. a unified pic“m?_ with clocks as a gauge to be chosen.
O Rl i ] it e g i, See [Paug0; UW89; Kucll; GLM15; MV17; HSL21; Cha+26].
@ Importantly, the global hyperbolicity in the original derivation
of the WDW equation is explicitly not assumed.

A Physicist’s Answer to Everything me Operator Results

@ Harmonic oscillators! @ The harmonic oscillator ‘clock’ [BGL94; BGLI5]: @ Time evolution happens w.r.t. a chosen initial clock state
@ This time, two: Uncoupled, for variables a (‘clock’) and x o Clock Hamiltonian [#(0.)). € Hc which the clock Hamiltonian evolves to
‘system’): y L1 o —ifch,
(aystem’) ” » Bo= e+ e (0096 = e [40.)c
i 2,2 2.0y — . A srentt el
HW(a, x) (a.zz = Wl _5_)(2 +WXP =0 o Define non-unitary W through wilth db‘m“dm{ DRt
i i a=Wal, with P i= (90 (@) @ 1s.
s b g .
@ Normalizability of ¥ gives commensurability condition: Wi e st ) @ Observables should not change the state of the Universe; focus
w2y +1 F Proper elg on observables compatible with the system Hamiltonian Hg.
Wy - Qn;, T Me™ €Ny W0) =e?16),  with |6) = Z e |n). @ For a general state fulfilling the constraint,
@ Now: = [2) =37 A ln)e ® [n)s,
o Apply the PW formalism for the cyclic time operator O Ml POV[\II . nan'
given through the POVM methods (see next box). By(X) = E/ A6 |6) (6] the evolution of the system according to clock time is given
o Commensurability implements a notion of Novikov self- Xl by conditional probabilities
consistency [Nov92]—how restrictive is this? = Z = / =m0 46 |n) (m| . tr( HsPy 5
30 2T JX B0, v Hs Py, pw
2 Rlb:) = —F———
o Giving one of many possible time operators as: “-( B, fhp)
T = By(6) = Z o |n) (m| + =1. o After some calculation:
The index 0 ndicatesdhe fedon to choose ! B0, ~ B0,
e un]ict 1::“01): ?h‘:cl‘ii;::tfmcs reedom to choose where on the | g e c; stency [Nov92] meets boring physics conjecture [Vis96];
@ As the clock is periodic, this avoids already many of the usual o i el o [Ches 281
counter-arguments to time-operators. [ Relationally, nothing ever happens. J

he Long Game

@ Generalize: Subdivide the Hilbert space up to 4-partite: | Can we find entropic arguments for/against time travel?

H = Heny @ He @ Hs @ Hy @ Entropy in closed systems (like the WDW equation) is difficult

where to define. © . .

. @ Potential option: Observational entropy [SDA19]
o Heuy: Environment, T ion of entropy for clos - her
o He: Clock. provides a notion of entropy for closed systems where
o Hs: System. A=HD+...+ H™ + cHyy
o H\: Memory or calendar. on a Hilbert space

@ Add interactions. Work in progress: H=HVQ...0H™ .

o Adapt a Jayne-Cummings model.

W

A,..., A, spectral decompose
them, form spectral projection operators P;;

@ Define

tivity and R
ithout evolution,
043510,

—wsala+ Kl[l% a+0- &i] )W» =0, @ Pick conserved quantiti

ution w

to the Wheeler DeWitt equation.
o Vanishing interaction g again yields E(Hs|0,) = E(Hs|0,).
@ Could our approach be extended to relational rulers to Vityoin = tr(FA’,H ...BPP,.. P,
study, e.g., topology change instead of time travel - PP -
258 move beyond the globally hyperbolic origin of the WDW. =t (P'v‘ - FapBy .. P'n):
equation? ® Get coarse-grained entropy even for closed systems as

)|

han &
-6

Pi.....

