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Preliminaries on perspective:

« naturalism: metaphysics inferred from physics

- adopt methodological realism (also, simpler language), but not necessarily as metaphysical position

* in fact, sympathetic to participatory and epistemic realism

existence = playing a crucial (epistemically) role in our (best) models of the world

not platonism/pitagoreanism - blurred distinction between fictional and concrete, abstract
and real, mental and material - what exist (with attributes/properties) is (at) the interface

objects are not represented by models, they are defined (and brought to existence) by models

also, reality acquires properties upon interacting (epistemically and empirically) with it

- existence =/= fundamentality

something may exist simply because it features crucially in some (approximate) corner of our best models,
even if it does not feature among the basic, starting/assumed ("fundamental”) elements

- key elements in our (best?) theories of quantum gravity are not
spatiotemporal (in the sense of our best models of space and time)

space and time are not fundamental but emergent (they exist but they are not fundamental)

« emergence defined as oriented, binary theoretical relation, by robustness and novelty

_ . : J. Butterfield
(and necessarily involves approximations)



What is spacetime? what is to emerge?
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Main lessons from General Relativity (and modern gravitational physics):

spacetime is a physical system

* ingredients of the world: 4d smooth manifold and Lorentzian metric (= "spacetime"), (g ¢ ./\/l)
Y] 9 9

plus several other (scalar, vector, ..) matter fields
[ e

* gravity = spacetime geometry ““'! /’,’
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(spatial distances, temporal duration, &

causal structure, curvature, .... )
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thus,
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spacetime itself is a
dynamical, physical system

interacting with other physical 1
systems,%ia Einstein'Seéns: Rywlg(z)] — §R[g(az)] + Aguv(x) = 8nGNT 1w [9(), -]

- take this description of spacetime (and mathematically/physically equivalent ones) as granted, for now



Emergent gravity vs emergent spacetime

important to distinguish two perspectives and physical possibilities:

* emergent gravity:
- gravity ~ spacetime curvature and/or dynamical aspects are emergent
« perturbative or non-perturbative aspects can be considered
« spacetime (usually, flat Minkowski spacetime) is fundamental

- examples in condensed matter (eg analogue gravity) and perturbative quantum gravity
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important to distinguish two perspectives and physical possibilities:

« emergent gravity:
* gravity ~ spacetime curvature and/or dynamical aspects are emergent
« perturbative or non-perturbative aspects can be considered
« spacetime (usually, flat Minkowski spacetime) is fundamental
- examples in condensed matter (eg analogue gravity) and perturbative quantum gravity

* emergent spacetime:

* one or more basic spacetime structures (geometry, topology, causality, localization,..) are emergent

- gravity necessarily emergent too (since defined via spacetime structures)

- this includes flat spacetime and geometry

new (quantum) dofs?

discrete structures?

pure algebraic data?

which "dynamics"?
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Background independence vs general covariance vs diffeomorphism invariance

naive view: spacetime = manifold + metric + fields defined on the manifold why naive?

- the diffeomorphism group acts on geometric objects defined on the manifold, i.e. all tensor fields (metric + matter)

Diff (M) = {f : M= M, fe C*M), f~' e C®(M)} G =f ¢ =Df) ¢ f

« dynamics is specified by equations of motion, for given background structures | F [{go} ; E] =0

-different- tensor field \G L(4,R) irrep forp

- Def: F[{p}, X] = 0 is (GENERALLY) COVARIANT under G C Dif f(M) if and only if

simply requirement that egns are geometrically well-defined - any theory can be written as such

VfeG
equivalently: Vf ¢ @

- Def: F|{p} , X] = 0 is (DIFFEOMORPHISM) INVARIANT under G C Dif f(M) if and only if
Fligt, ¥ =0 = Ff ¢1, 2 =0

« thus, full diffeomorphism invariance = only invariant background structures or no background structure

* in this sense: diffeomorphism invariance = background independence

in GR/QG, only diffeo-invariant quantities are physical
(thus encode spacetime properties)

the differentiable manifold, its points, directions, atlases and
associated coordinate systems are unphysical

spacetime is not the manifold, events are not manifold points
time is not a timelike direction on the manifold

space is not (the set of) spacelike directions on the manifold

fields themselves (as functions of manifold points) are unphysical objects g,,w(zv) Au(x) go(x)
GR, as usually formulated, is written in a (useful) highly redundant language




Spacetime localization is relational

relational strategy Rovelli, Dittrich, Ashtekar, Bojowald, Gambini, Giddings, Giesel, Kaminiski, Lewandowski, Marolf, Pullin,
Thiemann, Chataignier, PH, Husain, Pons, Salisbury, Singh, Sunderymeyer, Tambornino, Tsobanjan, ...
Relational observables: “functions on reference fields” correlations on superspace (space of fields)
what is a reference system? How do we describe physics relative to

L . . . ' 2
~ As non-invariant/asymmetric under gauge symmetries as possible  dynamical reference systems

(invariants worst possible reference systems) | identify some dynamical fields as clock/rods and
- As many DoFs as there are indep. gauge directions use their values to label evolution/localization of
(want to parametrize orbits with dynamical reference DoFs) other dynamical fields

= reference DoFs are gauge DoFs
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(invariants worst possible reference systems) | identify some dynamical fields as clock/rods and
~ As many DoFs as there are indep. gauge directions use their values to label evolution/localization of
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= reference DoFs are gauge DoFs

reduction to coordinate frames: idealized clock/rods behaving like (global) test fields

example: R(g(gj))’ Dg (gj) — R(g(gpa)) very difficult to define and compute such observables
no known formulation of GR purely in terms of diffeomorphism invariant quantities

difficult to express/extract it in general GR case, even more in QG (quantum clocks & rods)

general point: physics is on superspace (space of field configurations), not manifold (only auxiliary structure)

summary
to identify "spacetime = manifold" or "spacetime physics = physics on manifold" is approximation at best

(corresponds to case in which set of four scalar fields behave like test fields
covering manifold, and can be used as coordinates for manifold points)

do not expect to find manifold etc neither at fundamental QG level, nor in its effective description
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background structures in GR and QG?

