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*Based on "To be or not to be, but where?” (quant-ph/2405.21031).
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The mysterious
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Formally, this is called a duality.
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What if you cannot open the box?

We see that each description of what'’s inside assumes a different
notion of the system, different notion of which parts are interacting,
and therefore different notion of what'’s a neighboring site!

How do we make sense of that?



Classical
Mechanics



Whatisa

*
SYStem ? System’s physical characteristics f € F:

g.p): M - R

of real infinitely differentiable functions (C).

nP) = (G- g™ P s D) These physical characteristics are what we call
observables, thus the algebra of observables in

M classical mechanics is the algebra of real-valued

smooth functions defined on the phase space /.

*We will focus on the Hamiltonian formulation and will avoid
constrained systems for now..



Whatis a
Apparatus
state? Y11 ferF =

We further require that f € L*(A, p,, ), the space of

Introduce the distribution function p_ (p, g),

making connection to the usual descriptionof | measurable functions that are bounded. Two types

the state of a system in statistical mechanics: of states:

PoureDs @) = 8(q — 4°)d(p — po)

Observable’s expectation value
n

pmix(pa Q) = Z aié(q &3 ql)é(p ik pz)
=1

(o = [ (v, 9p,(p,q) dpdg
M




i Wh atisa One of the most defining features of quantum
SU b-SYStem? mechanics has to do with the notion of independent

subsystems, which is deeply connected with the

oy notion of classical spacetime locality.
Factorization
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|EmerGe, 24xx|

Notion of Separability Notion of Subsystem

CM LX(M) ~ L*>(M ;) X 1 ] M ; of states for C-subsystem |

Classical Mechanics <f1f2> 0 = <f1 >a)1 <f2>a)2 — <f | > @1 <f 2>67)2

Quantum Mechanics

Quantum Field Theory




|[Malament, ‘96|

How space hides in

quantum mechanics




The mysterious box illustrates that quantum systems only described by their global 7,

| W), and H, might not fully characterize its classical properties, such as the notion of a

"site” - a location in space.

This is puzzling because typically, the situation is reversed: we impart classical notions of
location into our quantum mechanical descriptions. For example, for every spin site located at

position i, we assign a C*-Hilbert space factor, such that the global Hilbert space is

Qe
=1

This is just a simple example of a general attitude:
in a given spatial (or more generally, spacetime) region. Thus, some notion of space, or at
very least, some notion of location in space seems to leak into our quantum-mechanical descriptions.

Let’s make that explicit.



Back at your lab, you consider an extended quantum mechanical system divided into two parts, A and B,

with global Hilbert space #°. They can be interacting or not, very much like the spin sites in the box.

Each partis surrounded by measuring devices, defining the

sets of controlled observables { 4} and { ©®}, while a clock fixed
against the wall sets up a reference frame for the entire lab. Thus,

at any fixed time in the lab, these parts are spacelike separated,

and you expect measurements on A to not affect measurements

on B, at least within the time interval light takes to travel between

the systems. This is what we call macrocausality.

Essentially, you aim to ensure that the statistics of these parts are independent, implementing an
operational notion of macrocausality. For example, the statistics associated with any observable in part A are

obtained by tr [p0], where p is the state of the system.



Now consider two measurements, one in each part of the system, defining two spacetime events that are
spacelike separated. Each measurement updates the state of the system, but their statistics should be the

same whether we consider the original state, p, or the updated one, p’.

Therefore, we demand tr [pO?] = tr [p'6"], and similarly
for B. It turns out that this is possible if, and only if, the set of

observables for each part commute,

(04, 081 = 0.