Quantum con o
1803.00665

499, 012103, doi:10. 1103/P

“Time and the interpretation of canonical quantum gravity'. P/
10.1103/PhysRevD. 402598 (Oct. 1959)

So(...c)(P) = —

holes: From Einstein to Hawking. 1$BN: 07-1-56396.633-8 (American
where O(Cy, ..., C,,) is an ordered set of collections C; of E]:"‘jEE_!
above projection operators, A
gl Bl
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Introduction

Quantum gravity is anticipated to profoundly alter the structure of spacetime. It can be hypothesized that there exists a physical regime wherein quantum
gravity effects lead to a replacement of local quantum field theory with a quantum-deformed field theory, with the deformation scale identified with the
Planck energy scale. A potential realization of this hypothesis involves replacing the Poincaré algebra of Minkowski spacetime symmetries with its deformed
Hopf algebra counterpart, the x-Poincaré algebra, which has become a prominent tool in quantum gravity phenomenology. We investigate the

impact of k-deformation on discrete symmetries of free fields.

1. k-Minkowski

r-Minkowski spacetime is characterized by the relations

[2°, 2] = 1:6’, [a7, 2" =0

K

Its symmetries are described by the xr-Poincaré quantum group. Its
corresponding Hopf algebra can be realized in different bases, which ex-
press the deformation in different ways. In our approach, the classical basis
is used, in which the algebra sector of k-Poincaré is undeformed, but trans-
lations and boosts have non-primitive coproducts (or, in plain language,
deformed Leibniz rules), e.g.

Py 0x0) = (3o o) (1w s B Prov) 465 (on)

with respect to the (non-commutative) x-product.

2. k-momentum space

The momentum space of x-Minkowski is a submanifold of dS; with
playing the role of curvature radius:
P =P = pi= K

with the additional constraints

p+=po+ps>0, ps> 0.
While the mass-shell relation is undeformed for both particles and antipar-
ticles, the Hopf-algebraic properties of translation generators introduce an
asymumetry in the positive and negative energy modes:

Fig. 1: (1+1)D depiction depiction of K-momentum space
The negative energy modes are obtained from the positive through the an-
tipodal map:
2
P
S(po) = —po + =
+

K
S(p;) = ——
(ps) P

and their momenta are bounded by .
Crucially, the Hopf algebra structure also alters the notion of plane wave
conjugation:

& 5 (Etp.r)f — i 4 (ST — ]

which affects how the positive and negative energy modes of fields are con-

structed: &
_ P —ipz | pt ,—iS(p)x
@x)—/i(ae P4 ble )
( 2sppi/ \ T P

3. Charge conjugation

Because of the deformed wave conjugation, the translation operator acting
on the field (9,¢) produces different momenta for the a, and b,
modes. By extension, the Noether charges are C-asymmetric (in the nat-
ural sense of C : ap + bp). For instance, the translation charge takes the
form

d3 3
b= / [T/I; [%pﬂa;ap -5 <T’/l)b]\pbp

“Particles” and “antiparticles” are thus physically distinguishable even
in a free theory, living in two different momentum spaces, and C symme-
try is broken.

One could of course try to enforce C-invariance by symmetrizing the La-
grangian (¢f x ¢ + ¢ * ¢T), but inconsistent ordering turns out to be incom-
patible with k-Poincaré invariance. Charge conjugation asymmetry appears
to be necessary for a k-Lorentz-invariant theory.

4. Space and time inversions

While C-breaking seems to be inherent in the theory, whether parity and
time reversal are broken is largely a matter of chosen definition, as there is
a lot of conceptual ambiguity there.

The better question is whether the combined CP7T symmetry can survive.
As we have recently shown, at least one well-motivated prescription ex-
ists where CPT remains an exact symmetry (at least for free scalars
and spinors). It is based on an undeformed parity transformation

P o(t,x) = o(t, —x)
and modified time reversal, such that the property of antiunitarity is ex-
tended to deformed wave conjugation:

T 2 (t, %) = ¢"(~t,x)

where schematically
ota) = [dpowe. o) = [ dp o
Ineffect, T~ ([ ¢ 1) T o [ ¢, and so [ ¢ ¢ e [oxof

5. Extended charge algebra

The deformed symmetry behavior of translation (P,), rotation (M)
and boost (N;) Noether charges can be summed up in the follow-
ing table (with the undeformed case on the left for comparison):
Charge|C|P|T|CPT Charge| C |P| T |CPT
By |+[+[+| + Fy |+6|+|+6| +
P |+ + Pro+6|—|-6| +
M |+|+|—] — My |+6|+|-6| —
N; 4]+ - Ny 46| [+6]| —
The involutive & operation corresponds to the swapping of p and S(p)
momentum spaces while preserving sign.
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Highlights!