- GR has some diffeo-invariant background structures, which could be maintained in QG

- spacetime dimension
- topology

- signature

"internal” Lorentz symmetry

can they become dynamical and/or emergent too, in full QG?

indeed, we have examples of QG formalisms
where they all become dynamical

emergent spacetime scenarios will be the more radical
the more of these ingredients are dynamical & emergent

any emergent spacetime scenario that assumes one or more of
these ingredients may be less radical than hoped, but does not
violate the background independence of GR




Steps to emergence



|dentify fundamental structures/ontology + dynamics

new (quantum) dofs?

discrete structures?

pure algebraic data?

which "dynamics™?

- starting point can be postulated or (partially) derived, from discretizing continuum structures, from
"quantizing” classical entities, from analyzing notions of geometry/topology/causality

* it can be more or less radical, i.e. more or less close to GR and QFT and their structures
- same for fundamental dynamics

« quantum mechanics can be assumed, knowing that it requires novel interpretation and use anyway,
or one can adopt generalised framework

- most steps required to go from fundamental structures/dynamics to emergent spacetime are same



geometric phase

« some form of "continuum limit",
I.e. control over collective
dynamics of (more and more of) all
the dynamical dofs of the
fundamental theory

* it cannot be expected to be unique
- different continuum phases (with
associated transitions)

- at least one phase should be
"geometric”, i.e. admit the
reconstruction of a spatiotemporal
description



geometric phase

some form of "continuum limit",
l.e. control over collective
dynamics of (more and more of) all
the dynamical dofs of the
fundamental theory

it cannot be expected to be unique
- different continuum phases (with
associated transitions)

at least one phase should be
"geometric”, i.e. admit the
reconstruction of a spatiotemporal
description

the limit and the control will be
approximate only

the need for approximation is not a
nuisance, it is a constitutive
feature of emergence



geometric phase

in (one of) the geometric phase(s), it will be possible
to reconstruct a gravitational dynamics with the
typical GR-like ingredients (fields and symmetries)

this dynamics may still be in part or fully of quantum
nature/origin

if so, a further approximation will be needed to
recover a classical GR-like description



continuum approximation (limit) vs classical approximation (limit)
« classical approximation

- definition: quantum effects become negligible
- with respect to which observable? states can be semi-classical wrt different observables

« example: Ag = s quantum states semiclassical wrt ag are

not semiclassical wrt Ag(and vice versa)

« continuum approximation quantum atomic physics theory of quantum fluids

- definition: limit of large # dofs - collective physics ® ®

« examples: from molecular physics to hydrodynamics

conceptual difference h

non-commutativity (in general)

possibly related: collective physics may be inherently classical
wrt some (eg macroscopic) observables N

classical mechanics hydrodynamics
of few particles

example: BECs
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continuum approximation (limit) vs classical approximation (limit)
« classical approximation

- definition: quantum effects become negligible
- with respect to which observable? states can be semi-classical wrt different observables

« example: Ag = s quantum states semiclassical wrt ag are

not semiclassical wrt Ag(and vice versa)

. i i i few QG d.o.f.s full Quantum Gravity
continuum approximation (6.9 simple LOG spinnets)
O O

- definition: limit of large # dofs - collective physics

« examples: from molecular physics to hydrodynamics

conceptual difference h

non-commutativity (in general)

possibly related: collective physics may be inherently classical
wrt some (eg macroscopic) observables N

example: BECs few QG d.o.f.s in classical approx. General Relativity
(e.g. discrete/lattice gravity) (continuum spacetime)
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- at any point, the truly physical, (approximately) local spatiotemporal
content of the theory has to be expressed in relational observables

- diffeomorphism redundancy will either not be present at all, or have
to be removed to elucidate the actual physical content



geometric phase

- at any point, the truly physical, (approximately) local spatiotemporal
content of the theory has to be expressed in relational observables

Important:

these steps are not sequential

o - diffeomorphism redundancy will either not be present at all, or have
nor all individually necessary

to be removed to elucidate the actual physical content
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+ this scheme and most technical challenges and procedures
apply equally both if the starting "non-spatiotemporal”
structures are understood as physics (new ontology) and if they
are understood as mere technical/mathematical tools/artefacts

+ they can sensibly be understood as physical only if they lead to
direct or indirect observational signatures (unless one can
show/argue logical necessity)
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Observational signatures of fundamental structures

+ this scheme and most technical challenges and procedures
apply equally both if the starting "non-spatiotemporal”
structures are understood as physics (new ontology) and if they
are understood as mere technical/mathematical tools/artefacts

+ they can sensibly be understood as physical only if they lead to
direct or indirect observational signatures (unless one can
show/argue logical necessity)

what sort of observational signatures?

* it depends on the nature of the fundamental structures, which which of the usual spacetime
elements are emergent, what sort of approximations are needed for emergence, ....

* in principle, if spacetime is emergent we could expect deviations to the usual notions of:
* locality
 causality
* unitarity

« Spacetime symmetries

 equivalence principle

* moreover, in an emergent spacetime scenario, we cannot assume/expect any separation of scales
- quantum gravity effects can appear at low and high energies, small and large distances



Spacetime emergence from quantum gravity:
an example



Tensorial Group Field Theories:

quantum field theories OF spacetime ("atoms")

Boulatov, Ooguri, Barrett, Crane, De Pietri, Freidel, Krasnov, Rovelli,
Reisenberger, Perez, DO, Livine, Baratin, Chirco, Colafranceschi,
Girelli, Ryan, Gurau, Kotecha, Vitale, Rivasseau, ......



