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Review question 1: What 1s the
kinematical Hilbert space that LOG 1s
built on?

T'he loop approach has uncovered a remarkable
kinematical Hilbert space. For a fixed graph I' 1t 1s

%F = Lz[GL/GNa MH]a
which consists of cylindrical tunctions:

fA) =Yr(1h,}).
polyhedral

interpolation




Review question 2: Where was the ‘cat’s
paw print’?
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T'he gauge invarniant parameters, p/, and p/., needed to
complete our gauge 1mnvariant description of the shape ot
the tetrahedron (shape coords.) do not commute:

—_— —_ — 9
0, D F=7A, 8, A, =+ yEVolg.
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Summary point: Area Regge calculus 1s
possible, but requires weak constraints!

In 4D the bones are 2D e e —
triangles . olue into a 4} @ %
T'he area of the triangle 7 1s S

conjugate to the curvature
angle around the bone. T'his
curvature angle 1s compact,
indicating the areas will be
quantized.

T'he choice ot area variables 1s harmonious with LOG, and
the focus of the discrete geometry path integrals of spin toams.
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Prologue

Today I want to discuss the prospects and
challenges of connecting quantum gravity to
experiment.

I will also touch on some 1deas and open
problems in Loop Quantum Gravaity.



Planck Unats

Dimension Expression Value (SI)
Planck length Length (L) I, =\ hGlc? 1.616 x 107 m
Planck mass Mass (M) mp =/ helG 2.176 x 10~® kg
Planck time Time (T) = VGl 5301 107 ¢

Planck temp.  Temperature (8) Tp= \/ e Gk E416 <10 ke

Planck area Area ( L7 ) as — hGlc’ 7612 % 1079 m2
Planek enerioy: - Eneroy (LEMIAE ) B —\/hc’(G 1.956 x 10”]
Planck force Force (LM T7?) Fo=c'lG 1210 x 107 N

Planck density  Density (M i ) e clifG 5155 < [02° kg/ m’
Planck power  Power (LM T7) F,=c%1G 3.628 x 102 W
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Gravity-Induced Entanglement
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Three steps:

1. Systems | and 2, of equal masses m, are put in a superposition of positions, L

2. In one branch (the |R, L) one here), the masses are a small distance d apart for
a fime 1.

3. Gravitational time dilation 1n the close branch leads to a change in phase
- Gm?t
= g
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AM, J)
S(IM,J) =k
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Are black holes simple or complex?

Pure classical solutions to GR:

Mass M . Spin .J

Huge entropy:

~ [ ] ‘ A(M,J)
91 L) = e

N <

Bianchi & HMH, New ]. Phys. 20, 103028; Bianchi, Gupta, HMH, & Sathyaprakash, 1812.05127
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https://iopscience.iop.org/article/10.1088/1367-2630/aae71d
https://arxiv.org/abs/1812.05127

Today’s Discussion

. The Observational Challenge: Black Hole Spins
2. Matter and A: Massive and Curved ‘Cats’

3. Quantum Gravitational Symmetries and

Topology Change
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Gravitational thermodynamics and statistical
mechanics are atypical

+ (Gravity 18 long-range and cannot be shielded

+ Strongly gravitating systems, like black holes, do not have
additive energies (non-linearity)

<+ w Both of these facts undermine the basic notion of
thermodynamic extensivity and much ot the usual
formalism

On the other hand, thermo-statistical argcuments would
appear to be the best chance we have to confirm a quantum
Nature for the gravitational field.
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T'his atypicality arises 1n practice:

self-gravitating gases are odd

A gas of self-gravitating particles satisties the virial theorem
Upot =— 2l
and, hence,
Utot = Ukin + Upot = — Ukin-
By equipartition

3 oU 3
g = i dnd
2 oT 2
Selt-gravitating gasses have negative heat capacity. 1They

break up 1nto a core and halo, with the core condensing and
heating and the halo accepting heat, expanding & cooling.
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4 = ? The non-linearity of
outiside:, % kS \ (A oravity leads to all sorts
observer o T B time of wonderful instabilities,
V'\ ‘ \ P/ / "’3 ’l
& o\ 4/ | For shell of mass m:
| —B’ Mm
. = G
& L g 72
’96? \Q% :
b 4 € g? (;ra)\? Pressure on this shell:
SR ¥ e | [ \\Gravitational r p =
—m&ﬁte?— \\ Collapse And () /W
A na

‘!“-\ m=m :

F . = Fp w < >
I'he huge entropy of a black hole 1s due to capture of the halo

and itS radiation. Wallace, Brit. ]. Phil. Sci. 61, 513; Pretorius, Vollick, Israel PRD 57, 6311
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https://arxiv.org/abs/0907.0659
https://arxiv.org/abs/gr-qc/9712085

Is collapse avoidable?