* Generalizing the classical communication utility in terms of encoding strength.

« Environment
channels.

is not optimal for all quantum

*The traditional notion is contradicted when viewed from the lens of encoding
strength unlocking.

Environment Assisted Classical Communication

*Quantum channel with d; > d,,: Input symbols partially leaked into the environment
*Channel N : A — B = Isometry Vy: A — BE

+Limited assistance from environment can in principle retrieved these lost symbols

{08.6.8} 0.0}

E(HA) [:('HB ®7‘1E)

oo}

 Traditionally this Environment Assisted Classical Capacity (EACC) is measured in
terms of the Mutual Information (MI) between the input random variable X and the
jointly decoded output random variable Y

N
VA%BE

+Example - For any quantum channel EACC > 1-bit:
For any Yy and for any pair of [¢1) L [¢2), Va([v1)) L Var([1h2))
Any pair of orthogonal states are LOCC distinguishable [Walgate et.al., PRL (2000)]
*There are instances where EACC is always sub-optimal (< log d;-bits)
[Watrous, PRL (2005); Duan et.al., IEEE Trans. (2009)]
*But why should we measure EACC only in terms of MI? In single-shot scheme MI
is not the unique measure of communication utility

Generalized Communication Framework
«Input Random Variable X: Output Random Variable Y = {p(y;|z:)}:;

« Channel Matrix: [M(n,m));; = p(y;|;), Vi € [n] & j € [m].

-P”*’”(/\/(Q,/\)) := {All n x m channel matrices generated by the channel
N L(Ha,) = L(Ha,)}

e Prom(Q, ) means the channel AV s identity channel

Instrumental Preliminaries

Bound on the Channel Matrix Set

Proposition 1. For any q channel N : L(C!) — L(C%), and for all
n,m € N; P"7"™(N(Qy,)) € P"™(Qq), where d = min{d, dp}.

Minimal Assistance from Environment Unlocks the Encoding Strength

Unlocking of Encoding Strength

Definition 1. Consider a channel N : L(C™) s L(C%) with dy > dp, and d' <
dp is the dil ion of a system, such that, P""(N(Qq,)) €
P (Qu) for alln,m € N. Environment assistance is said to unlock the encoding
strength for N, whenever there exists a P € P (N'(Qq,)) but P ¢ P (Qy).

Bound on th Asst.-Channel Matri
Lemma 1. For any quantum channel N : L(H ) v L(Hp) with ds > dp, and for
alln,m € N, PLI™N(Qq,)) € P""(Qa,), even with the complete access to the
environment.

Optimal Unlocking of Encoding Strength

Definition 2. Any form of environment assistance is said to optimally unlock the en-
coding strength of N : L(C%1) — L(C") (with dy > dp), if there exist an n-input-
m-output (n,m € N) channel matrix P">"™, such that P">™ € PI"(N(Qa,)),
but P> ¢ P""(Q) forall d < d..

Main Results

Channels with suboptimal EACC

Lemma 2 (Duan er.al. IEEE Trans. (2009)). For any choice of i, j € {0,1,2} with
i # j, consider an uncountable set of isometries S; ; defined by,

Sij= V| T Cec?
& Range(Vr) L span{|¢7) . |i) ® |j)}}

where |¢5) = o k) ® k).

EACC of all the channels NY : L(C7) + L(C%), induced from each isometry
Vi € 8, is suboptimal for all distinct i, j pair; even if the decoding measurements
of both the receiver and envi are sep le super-or s (SEP).

Contradiction!
Theorem 1. All channels N achieves optimal encoding strength with minimal as-
sistance of environment.

##% There exists a one-parameter class of channel matrices M7(p), such that,
My(p) € PT(NF(Qr)) but My(p) ¢ PT7(Qy),Vd < 7.