TGFT




Hilbert space of spin network vertex ~ quantum tetrahedron

quantum tetrahedron

- : Vf ® I
(in terms of SU(2) irreps) @ ® g,
]z i=1 repr space intertwiner space

quantum geometric operators (triangle areas, volume,...) act on this Hilbert space

e.g. area operator AA@'
AN

e.g. volume operator ‘%

) . ® H(V)) } + 2nd quantized

» GFT Fock
G ock space F (HU) operators

TGFT
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« full Hilbert space (arbitrary number of (connected or disconnected) tetrahedra):
1 2 |%4
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- gluing quantum tetrahedra with entanglement E. Colafranceschi, DO, '21

quantum states for extended simplicial 3-complexes (spin network graphs) =
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Quantum states of many quantum tetrahedra

« full Hilbert space (arbitrary number of (connected or disconnected) tetrahedra):
1 2 |%4
GFT Fock space .7'—(7‘[1)) — @%O:O sYym { (7‘[5) ) X %/S) ) K- /Hq(J ))} D) /ny \V/’V
- GFT field operators (creating/annihilating spinnet vertices/tetrahedra):
29, ¢ = 16G.7) 6@, ¢@)] = |49,
- gluing quantum tetrahedra with entanglement E. Colafranceschi, DO, '21

quantum states for extended simplicial 3-complexes (spin network graphs) =
entangled many-body states of many quantum tetrahedra (spin network vertices)

gluing

(entangling edge dof)
¥) > [iy) = <®<8> [¥)

| | eclL
- TN

many- body wave-function maximal entanglement]

for V open vertices

link state

% S Jin) @ [jn)
] n

internal links

of combinatorial pattern y maximally entangled state
of edge degrees of freedom

+ spin network states for arbitrary graphs
~ arbitrary quantum simplicial lattices

« can show "discrete entanglement/geometry correspondence”

« same kind of quantum states as in LQG and lattice quantum gravity,
but even less "spatiotemporal interpretation”




Hilbert space of spin network vertex ~ quantum tetrahedron

quantum tetrahedron
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quantum geometric operators (triangle areas, volume,...) act on this Hilbert space
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« main guideline for model building

define models that produce, in perturbative expansion (i.e. where lattice structures are relevant),
« interaction processes (Feynman diagrams) of quantum simplices corresponding to 4d lattices of any topology

- quantum (Feynman) amplitudes given by lattice gravity path integrals (coupled to scalar fields)

Nr . .
Z — /DSDD¢ eiS,\(%a) — Z Sy)?\n(r) Ar = Zw(A) /DgA e’LSA(gA) - /Dg ezS(g)
I A

(combines ideas of quantum Regge calculus and dynamical triangulations)

Feynman amplitudes (model-dependent) = sum over group-theoretic data (group elements, Lie algebra
elements, group irreps) weighted by amplitude related to discrete gravity ~ spin foam models
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« interaction processes (Feynman diagrams) of quantum simplices corresponding to 4d lattices of any topology
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Feynman amplitudes (model-dependent) = sum over group-theoretic data (group elements, Lie algebra
elements, group irreps) weighted by amplitude related to discrete gravity ~ spin foam models

extension to TGFT models including "matter" dofs - example: scalar matter

basic guideline for model-building (choosing GFT action):

GFT Feynman amplitudes = simplicial path integrals for gravity coupled to scalar fields

- domain of GFT field extended to include values of scalar fields (g1, x*) = ¢lar, x5 - x™)

with consequent extension of field operators, quantum states and operators on Fock space

and consequent extension of GFT action & egns of motion



« main guideline for model building

define models that produce, in perturbative expansion (i.e. where lattice structures are relevant),
« interaction processes (Feynman diagrams) of quantum simplices corresponding to 4d lattices of any topology

- quantum (Feynman) amplitudes given by lattice gravity path integrals (coupled to scalar fields)

Nr . '
Z — /DSDD¢ eiS,\(%a) — Z Sy)?\n(r) Ar = Zw(A) /DgA e’LSA(gA) - /Dg e’LS(g)
I A

(combines ideas of quantum Regge calculus and dynamical triangulations)

Feynman amplitudes (model-dependent) = sum over group-theoretic data (group elements, Lie algebra
elements, group irreps) weighted by amplitude related to discrete gravity ~ spin foam models

extension to TGFT models including "matter" dofs - example: scalar matter

basic guideline for model-building (choosing GFT action):

GFT Feynman amplitudes = simplicial path integrals for gravity coupled to scalar fields

- domain of GFT field extended to include values of scalar fields (g1, x*) = ¢lar, x5 - x™)

with consequent extension of field operators, quantum states and operators on Fock space

and consequent extension of GFT action & egns of motion

» Quantum Gravity as sum over simplicial topologies and over quantum discrete geometries



Emergent cosmological dynamics
and field theory

M. Assanioussi, G. Calcagni, A. Calcinari, M. De Cesare, R. Dekhil, Delhom, F. Gerhardt, S. Gielen,
F. Greco, A. Jercher, T. Landstaetter, |. Kotecha, S. Liberati, L. Marchetti, L. Mickel, DO, X. Pang, A.
Pithis, A. Polaczek, M. Sakellariadou, L. Sindoni, A. Tomov, Y. Wang, E. Wilson-Ewing, ....




Continuum approximation and collective physics

TGFTs: field theories of quantized simplices with non-local interactions (describing how simplices form higher-cells)
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Continuum approximation and collective physics

TGFTs: field theories of quantized simplices with non-local interactions (describing how simplices form higher-cells)
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hypothesis: geometric phase is QG condensate phase hypothesis: relevant regime is QG hydrodynamics

(universe as QG fluid) TGFT condensate hydrodynamics




Continuum approximation and collective physics

TGFTs: field theories of quantized simplices with non-local interactions (describing how simplices form higher-cells)
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hypothesis: geometric phase is QG condensate phase hypothesis: relevant regime is QG hydrodynamics
(universe as QG fluid) TGFT condensate hydrodynamics

- reliability of mean field description supported (not proven) by Landau-Ginsburg analysis

of quantum geometric models: A. Pithis, J. Thurigen, L. Marchett, R. Dekhi, DO, ‘22,23 *.| [ analysis of

simpler TGFT models
Gaussian critical point in "IR" (i.e. small-j), fluctuations suppressed, condensate phase