/.‘\

.......
p Wg"

time

Roger Penrose in Berkeley, CA, 1973

As we’ve discussed. .. halt of 2020
Physics Nobel prize

“for the discovery that black hole
formation 1s a robust prediction of
the general theory of relativity”
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In solar masses

LIGO-Virgo Black Holes
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Black hole entropy suggests that we fix a
thermodynamical setting:

Fix the mass-energy
content of the dashed
region to be M...

...this corresponds to
what we usually call the
microcanonical ensemble




At fixed mass, rotating black holes

Dimensionless spin parameter

]
GM?2/c’

a € [0,1].

Bekenstein-Hawking entropy

mP

21

have a smaller entropy

S(M,a)

0
non-rotating

a

1
extremal



Interpreting the black hole entropy as a result of microstates,
we can mntroduce the probability of ditterent spins

Number of microstates at fixed (M, a) :

N~ SMa)

Number of microstates at
fixed M:

1
N NJ ed?Ma)q 204
0

T'he ratio gives a probability:

2
SA(M,a) /4% 2

1
/ 2
/ cAM,a) /4t 12 g1
0

PM(CL) =

Macrocanonical BHs have small spins, (a)(M) ~ 1038



Inflationary models provide an intriguing explanation
f the cosmic microwave background

Planck Legacy Release 2018 _— : =2 '7 T ‘ = - ESA and the Planck Collaboration

T'’hermal fluctuations alone are too small to explain the

temperature anisotropies. ..
25



Inflationary models provide an intriguing explanation

f the cosmic microwave background

Planck Legacy Release 2018 = = e '7 T m—— ESA and the Planck Collaboration

...but, these anisotropies are well described |

Dy A

gaussian statistics of quantum curvature pertur
24
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What about large amplitude curvature perturbations?

We are taking the intriguing hypot
amplitude perturbations are described |
statistics 1n the microcanonical ensemb!

PB(g'uy‘M) =

Why?

nes1s

that large
oy a Boltzmann

1 &

5(Gﬂ1/)5(% i M)

J@gﬂyé(Gﬂy)é(% e M) |
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What about large amplitude curvature perturbations?

Why? Well, a quantum state for the geometry of the
universe would lead to a probability Py(g,,) and a

microcanonical probability

P ) = :
‘P(g/“/ ‘ ) I@gﬂvP‘P(g,uv)é(% 7 M)

It Py(g,,) 15 suthciently constant over the mass shell,

then this exactly reproduces the Boltzmann distribution
of the last slide(!) and we are doing Gen. Rel. statistical
mechanics. 'This leads to all the BH entropy results:




Interpreting the black hole entropy as a result of microstates,
we can mntroduce the probability of ditterent spins

Number of microstates at fixed (M, a) :
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What are the spins of black holes that form wvia
collapse?

= e T
0<a= = < 1
GM/c?-Mc GM?/c

Table 1 The masses and spins, measured via continuum-fitting, of ten stellar black holes®.

System Qx M/Mg References

Persistent

Cyg X-1 > 0.95 14.8+ 1.0 Gou et al. 2011; Orosz et al. 2011a
LMC X-1 g2 = 10.9+1.4  Gou et al. 2009; Orosz et al. 2009
M33 X-7 0.84 £0.05 15.65+1.45 Liu et al. 2008; Orosz et al. 2007
Transient

GRS 19154105 > 0.95% 10.1+0.6 McClintock et al. 2006; Steeghs et al. 2013
4U 154347 0.80 £ 0.10% 9.4+1.0 Shafee et al. 2006; Orosz 2003

GRO J1655-40 0.70 & 0.10° 6.34 0.5 Shafee et al. 2006; Greene et al. 2001
XTE J1550-564  0.347020 9.14+0.6  Steiner et al. 2011; Orosz et al. 2011b
H1743-322 0.2 +£0.3 ~ 8¢ Steiner et al. 2012a

LMC X-3 < 0.3¢ 7.6+ 1.6 Davis et al. 2006; Orosz 2003
A0620-00 0.12 £ 0.19 6.6 £0.25 Gou et al. 2010; Cantrell et al. 2010
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Are some black holes born spinless?