This argument can be generalized to subalgebras associated with arbitrary causally disconnected
spacetime regions, where then goes by the name microcausality, or Einstein separability.



|Zanardi et al., 'O4]
|Cotleretal.,’17]

Now that the physical intuition is properly encoded in the math, let's be more precise and general. Consider a

finite-dimensional Hilbert space # and a collection of subalgebras of observables corresponding to each
subsystem satistying the following properties:

: Each {©'} corresponds to a set of controllable observables, where I labels the different systems;

o (0", ©'] = 0, where I # J, now understood as a consequence of operational
macrocausality;

o \/,0' = L(%), there is a minimal inclusion of the subalgebras isomorphic to the full algebra.

Once these properties are in place, then the set of subalgebras induces a tensor product structure (TPS):

Definition: A TPS & of Hilbert space #Z is an equivalence class of isomorphisms 7 : # — ®, # ., where T}, ~ T,

whenever T, T; ! can be written as a product of local unitaries ®; U; and permutations of subsystems.



| Fewster, 16|
| EmerGe, 24xx|

Quantum Mechanics

(040p)0 = (04)0,{ OBy, = (O4)3,{Op) e,

Quantum Field Theory




QFT



1. QED coupled
with scalar

held




| Donelly&Giddings, '16 ]

1. QED C()up]ed [Fewster, "16]
with scalar

held

] Bl , . Tt
L = ——F, F" — —(3,A"? — |3, — igA)p > — =m?| |

4 * 20 2

A (x) = A, (x)+ 9, A(x) [p(x), p(y)] = 0, forx and y spacelike, but
d(x) = e NP h(x) not gauge invariant.
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1. QED C()upled [Fewster, "16]
with scalar

field
P = F W (AP — |0, — igA )|} — —m?|
= — 2 F, " — ——(0,A" ~ |9, ~ igA)$ "~ Sm?| §|
A (x) = A, (x)+ 9, A(x) [p(x), p(y)] = 0, forx and y spacelike, but
d(x) = e NP h(x) not gauge invariant.

Dressed Operator: Local-gauge invariant observable

D(x,y) = ¢p(x) exp {iQJ dz Az} d*(y)

X




| Fewster, '16 |

| EmerGe, 24xx|
Notion of Separability Notion of Subsystem
CM LX(AM) ~ L=(M;) %1, M ; of states for C-subsystem |
OM BNH) ~ B ,) R 15, H , of states for Q-subsystem A
Einstein Separability
(R, Ry] =0 RYH) =~ B(H ) @ 1
Qrt Split Property Z |, of states *associated*

It U C U/, then datypelfactor #

with region U
St. Ry C N C Ry



| Fewster, '16 |
|EmerGe, 24xx|

Intuition goes a long way...

Independent Events:

P(A and B) = P(A) - P(B)

Classical Mechanics N2 e = <f1>a)1<f2>a)2 = <f 1>a’31<f 2>a‘)2

Quantum Mechanics (0408)0 = (04)0,{Op) oy, = (04),(Op) 5,

Quantum Field Theory| (£, R,), =~ <%U>QU<%V>QV ~ (@(%U))@U(@(%V))@V




' But what do
we care about?
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2. Gravitationally-
Induced-Entanglement

1
-

Spin Correlation Measurements Certifying Entanglement

|Bose etal., '17]
| Marletto&Vedral, '17]

FIG. 1. Adjacent interferometers to test the quantum nature of

gravity: (a) Two test masses held adjacently in superposition of
spatially localized states | L) and | R). (b) Adjacent Stern-
Gerlach interferometers in which initial motional states | C); of

masses are split in a spin dependent manner to prepare states

|L, 1 );+ [R, | );- Evolution under mutual gravitational interaction

for a time T entangles the test masses by imparting appropriate
phases to the components of the superposition. This entanglement
can only result from the exchange of quantum mediators —if all

interactions aside gravity are absent, then this must be the
gravitational field.
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| Marletto&Vedral, '17]
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Spin Correlation Measurements Certifying Entanglement

where A¢rr = ¢rL — ¢, APLr = ¢LR — ¢, and

Gmlmg'r Gmlsz Gmlsz

¢RLNh(d_Am)a QbLRNh(d_'_Aw)a P M




|D. Wallace, '21]
|V. Fragkosetal., 22]