Continuum approximation and collective physics

TGFTs: field theories of quantized simplices with non-local interactions (describing how simplices form higher-cells)
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hypothesis: geometric phase is QG condensate phase hypothesis: relevant regime is QG hydrodynamics
(universe as QG fluid) TGFT condensate hydrodynamics

- reliability of mean field description supported (not proven) by Landau-Ginsburg analysis

of quantum geometric models: A. Pithis, J. Thurigen, L. Marchett, R. Dekhi, DO, ‘22,23 *.| [ analysis of

simpler TGFT models
Gaussian critical point in "IR" (i.e. small-j), fluctuations suppressed, condensate phase

TGFT mean field hydrodynamics
Ex(J) = InZy\[J]  Tl¢] = sups (J-¢—F(J)) (¥)

¢

* simplest approximation: ~ field ~ J ¢ functi
mean field hydrodynamics F[¢] ~ S)\ (¢) mean field ~ condensate waverunction

« corresponding quantum states:

(simplest): GFT condensate, GFT field coherent state
o) :=exp (6) |0)

&= /d4g o(gr)¢' (gr) o(grk) = o(gr)



Continuum approximation and collective physics

TGFTs: field theories of quantized simplices with non-local interactions (describing how simplices form higher-cells)
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hypothesis: geometric phase is QG condensate phase hypothesis: relevant regime is QG hydrodynamics
(universe as QG fluid) TGFT condensate hydrodynamics

- reliability of mean field description supported (not proven) by Landau-Ginsburg analysis

of quantum geometric models: A. Pithis, J. Thurigen, L. Marchett, R. Dekhi, DO, ‘22,23 *.| [ analysis of

simpler TGFT models
Gaussian critical point in "IR" (i.e. small-j), fluctuations suppressed, condensate phase

TGFT mean field hydrodynamics
Ex(J) = InZy\[J]  Tl¢] = sups (J-¢—F(J)) (¥)

¢

* simplest approximation: ~ field ~ J ¢ functi
mean field hydrodynamics F[¢] ~ S)\ (¢) mean field ~ condensate waverunction

« corresponding quantum states:

(simplest): GFT condensate, GFT field coherent state

o) :=exp (&) |0) Universe as BEC (TGFT condensate)

&= /d4g o(gr)¢' (gr) o(grk) = o(gr)



key features of GFT mean field hydrodynamics

- condensate wavefunction / mean field defined on minisuperspace
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« cosmological
interpretation:

Gielen, '15

Jercher, Pithis, DO, '23

isomorphism between domain of TGFT condensate wavefunction and minisuperpsace
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{geometries of tetrahedron} ~
{continuum spatial geometries at a point} ~

minisuperspace of homogeneous geometries




key features of GFT mean field hydrodynamics

- condensate wavefunction / mean field defined on minisuperspace

« cosmological
interpretation:

Gielen, '15

Jercher, Pithis, DO, '23

isomorphism between domain of TGFT condensate wavefunction and minisuperpsace

o (D) D =~ {geometries of tetrahedron} ~
~ {continuum spatial geometries at a point} ~
~ minisuperspace of homogeneous geometries

mean field hydrodynamics = non-linear (and non-local) extension of loop quantum cosmology

- appropriate for result of coarse graining up to global (cosmological observables)

general form of resulting (Gross-Pitaevskii) equations of motion for condensate wavefunction (mean field):

18913 K (g, 39 XNl )+ A V(@ =0
cosmology as QG hydrodynamics on (mini)superspace\ polynomial functional of

0

0P

condensate wavefunction

- can be extracted for any concrete TGFT model

(domain extended to include scalar matter)



key features of GFT mean field hydrodynamics

- condensate wavefunction / mean field defined on minisuperspace

« cosmological
interpretation:

Gielen, '15

Jercher, Pithis, DO, '23

isomorphism between domain of TGFT condensate wavefunction and minisuperpsace

o (D) D =~ {geometries of tetrahedron} ~
~ {continuum spatial geometries at a point} ~
~ minisuperspace of homogeneous geometries

mean field hydrodynamics = non-linear (and non-local) extension of loop quantum cosmology

- appropriate for result of coarse graining up to global (cosmological observables)

general form of resulting (Gross-Pitaevskii) equations of motion for condensate wavefunction (mean field):

18913 K (g, 39 XNl )+ A V(@ =0
cosmology as QG hydrodynamics on (mini)superspace\ polynomial functional of

0

0P

condensate wavefunction

- can be extracted for any concrete TGFT model

(domain extended to include scalar matter)

- what interactions capture:

more details of dynamics of quantum geometry, inhomogeneities, topology change



Hydrodynamics on (mini)superspace

« domain:;

minisuperspace - geometric data (scale factors, often taking discrete (eigen)values) + (scalar) matter field values

{{az} : {qb} S eeen {X}} V = V0a3 metric manifold with minisuperspace metric

in QG context: aocapj 9 20,1/2,1,...

- dynamical variable: (condensate) wavefunction on (mini)superspace ~ fluid density and phase

\Ij(ai7¢7"7X) — p(a"i7¢7°°7X)€ie(ai’¢’”’X) e C

- general form of the action (example: single scalar field direction, single dynamical interaction term):

S = / da;]de ¥*(a;, ¢) K(a, By, ¢, 05) ¥(ai, @) + V[¥(ai, d)]

non-linear extension of quantum cosmology! in general, non-local interaction on minisuperspace

« general form of egns of motion (example: single scalar field direction, single dynamical interaction term):

K (0,006, 05) W(a,0) + ~5V [¥(a,0)] =

— IC\IJ(CL, Qb) + )‘/V (&1, 8a17¢17 8¢1, veeey Apyy aana ¢n7 aqbn) \Ij(a'la ¢1) T \Ij(a’n—la ¢n—1) =0
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mean field approx

(coarse graining)

universe as QG condensate
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QG hydrodynamics

- _

mean field approx

(coarse graining)

universe as QG condensate
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QG hydrodynamics

.