Is zero spin evidence for the statistical nature ot black
hole entropy?

What comes of confronting these 1deas with
oravitational wave data?
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Observation of black-hole spins in GW events

(M1,d@1) + (Ma2,d@) + L — (My,dy) + GW

Dimensionless spin
S
(== 08_
GM?/c
o
a € [0,1].
0.6
Eftective initial spin
M +Ma, L
Xeff T e :
v el
with Xeff € [_17 1]
S —0.5 0 0.5
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Observation of black-hole spins in GW events

(M1,d@1) + (Ma2,d@) + L — (My,dy) + GW

A GW150914 v GW151012 <« GW151226

1 | I !
Dimensionless spin
GMQ/C ‘L <
0,1 T
a € (0,1]. >
=06

Eftective initial spin

- Myd, + Maas L 0l
Xeff T e :

v el

with Xeff © I_17 1I

0.2 I I I
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Observation of black-hole spins in GW events

(M1,d@1) + (Ma2,d@) + L — (My,dy) + GW

A GW150914
'(}\7\71707291
Dimensionless spin
S
GM?/c
a € [0,1].
$0.6

Eftective initial spin

—

Yoff = S
. Mt R
with Xeff € [_17 1]
0.2

YGW151012 <«GW151226 » GW170104 * GW170608
+ GW170809 x GW170814 * GW170818 X GW170823
| | |
<
*:?
| | |
—0.5 0 0.5 1



Comparison of microcanonical ensemble to gravitational waves

(My,@1) + (M2,@) + L — (My,d5) + GW

Final spin

a0 0.8

o . af
Eftective initial spin
0.6
My @+ Msdy L
= =
4 My + Mo L] | |
0.4
0.2

| |
o1 o
e , ___________________________________________________________
| ! |
= “Eaae 0.5
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Comparison of microcanonical ensemble to gravitational waves

@i e = (e L (a) - Gl

Il | |
Final Spin microcanonical _T,
® lg-lg
af 65[0,1] 0 EYQ
(prle e 0600 e i ...........................................................
A population with final l

: 0.6] -
spin computed from fit |

of numerical-relativity X
[LIGO-T1600168] >
g 60 — (e o g
. . |
02—1 —0.5 0 0.5 1
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Comparison of microcanonical ensemble to gravitational waves

(M1,@1) + (Mz,@) + L — (My,d5) + GW

1 | |
F mal Spln microcanonical E

g 0. 1)

A population with final
spin computed from fit
of numerical-relativity

|LIGO-T1600168]

g 60 — (e o g

9 | j |
? 0 :



Comparison of microcanonical ensemble to gravitational waves

(Mai)] F (Vb ay)

Final spin

ar < [O, 1]

A population with final
spin computed from fit
of numerical-relativity

|LIGO-T1600168]

dz =069 — (Ml_M2

Mi+Mo

)* x 0.56

Z

0.8

0.4

0.2

— (Mf,c_if) + GW

I

microcanonical
® lg-lg
lg-2g

: A GW150914

v GW151012
<« GW151226 H
» GW170104
¢ GW170608




Comparison of microcanonical ensemble to gravitational waves

g = (060 L —— (0 a) = CTl

1 : | |
F lnal Spln microcanonical
® lg-lg
o lg-2¢g
CLf = [O’ 1] 0.8 . ‘Q‘F
1
Qi 060 o i 09— | A GW150914 |
A population with final A s
- o *® <« GW151226
spin computed from fit i( D,
of numerical-relativity p * GWI70608
LIGO-T1600168] £ P
UELEE + GW170809
— o x GW170814
vpes UG0 — far— s ¢ (056 i s
5 * GW170823
0.2 | i |
—1 —0.9 Yeoff 0 (.5
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Comparison of microcanonical ensemble to gravitational waves

(My,@1) + (M2,@) + L — (My,d5) + GW

Final spin
ar < [O, 1]