Despite some level of contention (as usual...),
these are examples of low-energy quantum-gravity (LEQG) phenomenology:
cosmological perturbations are defined in terms of the matter and geometrical
degrees of freedom, while GIE experiments are locally modeled in terms of the

exchange of gravitational quanta.



|D. Wallace, '21]
|V. Fragkosetal., 22]

Despite some level of contention (as usual...),
these are examples of low-energy quantum-gravity (LEQG) phenomenology:
cosmological perturbations are defined in terms of the matter and geometrical

degrees of freedom, while GIE experiments are locally modeled in terms of the

exchange of gravitational quanta.

Question: How can we meaningfully talk about
independent gravitational-quantum systems?



2. LEQG coupled
with scalar
field




| Donelly&Giddings, '16 ]

2.LEQG coupled
with scalar
field

oh,, = — 20,5, + O(x) [p(x), p(y)] = 0, forx and y spacelike, but
5 = — k&0, + O(k*) not gauge invariant.



| Donelly&Giddings, '16 ]

2.LEQG coupled
with scalar
field

2

1
e — ER s (g””’ VOV, ¢+ m2¢2)

oh,, = — 20,5, + O(x) [p(x), p(y)] = 0, forx and y spacelike, but
5 = — k&0, + O(k*) not gauge invariant.

Dressed Operator: *NOT* local-gauge invariant observable!

D(x) = V" OPup(x)e V'O g V (x) = 3[ = lhﬂu@a + 2[ dx” %hmoc’)]

~/

X



The algebraic approach is obstructed in gravity because @ (x) does not

commute with itself at all spacelike separations.

The intuition is that the gravitational strings of any two operators ®(x) and

®d(y) can intersect no matter how far apart these points are. We cannot
screen the gravitational field of a particle as there is no notion of a
negatively "charged" particle (or any Poincar¢ charge for that matter),
preventing us from defining localized observables.

We only used the local symmetries to make such an argument, thus
remains valid for any diff-invariant theory at the linear level.



|EmerGe, 24xx|

| reason why this is log i) (x) =

happening?! . :
[0 A

Connection! }

For normal For canonical
gauge symmetries: low-energy QG:
\9 HA] e | g’ Hg] -

Connection! } .
Connection! _J/



|D. Wallace, '21]
From an EF'T perspective, we do live in the regime in which LEQG applies.

“... bars and clocks are the tools that measure ds thanks to their coupled with the gravitational field...”
(Rovelli 2021, p. 70)

Notion of Separability Notion of Subsystem

- Einstein Separability
(R, Tt

LEQG

Split Prope

C U',thenJatypel




What if you cannot open the box?

We see that each description of what's inside assumes a different notion
of the system, different notion of which parts are interacting, and

e X X — oy e, X — <
K = I I"j’ GRS iy = O,

j<i

therefore different notion of what'’s a neighboring site!

So, which one is it? How do we find out? How dowe fitiketciisctishar

You thought these were the
questions all along, but...



|Dawid, Franzmann, 24|




(M, {f}; 0y, 02,)

(A, {f}; w)

K AR oo T
\, LEQG U}wl%)wz

(/%2 {fz} @,)

Do) w,

(%1 {fl} @1)

Should *you® care? Itfliesin the face of fully funded, implemented, paradigmatic
research programs such as inflationary (early universe) cosmology and table-top GIE
(and QRFs more generally).

But really, how does anything work?