~

v,

mean field approx

(coarse graining)

universe as QG condensate

"wavefunction" on minisuperspace

o(a,¢)
K(a,0a, 9, 0p)0(a, ¢) +Vio(a,¢)] =0

hydrodynamic (non-linear, possibly non-local) egn on minisuperspace

TGFT

~ non-linear (loop) quantum cosmology

Z:/Dng@e

S(p, @) = _/[dgi]SO(gi)’C(gi)@(gi) T ﬁ/[dnga]@(gz‘l)----@(%D)V(gz‘a,§z'D) + C.cC.

i Sa(p,p) -
A (@, @ _ Z o Ar
T

A

AN




QG hydrodynamics

~

U(a, gb) "wavefunction” on minisuperspace

K(a,0a, 9, 0p)0(a, ¢) +Vio(a,¢)] =0

hydrodynamic (non-linear, possibly non-local) egn on minisuperspace

\ _J
~ non-linear (loop) quantum cosmology
mean field approx correspondence based on:
(coarse graining) mean field o (D) D ~ {geometries of tetrahedron} ~

universe as QG condensate

TGFT

2

{continuum spatial geometries at a point} ~

2

minisuperspace of homogeneous geometries

Z:/Dng@e

S(p,p) = %/[dgz'kp(gi)’c(gi)%@(gi)

i Sa(p,p) -
A (@, @ _ Z o Ar
T

A

- ﬁ/[dg";akp(g“)""90(§iD)V(gz'a,§z‘D) + c.c.

AN




quantum geometric model with 4 scalar dofs (1 clock+ 3 rods + 1 matter scalar field)

Scrr =K +U +U”

— [atvao | (ﬁdg%)

h= /ng dhf/ddX A% do d¢’ @(gr, X)K (g1, hr; (x = X)3s (6 — ) hr, )", ¢)

5
gt ] eler x*, ¢)
/=1




next steps in construction of effective cosmological dynamics

from mean field hydrodynamics

to cosmological dynamics




next steps in construction of effective cosmological dynamics

from mean field hydrodynamics

to cosmological dynamics

- effective relational dynamics is then extracted (derivatives are with respect to clock time):

example: J;I(gb()) + AO'; (gbo) —+ BO‘j (qbo) -+ V[O'j (qb())] = 0




quantum geometric model with 4 scalar dofs (1 clock+ 3 rods + 1 matter scalar field)

Seapr =K +U +U"
h= /ng dhf/ddX A ded¢’ @(g1, X\)K (g1, br; (x — X)3, (¢ — &) ) o(hr, ()", ¢)

5 5
_/ddxd¢/<Hdg?>u ...,g[ H gIaX ¢
a=1 /=1

restriction to "good clock+rods" condensate states - peakedness properties on clock/rod values

4// peaked functions (e.g. Gaussians)

O¢,8,m0,mz;TH (QI, X", ¢) — ne(XO — CCO; 7T0)775(|X — X|; Wx)a'(gb X", qﬁ) L. Marchetti, DO, '20, '21

parameters governing peaking properties



quantum geometric model with 4 scalar dofs (1 clock+ 3 rods + 1 matter scalar field)

Seapr =K +U +U"
h= /dgz dhf/ddX A ded¢’ @(g1, X\)K (g1, br; (x — X)3, (¢ — &) ) o(hr, ()", ¢)

5 5
—/ddXd¢/<Hdg?>u ...,g[ H gIaX ¢
a=1 /=1

restriction to "good clock+rods" condensate states - peakedness properties on clock/rod values

4// peaked functions (e.g. Gaussians)

O¢,b,m0, Tk (g[, X“, gb) = 77.5()(0 — :CO; 7T0)775(|X — x|; ﬁx)(}(gb X“7 qﬁ) L. Marchetti, DO, '20, '21

parameters governing peaking properties

simplifying assumptions:
- small (sub-dominant) TGFT interactions: U << K (consistent with LQG and discrete gravity, and mean field approx)

- isotropy:  condensate wavefunction depends on single j (plus clock/rods/matter)



quantum geometric model with 4 scalar dofs (1 clock+ 3 rods + 1 matter scalar field)

Seapr =K +U +U"
h= /ng dhl/ddX A ded¢’ @(gr, X\)K(gr, br; (x — X)3, (¢ — ¢))o(hr, ()", ¢)

5 5
—/ddxdqﬁ/(l_[dg?)bf g [ [ el x
a=1 /=1

restriction to "good clock+rods" condensate states - peakedness properties on clock/rod values

4// peaked functions (e.g. Gaussians)

Oesmomaaon (91, XM ) = (X’ — 2% m0)ns (Ix — x|; 72)5 (g1, X, @)

parameters governing peaking properties

L. Marchetti, DO, '20, '21

simplifying assumptions:
« small (sub-dominant) TGFT interactions: U << K (consistent with LQG and discrete gravity, and mean field approx)

- isotropy:  condensate wavefunction depends on single j (plus clock/rods/matter)

resulting (free) mean field hydrodynamics eqgn: Fourier mode of matter

o« field variable
0565 (w, ) — 700G (2, 7p) — VEF ()65 (,mp) + o*V255(w, mg) = 0

22

>,

Note: general kinetic term approximated to 2nd order
derivatives wrt clock/rods, due to peaking functions

2

with o = (function of peaking

parameters)

Wl

€2
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using: 0; = pjexp [iej] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (spacetime localization defined in relational terms)

pj = pjtop;  6;=0;+09; p=pm) G =0(2"my)



using: 0; = pjexp [iej] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (spacetime localization defined in relational terms)

pj =Pj+0op;  0;=0;+30; p =0 m) =00 my)
> background eqgns:  pf(z°,ms) — {(9}(:1:0, 7)) + M (mg) — 705 (2°, 1) | pj(2% mg) = 0

! A/ (_?)/(33077 )
9j (x07 7T¢) + (Qj(x(), 7r¢) — 7/2) 10,5]2-(5130, ﬂ_(b?