Classical Transmission Fidelity (F.): An Operational Interpretation

n-1

«For a given n x n channel matrix M, : F.(M,) = >\~ p(y = z|z) = Tx(M,)
«For any quantum channel A : F,(N) := max,en maxpeprn(n) Tr[P]

***Quantifies the maximal numbers of classical symbols that can be communicated
with least possible error

< FEUND) > Fo(Qs)

Strength of Environment Assistance

Theorem 2. The minimal assistance from environment is powerful than the strongest
2-2-2 nonlocal correlations between sender and receiver:

FMND) > FEANT) 2 FERAR)

t
Depending upon the restrictions on decoding measurement performed on the en
ronment and the output system at the receiver, there could be multiple degrees of
environmental as

*Minimal Assistance: The decoding can be impl d with no
communication between the receiver and the environment.

P e Pum(N(Qq,)) whenever, [Pli; = p(y;|a;) = Te(AP @ AF)Vn(pi)], where
j = f(k.l) and {AP}, and {AF}, are the respective decoding POVMs performed
on the Bob’s and environment quantum system.

** Trivially, if an information processing task is perfectly accomplished under min-

imal assistance, then it will remain true for any other setting.

th suboptimal EACC
Lemma 3 (Watrous, PRL (2005)). For every d > 3, consider an uncountable set of
isometries S,

Sq={Vie—1 | Vi1 : C* ' s Cl 0 C!
& Range(Vie—1) L |¢7)} M

where |6;) = 42 iy k) @ [K).

EACC of all channels NY_, : L(CTY) = L(CY), induced from each isometry
V-1 is suboptimal, even if the decoding measurements of both the receiver and the
i ble super-oy s (SEP).

are sej

Theorem 3. For all d > 3, quantum channels NT,VQ,U corresponding to all Vp_, €
Sy, achieve optimal encoding strength under minimal assistance of the environment.

Poster Based on

“Minimal Help, Maximal Gain:
Strength™; arXiv:2509.09340 (2025).

Environmental Assistance Unlocks Encoding

Contact: g.tamal91 @gmail.com
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We I d ence effect, li b

ic field. A version of the

a d by the gr

light bendlng interaction, we show that it leads to decoherence of the mass if the light is not observed. Using the
| states of the central mass and for both thermal and coherent light. Predictably, the effect is very faln! for
| point of view of {
, we hope our results, properly rescaled, will be also useful in optomechanics.

forg
from the f

derive explicitly the d
anythmg but hugely energetic light, h
ively the d isa

Y

Y

of the g

a body and the el

we

of both g and theories, it is there. Since

Gravitational light bending setup

S = AGM/(rc?)

We used tree level
interaction between
electromagnetic field and
amass [1]. The
interaction was put into a
scheme where light is in a
semicircle waveguide
around a massive object
at a constant distance.
Then interaction is
expanded into a first order
of quantum fluctuations of
amass.

Hamiltonian of Interaction

—go(b" +b) ® hwkazyak,,

h

AGM
2MSQ

0=
9 r2c?

Exactly solvable Unitary Evolution
U; Usg(t) [13 ® (1))

Int(t) =
—A(t)b) ® Hg}

K5

Usg(t) = exp { (A()b!

At = B (e —1)

O(t) = exp {—igg [0t — sin(Q1)] (Hp/)*}

We used Magnus series to evaluate this
evolution but this model is known in
optomechanical literature [2].

Using separated initial state model is solvable

pse(0) = ps ® pp— pi(z,2') = / dppot(x, z'; p) Fy(p; A)

Free evolution

pot(z,z';p)

xe(—A, p)e~i6+P  Fup; A) =) p(E) exp {2 [n(t)p +72(t)Al}

Using standart assumptions in
open quantum system to analize
decoherence we first assume un-
correlated state to see how
corelations emerge[3]. It turs out
that we can solve this problem
exactly separating free evolution
of a matrix elements from
environmental impact.

Enviorment Impact

E

Results: Coherence Length
Using Talor series

Fi(pA) go K1

Single mode

High temperature
multimode

> )\coh =

We obtained Coherence Length shows us on which
distance decoherence effect stars to play role then
we obtained values of those for some realistic initial
states of environment in each of those cases those
parameters are small they depend on frequency of
oscillator and on light parameters. To see significant
effect we would need a temperature T=10%° K.