Is that all?



|Landsman, '17]

“The Copenhagen interpretation of quantum theory starts from a paradox. Any experiment in physics,
whether it refers to the phenomena of daily life or to atomic events, is to be described in the terms of classical
physics. The concepts of classical physics form the language by which we describe the arrangement

of our experiments and state the results. We cannot and should not replace these concepts by any

others.” (Heisenberg 1958, p. 44)



|Landsman, '17]

“The Copenhagen interpretation of quantum theory starts from a paradox. Any experiment in physics,
whether it refers to the phenomena of daily life or to atomic events, is to be described in the terms of classical
physics. The concepts of classical physics form the language by which we describe the arrangement

of our experiments and state the results. We cannot and should not replace these concepts by any

others. (Heisenberg 1958, p. 44)

The physically relevant aspects of the non-commutative operator algebras of quantum-mechanical observables are only

accessible through commutative algebras. (L.andsman, 2017, p. 10)



(6,6,), =(0), (O, measurements and state preparations can
. i “7 be carried out independently

L®(M) ~ L¥(M;) % 1, M ; of states for C-subsystem |




(O ,0 ]> =ik @I> ( @J) . measurements and state preparations can
W Wy w;

be carried out independently

LP( M) ~ L*=(AM;) X 1, M ; of states for C-subsystem |

Why should we expect that classically-induced
quantum factorizations should be preserved over time,

including over measurements?  (Franzmann, 241



| Franzmann, 24 |

Single-world unitary (SWU)
quantum mechanics




| Franzmann, 24 |
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The breakdown of microcausality in LEQG, and the subsequent loss of a well-defined tensor product
structure, undermines the concept of quantum-gravitational subsystems,
which due to the universal nature of gravity applies to everything — all systems.

This may offer a new perspective on the measurement problem:
quantum subsystems are not invariant under measurements or generic Hamiltonian evolution.

Different than classical subsystems —anchored in spacetime and mostly preserved under time evolution —
their quantum counterparts would move freely within the global Hilbert space.

— The situation would be analogous to having a fixed thermodynamical macrostate while the system’s
microstate roams freely in the region of phase space definining that macrostate.



| Franzmann, 24 |

SWU-QM

|et's consider a global finite-dimensional™ Hilbert space, /7, with its 22
Sketch Hamiltonian /7, and an initial pure state p,,. Then, for each observable O € B(#),
we have:

V(1) = trp(r)O, where p(7) = eiHTpOe_iHT.

IFor any fixed 7, the set { vy}, tully parametrizes all the data of the theory, as the theory evolves deterministically.
Theset {vp}, isinvariant under the following unitary map

T:%—>®%i,

that transforms operators and states as:
O — TOT™' and |¥) — T|¥)

which is one of the maps used to define a tensor product structure.



| Franzmann, 24 |

[.et's now consider a subalgebra App € B(7) associated with our experimental devices:

O & App, where { O%PP}form an orthogonal basis with d* — 1elements for the apparatus.

Moreover, let's assume, for now, that our apparatuses are independent quantum systems (microcausality
holds) such that B() is isomorphic to B(#**?) @ B(7""), where EE stands for everything else,
dim #Z*? = d and dim #** = D, and

This is good since we typically do not have access to the whole Hilbert space, so we want to single out
our apparatus.



| Franzmann, 24 |

This implies that a TPS & is being considered, such that:

>4 ﬂ KPP ® LR

Cr

J ~
(0P OPP @ [EE

d
p—> D \/Pubm | Y (PP | VEEY(VEE|,

n,m

where O7"? € B(7*"P) and we used the Schmidt decomposition for a generic state p. The Hamiltonian also factorizes:

D*-1 d*—1 D*-1
H -5 aold+D + 2 a]@app + Z b,0%F + Z Z CIJ@app@EE
I=1 J=1 =1 J=1
Crucially, note that from the quartet , now we have factorized each of these elements, and associated

with the factorization & are the coefhcients,

{prp aO? Cl], b]9 CIJ} 0 {pn(g)a aO(g)a a[(g)a b](g)a C]](g)} °

which parametrize the states and the Hamiltonian, thus kinematics and dynamics of the theory, in a given 'T'PS.