_ (>\)5]2 —0




using: 0; = pjexp [iej] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (spacetime localization defined in relational terms)

pj=pjtop;  0;=0;+ 30 p=padmy) 0= 0" my)
> background eqgns:  pf(z°,ms) — {(_;-(:z;o, 7)) + M (mg) — 705 (2°, 1) | pj(2% mg) = 0
- (03) (2", 7p)

é;/(xoa 7T¢) + (9;(3307 7T¢) — /7/2) — ()\)5]2 =0

p3 (a0, mg)

perturbations egns: eg for large N (late time) and specific range of parameters

0 ~ 6pff (z,my) + ReaV?6pj(z, my) — W ()85 (w, m5)
15; (3707 7T¢)
Pj (xoa 7T¢)

0~ 59;’(:13, 7T¢) + 25(9; (;U, 7T¢) + Re Oévz(%)j(x, 7T¢)




next steps in construction of effective cosmological dynamics

from mean field hydrodynamics

to cosmological dynamics

- effective relational dynamics is then extracted (derivatives are with respect to clock time):

example: J;I(gb()) + AO'; (gbo) —+ BO‘j (qbo) -+ V[O'j (qb())] = 0




next steps in construction of effective cosmological dynamics

from mean field hydrodynamics

to cosmological dynamics

- effective relational dynamics is then extracted (derivatives are with respect to clock time):

example: J;I(gb()) + AO'; (gbo) —+ BO‘j (qbo) -+ V[O'j (qb())] = 0

- turning relational hydrodynamics to dynamics of relational observables

A%
example: <7) = H* = f(V,¢,0,0,....)




next steps in construction of effective cosmological dynamics

from quantum GFT observables (defined on fundamental Fock space)

to relational cosmological quantities (few observables so far)



next steps in construction of effective cosmological dynamics

from quantum GFT observables (defined on fundamental Fock space)

to relational cosmological quantities (few observables so far)

~ « "particle" number N = /dﬁb 0 (}) j(9)
O(0) = (0|00} 2 | el
* universe volume V = ag Z/dgb U;k(qb) j30j(¢)
e.g. J
V= Z/d¢gp}(¢)j3/2gpj(¢) - value of matter scalar field ¢ = Z / de O-; (gb) ¢ Oy (¢)
j J
- momentum of matter scalar field IIe = 2 Z/dﬁb (7; (Qb) aqb o (Qb)
J




next steps in construction of effective cosmological dynamics

from quantum GFT observables (defined on fundamental Fock space)

to relational cosmological quantities (few observables so far)

~ « "particle" number N = do o :
O(o) = (o|O|o) Z/ #5(#) ;(9)
* universe volume — a,3 Z/dgba ] O'J (qb)
e.g.
V:Z/dqﬁgoj(cb)j?’/%j((b) - value of matter scalar field b = Z/d¢0' Qb 0 (Qb)

« momentum of matter scalar field q; = Z/d¢0 8¢ g (gb)

+ going relational - to obtain relational time evolution:

choose one of scalar field variables in domain as "clock" - use it label evolution

- effective approach:

peaked condensate wavefunctions: o.(j, ®) = n.(J, ® — ¢o;m0) 0(J, @)
/

other approaches peaking function around ol fluctuations in (conjugate) scalar field
A. Calcinari, S. Gielen, E. Wilson-Ewing, .... with a typical width given by ¢ < 1 momentum also small if: €7To > 1



next steps in construction of effective cosmological dynamics

from quantum GFT observables (defined on fundamental Fock space)

to relational cosmological quantities (few observables so far)

~ « "particle" number N = do o :
O(o) = (o|O|o) Z/ #5(#) ;(9)
* universe volume — a,3 Z/dgba ] O'J (qb)
e.g.
V:Z/dqﬁgoj(cb)j?’/%j((b) - value of matter scalar field b = Z/d¢0' Qb 0 (Qb)

« momentum of matter scalar field q; = Z/d¢0 8¢ g (gb)

+ going relational - to obtain relational time evolution:

choose one of scalar field variables in domain as "clock" - use it label evolution

- effective approach:

peaked condensate wavefunctions: o.(j, ®) = n.(J, ® — ¢o;m0) 0(J, @)

-
other approaches peaking function around g fluctuations in (conjugate) scalar field
A. Calcinari, S. Gielen, E. Wilson-Ewing, .... with a typical width given by ¢ < 1 momentum also small if: €7To > 1

- effective relational observables (localized "at given moment in time"):

N(go), V(do), ®(P0) == ¢o, (o)



using: 0; = pjexp [iej] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (spacetime localization defined in relational terms)

pj=pjtop;  0;=0;+ 30 p=padmy) 0= 0" my)
> background eqgns:  pf(z°,ms) — {(_;-(:z;o, 7)) + M (mg) — 705 (2°, 1) | pj(2% mg) = 0
- (03) (2", 7p)

é;/(xoa 7T¢) + (9;(3307 7T¢) — /7/2) — ()\)5]2 =0

p3 (a0, mg)

perturbations egns: eg for large N (late time) and specific range of parameters

0 ~ 6pff (z,my) + ReaV?6pj(z, my) — W ()85 (w, m5)
15; (3707 7T¢)
Pj (xoa 7T¢)

0~ 59;’(:13, 7T¢) + 25(9; (;U, 7T¢) + Re Oévz(%)j(x, 7T¢)




using: 6j = p;j exXp [iej] rewrite in standard hydrodynamic form (fluid density, phase)

homogeneous background + inhomogeneous perturbations (spacetime localization defined in relational terms)

,0] — ,5] + (5,0] (93' = éj —+ 5(9] p = /5(33077%) 6 = é(xo,ﬂ¢)
> background egns: g (z°,74) — {(_;(xo, 7r¢))2 + (A)nf-(%) —0(2",74) | ps(a”, ) =
. (p5) (¥, my)