QB2
2g0M

light
RO ePBw 1 Coherent state Aoy — Q2
Acoh = T hBol2 coh = 2g2w2M|a|?
262M wehbw/? 0
Conclusions Acknowledgements:

We studied potential decoherence effects due to the gravitational light bending. We
considered a massive harmonic oscillator interacting with quantized light at a fixed
distance via classical light bending interaction of general relativity, proposed in [2].
Despite the fact that the impact of this decoherence is small, we show that if the
postulated coupling scheme works, gravity mediated interaction will lead to
decoherence effects. The effect is somewhat similar to the

proposed universal gravitational decoherence [4].
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The holographic principle states that the maximum entropy S that can be accumulated inside a finite region of space R (more precisely
on the light-sheets of its boundary 8R) equals the boundary area of that region divided by four times the Planck areall],
AER

Statistical _— S < —

max =
entropy 413

However, this is inconsistent with standard Quantum Field Theory (QFT) simply because it is built out of volume-many commuting
d.ofs, ie., [Q, PJ] =i, with r, s ~ Volume of the region.

— N o, g := In(dimZ ) ~ Asp

That's fine when gravity is switched off. A common lesson learnt from the holographic principle, diffeomorphism invariance of
observablesl2, and from AdS/CFTRBI, is that such algebra is only approximate and perhaps emergent (because QFT works really welll).

It's puzzling how nature manages to describe the low energy physics so well with a theory which apparently requires volume many d.o.f.s

despite having a substantially smaller Hilbert space ("room").

Maybe quantum information tools can provide some insights?

Idea

Area scaling from Classical Field Theory

Similar to the concept of overlapping qubitsl4l one can try
constructing volume-many overlapping field d.o.f.s[5:

Li~area ¢
AP~ X X Yelha,
£=0 m=—¢
Now with the new commutation relations:

[tl;;)‘, a/(»{,,)ﬁ] = 6s.x ’5ff"5mm’

L,
A AT ~ 8,0 3 QF + VP iy)
£=0

c®

af

Then write the field with a UV and IR cutoff as:
INGENEDY (4 AD +ul" ADT) .

s,

20,V

To see the effects one can start by looking at the
commutators:

(ot X), T (L) = 0 Y H (X, Y) 5

sin(w (t — 1)
[Pt %), s V] = =i Y sinfot =) H(X,Y).

Wy

Angular locality scale from the isotropic hard cutoff

These relations fixes the kinematic side of the theory. An
interesting observation is made when we look at the dynamics.

Since, C{f;; is a positive definite matrix, we can split C = VTV

This split is not unique, as the dimension 1 of Vy,, is flexible.
This n determines the # of underlying d.o.f:s., and if we ask what
is the n for which the Hamiltonian evolution of the field is best
approximated then we find[l:

For flat spacetime

10716 .\.

10720 .

10—24 .\.

10728 \'\,l
\.

Bioc(k) [rad]
g
/
/

-
T 9
s 8

/
/

~._ ~LHC

._.

15}
IS
2

10-48
0 1072 102 10° 1010 101

k [eV]

10714 10710 10-¢

.A
2

Outlook

10018 & = |
¥ 1072 4
<
= 4
¢ 1071 A
] '-
k9] -
%{ 10-6 4 e A=0 .
S v A=10
g— " A= 10_: Area scaling —» & ]
B 10-8 A=10 \"‘\v .
< 107°% 4
==+ dmin  (LirAuy)? H . -
H
10! 102 103
dmin(V)
IT- VvV, : T
———— subjectto VI,V =4J,,.
VeR2xn 17| t

this ensures that the construction remains
Hamiltonian

See our recent work for curved spacetimes and more
details (arXiv:2602.09100)

Thermodynamics?

If the detectors are coupled to apparent d.o.f.s, then from the local
density of statesl], obtained from the dyadic Green's function of

. 2w
the photon field, ppy(@,X) = — —S Tr(Gf;p(m;x, X)), we get:
T . this scales as m\2

N he

2 .
U(w,, T) = h =3 5
(0, T) wng(w,)ppm(@s) VAw, e 1
This is the standard Planck's
distribution!

How well can area-many degrees of freedom emulate standard QFT?

So far: surprisingly well --- standard thermodynamic and locality structures looks the same for low energy
experiments, furthermore, one can even define one-particle wavepackets with no modification to its dispersion

relation.

Next: refine the algebraic/physical motivation and identify where the construction predicts observable deviations.
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