| Franzmann, 24 |

Under a given TPS, we can rewrite the global invariants as

d
Voo = D A/PuPrl¥ app (@?pp\uipp><u%pp\)trEE Rl v
m,n=1

d
~a a app .__ a a
' Putt gy (OFPIP) , where  PIP = | ul®®) (ui|

n=1
d

= ) PaVo
n=1

where Vg are the local invariants associated with the local observable O3Pin the state

| u°PP). Thus, generically, global invariants can be decomposed as a convex sum of local
Invariants.



| Franzmann, 24 |

Now we introduce three crucial assumptions that hint towards the existence of a new dynamical equation
in quantum mechanics that would be responsible for the evolution of the TPS in quantum systems.
They are:
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Now we introduce three crucial assumptions that hint towards the existence of a new dynamical equation
in quantum mechanics that would be responsible for the evolution of the TPS in quantum systems.
They are:

(which is absolutely the case), .Infact, as they

are connected by global unitaries that can typically be continuously parametrized, we will assume

any two TPS are related by continuous deformations and parametrized by 7 : I (7);

, where the state of the system factorizes: , where '

indicates that whatever quantity being considered is in such a TPS;

Due to violations of microcausality in quantum gravity, imposing a fixed TPS in any quantum-
oravitational system is ill-posed and can only be considered an approximation.
and can be parametrized

by time, & (7). This can be understood in terms of the TPS coefficients evolving, e.g., a; = a,(7).



| Franzmann, 24 |

By putting together these assumptions we can arrive at the following
conclusion:

Single outcomes in any measurement correspond to a composition of a
change of TPS together with a local unitary transformation of the local algebra
assigned to the apparatus.



| Franzmann, 24 |

Whenever 5 (1) € { T}, we have a product state between what we call apparatus and everything else:

| P(zp)) = ) ¢, |y @ ) d,|vEF),

where these are bases in one of the & ;.. Now, we can simply align our apparatus by a local unitary transformation,

| P(7y)) = \Oapp) X Z d |vEEY  where @app \Oapp) — Oaflp \Oapp :

and 6% = U~10*PU. Thus, the local state is one of the rotated apparatus' eigenstates with eigenvalue Iagp.

Crucially, we do not know which one. Then, it is easy to show that

aPP
In )

Thus, by identifying the appropriate TPS and locally aligning the apparatus, we sce that local measurement
outcomes are the global invariants that we started with.



| Franzmann, 24 |

, such that
probabilities will be epistemic. In any case, given that all considerations involved only
unitary transformations (both for TPS updates and time evolution) and we still arrive
at a description of the apparatus with single outcomes related to the global invariants,

this would amount to a single-world unitary quantum mechanics.



| Franzmann, 24 |

Com parison As one moves through spacetime and wants to compare measurements at
. h GR different points along their trajectory, it is essential to update their local inertial
wil : frames (tetrads) based on the local metric of spacetime.

To achieve this, one must:

« Determine the spacetime metric by solving the Einstein equations, which, despite
being local equations, often require global boundary conditions for a solution;

» Establish the family of local inertial frames using the metric;

o Align the timelike tetrad with the observer’s 4-velocity, which is a local process
requiring measurements of the observer’s relative velocity to reference points.

If the timelike tetrad vector is not aligned with the observer’s 4-velocity, it represents a boosted frame
relative to the observer’s rest frame, leading to different local measurements of time and space, akin to
special relativity. Therefore, itis crucial for the observer to measure their relative velocity in relation to

some reference points to determine the appropriate tetrad to use.



Conclusion

Progress can be typically made when obvious notions are finally put into question.

Among the historical remarkable examples, perhaps Einstein's scrutinizing of the nature of
simultaneity leading to the theory of relativity and Planck’'s debunking of the radiation energy
spectrum continuum giving rise to quantum mechanics stand out the most.

Another seemingly obvious concept is the idea of independent physical systems. Combining
relativity and quantum mechanics challenges the immediate naive understanding of how to
independently describe different interacting physical systems.

This is a notion that, despite permeating all the physics we do,
remains to be fully understood.
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