The first 3 events trom
rtun $)3:

GW190412
GW190814
GW190521

GWI190814 has a mass
ratio of g ~ 10

1 I I I
(a)
GW190521 |
0.8 = . ‘..:.;‘. - .
- o
S il My R
3 0.6 LTIV owi90412 -
0.4 GW190814 -
/ microcanonical
= ® lg-lg
o lg-2¢g
02 | | |
—1 —0.5 0 0.5 1
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In solar masses
160

LIGO-Virgo Black Holes
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; $ ) Bianchi, Gupta, HMH, & Sathyaprakash, 1812.05127

Farr et al. "Distinguishing Spin-Aligned and Isotropic Black Hole Populations With Gravitational Waves," Nature 548 (2017) 426
Belczynski et al., “The origin of low spin of black holes in LIGO/Virgo mergers,” 1706.07053
Rodriguez et al., “Illuminating Black Hole Binary Formation Channels with Spins in Advanced LIGO,” Astrophys. J. 832 (2016)
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https://arxiv.org/abs/1812.05127

LLSC may be observing primordial black holes

In the early Universe during

the QCD transition, the

pressure drops and collapse
of overdense regions 1s

amplified:

0.35

0.301

0.25

WEOE

0.15-

01D

HES

---- 1/3

Flg 1in Byrnes et al, 1801.06138

105

1073

1072

10! 10° 10 102 10} 104

Mu/Mo
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Today

Life on earth

Acceleration -
Dark energy dominate

Solar system forms\ =

14 hillion years
“
11 bllllon years

.-O

Star formation peak \CEEE
Galaxy formation era\ \
Earliest visible galaxies

Recombination Atoms form

Relic radiation decouples (CMB)\ (] (.J =2 0@’

Matter domination
Onset of gravitational collapse

Nucleosynthesis

700 million years
L
7% 2
—= ) 00,( 000 ye &)
|

5 000 years

: 3 minutes ~

Light elements created - D, He, Li |~ *

Nuclear fusion hegins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition

Electromagnetic and weak nuclear

forces first differentiate
Supersymmetry breaking

Axions etc.?

—— 0.01 seconds —
O e RS e T S

Grand unification transition =

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




LLSC may be observing primordial black holes

Today —= 14 hillion years
Life on earth - : v

Acceleration : 11 hillion years -

A quick estimate of the BH

mass range gives: |
3 5 iest visi ' g—— 700 mill.ion years
= Myt v — 2G M, c

Recombination Atoms form }

0"
3 Relic radiation decouples (CMB\ ¢ ) S O 2/
M 98 Matter domination — 5000vears
™" O by Onset of gravitational collapse

2\/5 G 3/2 \/10_0 Nucleosynthesis 4.‘3An;iqutes‘ : |

Light elements created — D, He, Li | _ Y
Nuclear fusion begins —— 0.01 seconds —

And py ~ (150 MeV)Y/R'e? IR
arves My ~ 25M )

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition F—

Lattice QCD simulations give
Electroweak and strong nuclear
a mass range: 0.1 — 100 M i

Quantum gravity wall
Spacetime description breaks down
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What does the evidence say about a
subpopulation of zero spin black holes?

T'his 1s a topic of active discussion: Galaudage et al modeled
individual spins and mixed 1n a zero spin population...

7 3.5

oo Docte 02D il Flg1mCamsteretal220508574X“‘“‘lo ......
6 _ ....................... Galaudageetal ..... (202.1.) ...... : | 5 SRS Xmax =().9
? | Fig. 21in Calllster et al, 2205 08574 e e Xmax = 0.8
5 : . . 25 [ SN A A e s b ..... // .,......‘ ........ \\ .......................... T PI» lor .....................
/ N
’ aric
2.0 ,’ .................... ‘\\ ..................................................................................
o /, ., \\\
l -
& 15 i i b NS S A5ce3) e, Wit SRR Sl Ao bl
7 \
/ \
/ \
1.0 F-a=—- ; ¢ s _._____.___._____.__-___\( ____________________________
o / \
. / \
/ \
0.5 |epferniflosssbammsisimsssssisrs s sssss s g L, VRPN IREONCI RN
—0.4  —0.2 0.0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8 1.0
Xeff @

..Gallister et al model the zero spin population more
flexibly & find a smaller population, but their fraction of
zero spin binaries, ¢, 1s still :_1)6%31{6(1 in the range U 25-00.4.




