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#miclassicalregimeo G

· Ground state ? C.f. Hydrogen atom : 1153 vs. ⑩
· T

· Semiclassical states with fixed <41814)
,
41,...

Quantuminformation - new tools :

-Semiclassical corner of the Hilbert space
- entanglement bounds on correlations

- subsystems from subalgebras
- causal origin of correlations
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i~ Gaussion with <En) and ASAdi = 20

d
sample of
random

states
->

· I Sa

#Setup [Page PRL/1993]

#B
· Hilbert

space
H = HaH

,
dim = dadis El

· Random
pure

state 14y = 1140Y

uniform ·
random & reference state

distribution unitary (Haar)
· Entanglement entropy Ja(14y) = -Tralgalogfa) , Ja =Trill+)



# Exact formulas for the average and the variance of P(GA)

[Page , PRL1931 is da dis

·to + 1) - Ed + 1)- Gamma funct.T(X)
difamma funct. I(x)=

· Asymptotics : SSAY ~Logda eragropy-maxentropy
dis da

#Variance /Bianchi-Dona
,
PRD'19] (Afal " =<SaSY-J5a) 2

#= d -Edd,
& Asymptotics : (SA)2 ~ e narrow distribution
-

disda M

-

P(Sa) da = 24 ~ Gaverian with <Sn) and ASA

>picalvolent entropy I di = 20i
->

Sa 4/14
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Entanglement Entropy and Thermalization

# Random factorized initial state 14ox = 1PaxIXBY (quantum quench)
· Evolution with Chaotic Hamiltonian

,
It = ciH+ 140

-(14=y N = 10 ubitsA 9
Smax Na = 3↑ Nis = 7 Saturation

to Equilibrium value

+

Fluctuations

↳
↑

(4z))/Smax

I I As
from
Ensemble

t statistics
->

↑ t
Factorized initial state
->
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# Typicalentanglement will constraits #... I
· Tage'93 : qubit model of unitary BH evaporation N

⑳

* note : no Hamiltonian

#* Assumptions :
·

i
* Id · in NA

⑨⑨

qubits v "N/C NY

-Finitedimension dimf I QFT X

QG ?

- Factorization H = HaHi
qubits -E QFT x (Rech-SchliederThm)
QG X

# Constraints : 6 "14x = 0
qubits-fixed N excitations

H" = (HH)
Eg.: &

cold atoms in optical lattice -> N atoms

QFT - fixed energy

findin, non-fectorized QG -> Diffalt constraints
BH mass - fixed energy
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# Typicalentanglement will constraits : abelian example

· Hilbert Space H = HaQHis

· Hamiltonian H = Ha + Hi with [Ha
,
Hb)=F

· Basis Ka
, xYIEBBY , energy eigenspace E= En + dis

· Direct sun

decomposition train- )H = H(E)
I

· Energy eigenstates and block-diagonal density matrix

H14Y = Eley = [ga , Ha) = o => en =()= ga
with Ja = Triple Yel

· Entanglement entropy
Ja(lty) = - Tr/falogga) = [plcal (Trykllogg(s) - plogp()
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Bianchi - Dona [1904 . 08370] PRD 2019

# Exact formulas for : Bianchi-Hackl-Kieburg-Rigol-Vidmar [2112 .05959] PRX2022

=(H) de = dini
,
br = dimk

,
= Edube

· Average entanglement entropy
- -

#Y= [be(ID-Elman(dribe +1) - mini)
·

Mariance...

N = 10
, ne = 3 P(SA)

Na =4

↑ (A) with energy-constraint
-

↳ Random States

with no constraint
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Etrarchy oftes : Volumelaw , Aralaw , Zolaw

· Many-body system H=H = Her vo LQG
-

R

-##
· Random States

metastate
-

· High Temperature Pageurve

ZEro-LawStates Sp11+ y) = Co + ...
-

-----

· QG basis states

· High Energy (noT) ........ ....

-

- -

↳are-· Long-Range Correlations
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#reaLaw & Semiclassicality Gr

In CM QFt
,
or we lover thenergywe transition from volume-law to area-law

Y

& In CM
,
zero law states are high-energy (not Fock in QFT)

# In QG
,
we don't have an immediate notion of energy or energy-density

=> Reverse Perspective : Entanglementas a Probe

ArchitectureConjecture (Bianchi -Myers 19212 . 51837 CQ6

Semiclassical 14) in QG
belong to the area-law corner of Aphys ## 1.SAree(OR)
-> (1+ y) = 2πrOR) +--- -
Volume Law and Zero Law state

are genuine quantum geometrier# I+ quantum perturbation
far from classical spacetime
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Zerolaw and qualorigin of tanglement

- N

↑
Planck Scale-Pre-Inflationary Phase -- Inflation -- Hot Big Bang & CMB

It-
---

N=10 qubitsT ↑ &
Saturation to Equilibrium Value

FluctuationsZero-law state
, cosmological quench s

. f.: ↳ Faste/or

=
I

I Es
statistics

-

and quantum BKL conjecture
↓ "torized inition

at
- -

!

Bianchi-Hackl-Yokomizo [1812
.08959] (15MPD)
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I EntanglementDynamicsin the Primordial Universe

logt

QG Inflation
Hot Big Bay

o - Reheating- Kmax↑ T Kmin -
Grim em=nfolding

N = log
· Inflation -> Gaussian Squeezing
· Before Inflation -> QG-to-QFT Transition
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Power-froma Initial StateofPerturbation
[1807. 02211]

· Initial state 14ox : Bunch-Davies vacuum veexcited

· Pre-inflationary phase can prepare excited state

· If inflation doesn't last too long (Ninge-50
Y

=>

praticoftheinitial t
-

k) S- n
ro- law state => powersuppress,

* Note :

(Primordial)

Amplitude - degenerate with Kinetic phase
↓ As
-

flathered tilt
- PLANCK 2018 low-l anomaly· - Statistical significance ?

⑭I

kx = 0 . or Mpc Other observables ? 13/14
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· Area is more fundamental than length
· Loops are more fundamental than curvature

· QG as TQFT with 2d defects
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· Hierarchy of entanglement in CMT and QFT

· Area law in LQG

· Primordial entanglement

X