00, mg) + (B (a°,mp) — 7/2) - g2 =0

p3 (a0, mg)

perturbations egns: eg for large N (late time) and specific range of parameters

0~ 0p}(x,my) + Re aV2pj(z,m4) — (A)772'(7T¢)5:0j(557 Ts) ;
15; (xoa 7T¢)

0 ~ 60" (z,7y) + 200 (z, 7y)
e IR i (a0, )

+ Re Oévz(%)j (QZ, 7T¢)

from which we get eqns for observables

- expectation values of "microscopic observables" in peaked condensate states: relational spacetime-localized observables

N(:C()?CCZ) = <O-€,5,77077Tw733'u’N’O_€75777077T:an'u> V(x()?xZ) = <O-€,5,7T0,7Tm,$“"7’0-6,5,7T0,7Tm,$“>

XIU’(Q;'O’:UZ) — <O-€,5,7T0,7T$,CU“‘V‘O-€7577T077Tmaxu> = ajlu H(x07 :UZ) = <0-€;5777077Tw7xu‘HV|O_€7577T077T:E)$“>

¢(aj07xz) = <O-€,5,7T0,7T:E,$”L‘¢|0-6,5,7T0,7T33,$'u> H¢(xosz) = <O-€,5,7T0,7T33,$'u"]/'_‘\[Qb|0-€,5,7'('0,71'33,$“>

quantities of interest for effective continuum gravitational physics emerge as
coarse-grained, collective observables, averages in suitable class of QG states



by inserting dynamics of condensate background into expression for universe volume: background universe dynamics
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M. De Cesare, A. Pithis, M. Sakellariadou, '17; M. De Sousa, A. Barrau, K. Martineau, 23

« QG-produced early-time acceleration possible
T. Landstatter, L. Marchetti, DO, to appear
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(in regime: large volume, negligible TGFT interactions, single spin mode)

2
Ty

: : . : : 2 2 2
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and standard D'Alambertian is obtained for specific state parameters only

« volume perturbations dynamics only matches GR in superhorizon (k--> 0) regime (otherwise wrong scaling of kA2 term)

eqgn for scalar field can be obtained in same way:

ON

effective scalar field §¢ = § <<f>> . = ~

QB + N8w¢59vo 5N/N — 2510’00/157)0 = 25P’UO

Tp=T¢

with the ingredient satisfying same equation: 5;)'% + 2,uvo5/pvo +ReaV?6,, =0=200) +2u,,60, +ReaV>s,,
(in regime: large volume, negligible TGFT interactions, single spin mode)

- also effective scalar field dynamics only matches GR in superhorizon (k--> 0) regime (otherwise wrong scaling of kA2 term)

L. Marchetti, DO, '21

- analysis for both background dynamics and effective volume/scalar perturbations
can be extended to small-volume/early times regime R. Dekhil, F. Greco, S. Liberati, DO, to appear



Further results

 correct GR dynamics of higher-momenta (but still sub-planckian) perturbations (volume and scalar field)
can be recovered by extended construction, involving more details of discrete causal structure:

A. Jercher, L. Marchetti, A. Pithis, '23,'24

- extended TGFT with both timelike and spacelike fields (creating timelike and spacelike tetrahedra) with kinetic kernels:

. (0 0\2 2
K=Ky (gva Juws (Xv - Xw) ; (¢v — (/5w) ) (timelike/spacelike scalar

) , frame components)
K- :K—(gvagw;|Xv_Xw| 7<¢’U_¢’w) )
« extended TGFT condensate of both timelike and spacelike quantum tetrahedra (previously only spacelike ones)

‘A; 20, a:> _ NA€&®1_+1+®%+521>®1_+5111+1+®5E )

/

key role of entanglement between timelike and spacelike components

« background dynamics unaffected (and matching GR at large volumes/late-times)

- dynamics of volume and scalar field perturbations at late times:

V" 5V SV’
— | +d*'k? | =) =-3H | = 6¢" + a*k?5¢ = J which match GR dynamics
V V V
with QG corrections (very small in sub-Planckian regime): J, = —c (aQ—k) ¢’ [—iqﬁ + 2M ] I (z)
y g - Jo = Mo NG Pl 1

AH 3/4 a’k
“\azw) T\ )



New emergent spacetime physics

« emergent cosmology with quantum bounce (in hydrodynamic approximation) L. Sindoni, DO, E. Wilson-Ewing, 16

- effective QG-inflation (with graceful exit) at early times T. Landstitter, L. Marchetti, DO, to appear
- corrections to GR dynamics due to physical frame (Quantum clock&rods) L. Marchetti, DO, '20, '21
- fluctuations of quantum geometric (cosmological) observables L. Marchetti, DO, '20, '21

- emergent cosmological constant (asymptotic
deSitter expansion), with value tied to
parameters governing quantum bounce

X. Pang, DO, ‘21, '25

T. Landstatter, L. Marchetti, DO, to appear

- effective phantom-like dark energy dynamics
from QG at late times

X. Pang, DO, 21, '25
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New emergent spacetime physics

- effective volume & scalar field dynamics (effective QFT) can be derived at both small-
volume/early times (close to quantum bounce) regime and late times R. Dekhil, F. Greco, S. Liberati, DO, to appear

* very involved equations

- include: effective potential/mass terms, dissipative terms, QG effects on background, ...
- both geometry and matter are emergent/collective observables

« Lorentzian structure and symmetry recovered but, in general, depend on:

TGFT model

collective vacuum state

dynamical regime

properties of physical frame and relational strategy

« corrections to standard QFT and GR come from

QG effects on background and perturbations dynamics

peaking properties (physical nature of matter frame)

corrections to mean field hydrodynamics approximation

- most, if not all aspects of usual QFT, are approximate (unitarity, locality, ...)



Lessons, broader issues, further directions



1.Cosmology as hydrodynamic approximation of QG system: collective, coarse grained QG dynamics

- focus on cosmological dynamics = focus on few global, collective observables = (result of coarse graining

« cosmological wavefunction on minisuperspace = order parameter labelling collective state, not quantum state
no corresponding Hilbert space of "quantum cosmology" within larger Hilbert space of QG states

(Q2]€2) = ¥(a, ¢) U(a,d) = pla, p)ed@®)

 relevant observables are matched with continuum gravitational physics as averages, not eigenvalues

3. Cosmological evolution is relational evolution with respect to physical clock
- relational evolution requires conditions of (good) clock, implemented as conditions on relevant quantum states

- which clock? possible mismatch between "fundamental” and "effective" clock dofs
eg: "massless free scalar field" at fundamental level =/= massless free scalar field at effective (hydrodynamic) level
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- relational evolution requires conditions of (good) clock, implemented as conditions on relevant quantum states
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4. Also spatial localization and thus local physics, including cosmological perturbations, is relational

- cosmological perturbations: spatial localization to be defined also via relational strategy, i.e. by additional rod fields

g |\]0st principles of QFT and GR are emergent & approximate (locality, unitarity, local causality, ....
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Physical (cosmological) significance of RG flow and phase transitions

- fate of cosmological singularity in QG

according to (current description in) TGFT condensate cosmology:

Classical cosmological singularity is replaced by “big bounce" scenario

more precisely:  Classical cosmological singularity replaced by “big bounce" scenario,

in mean field restriction

of hydrodynamic approximation

within condensate phase

« if result of mean field approximation is reliable even after qguantum corrections  then, yes, cosmic quantum bounce!

....... if hydrodynamic approximation holds

....... if “quantum spacetime system” stays within condensate phase

« If hydrodynamic approximation breaks down: e.g because too few “atoms of space” are involved and/
or because fluctuations become too strong

_> disappearance of continuum spacetime

- If QG system leaves condensate (geometric) phase: e.g. quantum fluctuations drive quantum dynamics towards
phase transition, QG system reaches criticality

_> even more radical disappearance of continuum spacetime 50, '07. 17

necessary: pre-geometric, non-spatiotemporal description in terms of QG “atoms”

and full understanding of QG phase transition geometrogenesis
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» epistemic view on laws?

standpoint and general perspective: an epistemic view on physical laws and the role of agency
+ laws of nature are the product of intelligent agents; their role is irreducible and not negligible (outside ideaiizations)

* epistemic nature of laws and role of intelligent agents has concrete implication for
(our understanding and formulation of) fundamental physics

* resonances with (and inclinations towards) epistemic perspectives on QM

 epistemic perspective on (dynamical) quantum causality,
as foundation of quantum geometry

» the universe is (largely) what we think it is (or what we model it as)
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Which quantum mechanics (or generalization thereof) without spacetime?

in all of the above, we have assumed and used standard Quantum Mechanics

so we end up with non-spatiotemporal qguantum mechanical structure and
quantum (physical) frames that partially embody the observers/participators

but without spacetime a lot of what goes into the usual interpretation of qguantum mechanics is unavailable

and the full nature and power of the "participator" is to be understood by analysing Quantum Mechanics itself

it is quantum mechanics that makes the "observer" central in "making reality", a "participator”

from QG perspective:

~ )
* some suggestions: only laws are "laws of rationality", rather than laws governing events in spacetime?

only "laws of consistency across perspectives/participators"?

 one call for action: need to understand the "quantum principle" beyond spacetime

- key issues: what are "participators"? what are (Qquantum) probabilities?




Which quantum mechanics (or generalization thereof) without spacetime?

resonances with:

Epistemic-pragmatist intepretations of QM

- Bohr's views

- Relational Quantum Mechanics

- Bub-Pitowsky Interpretation

- Miiller's interpretation

- Brukner-Zeilinger interpretation

- Healey's pragmatism

- QBism

A. Barzegar, DO, 2210.13620 [quant-ph]

see also J. Pienaar, '21

Bohr, 1963

Rovelli, 1996, 2018

Bub, Pitowski, 2010; Bub, 2017

Masanes, Miiller, 2011; Miiller, 2017

Brukner, Zeilinger, 2000, 2002; Brukner, 2007

Healey, 2012, 2017

Fuchs, 2010, 2017



Which quantum mechanics (or generalization thereof) without spacetime?

resonances with:

Epistemic-pragmatist intepretations of QM: shared elements
A. Barzegar, DO, 2210.13620 [quant-ph]

v - . ) see also J. Pienaar, '21
1. An epistemic (as opposed to ontic) view of quantum states

A quantum state is not in itself real. It represents knowledge, information or
beliefs of the "observing system" in relation with the "observed system"

2. A metaphysics of participatory realism

The only subject matter of QM is the relation between two systems (the "observing” system and
the "observed" system), the two poles of an interaction relation. We should move from an object-
based ontology to a relation-based one. Reality is continuously shaped by the interaction between
the two involved physical systems. This is a "participatory” and "relational” realism.

3. An epistemology of perspectival objectivity

If quantum states are a complete account of physical facts and they are relational, it follows that physical
facts are necessarily perspectival. There is no perspective-independent fact. Facts (about physical systems)
are irreducibly relative (to a perspective provided by other physical systems). The only possible form of
objectivity is a weaker notion, which amounts to constraints on the possible perspectival accounts.

each of these ingredients deserves and requires much further philosophical analysis
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Which quantum mechanics (or generalization thereof) without spacetime?

resonances with:

Epistemic-pragmatist intepretations of QM: key differences

- who (what kind of physical system) can play the role of "observer"? A. Barzegar, DO, 2210.13620 [quant-ph]

see also J. Pienaar, '21

- any physical system RQM
. "Complex (resourceful) enough" physical Systems BUb'PitOWSki, Mﬁller, Brukner—Zeilinger, Healey
. full-fledged subjects QBism
- what are "quantum probabilities"?
. propensities ~ measures of dispositions ROM
- Bayesian probabilities
- objective, evidence-based Bub-Pitowski, Brukner-Zeilinger, Healey
- subjective QBism
- nature of physical laws is relevant for above issues representational vs normative

- these issues have to be understood without assuming /relying on spacetime



Thank you for your attention!