Full released catalog GWTC-3
83 BBH, 7 NS/BH Mergers

RA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM B EM Neutron Stars
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T'he observational challenge

What can we turther correlate with mass and spin to pin
down a population of massive primordial black holes?

Are there more ways to leverage the ac

vent of gravitational

wave observations to mvestigate quantum gravity?

Calcagni, 2012.08251; Parikh, Wilczek, & Zahariade, PRL 127, 081602; ...

Can we observe gravity-mediated entanglement?

Bose, Mazumdar, Morley, Ulbricht, Toros, Paternostro, Geraci, Barker, Kim, & Milburn, PRL 119,
240401; Marletto & Vedral PRL 119 240402; Christodoulou, Di Biagio, Aspelmeyer, Brukner,

Rovelli, & Howl, 2202.03368; ...

Are there signs of quantum gravity in the GMB or elsewhere

in cosmology?

Ashtekar, Gupt, & Sreenath, Frontiers Ast. & Spc. Sci., 8, 685288; Agullo, Kranas, Sreenath, ibid;

Weltman et al, Publ. Astron. Soc. Aust. 37;

More?
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https://arxiv.org/abs/1707.06050
https://arxiv.org/abs/1707.06050
https://arxiv.org/abs/1707.06036
https://arxiv.org/abs/2202.03368
https://arxiv.org/abs/2103.14568
https://arxiv.org/abs/2105.12993
https://arxiv.org/abs/1810.02680
https://arxiv.org/abs/2012.08251
https://arxiv.org/abs/2010.08205

Today’s Discussion

. The Observational Challenge: Black Hole Spins
2. Matter and A: Massive and Curved ‘Cats’

3. Quantum Gravitational Symmetries and

Topology Change
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Question

I am excited about all the developing work that includes
matter 1nto quantum gravity—termions on spin networks,
resolution of fermion doubling, ...—and I would like to better
understand matter’s impact on the gravitational Gauss law...

Bianchi, Han, Rovelli, Wieland, Magliaro, & Perini, COG 30, 235023; Lewandowski & Zhang,
2112.08865; Gambini & Pullin, Phys. Lett. B 749, 374; Zhang, Liu, & Han 2205.12208; ...

For a static weak field g = — Vo l JA
and we have the intriguing

C’I;?-d_z4>=—47tGM

that carries information about the
mass content of the region out to
its boundary.

Where 1s this 1n spin networks?
49


https://arxiv.org/abs/1012.4719
https://arxiv.org/abs/2112.08865
https://arxiv.org/abs/1506.08794
https://arxiv.org/abs/2205.12208

Question

In other words, what 1s a massive cat?
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Ideas and challenges 1

...this 1s one 1nroad to the beautiful work that 1s being done
on corner symmetries, edge modes, gauge theories, and soft
theorems:

Freidel, Geiller, & Pranzetti, [, II, III; Donnelly, Freidel, Moosavian, & Speranza, 2012.10367;
Riello 2104.10182; Riello & Gomes, SciPost Phys. 10, 130; Kabel & Wieland, 2206.00029;
Chen, JHEP 4, 011; Chen, Chua, Liu, Speranza, de S. L. Torres, PRL 125, 241302...

In gauge theories there 1s a foundational, though oft unstated,
‘co-rotation’ [c.f. Riello Hopfmiiller, & Gomes, Nucl. Phys. B 941, 249] of gauge
and matter fields

—igA(x)/h
o oo Tl and. U el

T'his leaves me quite interested in extensions

N

PdA=0 —  (p dA—=—47GM

(y

and beyond!
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https://arxiv.org/abs/1808.02074
https://arxiv.org/abs/2006.12527
https://arxiv.org/abs/2007.03563
https://arxiv.org/abs/2007.12635
https://arxiv.org/abs/2012.10367
https://arxiv.org/abs/2104.10182
https://arxiv.org/abs/1910.04222
https://arxiv.org/abs/2206.00029
https://arxiv.org/abs/2009.11273
https://arxiv.org/abs/2006.02430

Ideas and challenges 11 n1

T'he generalization to spaces with
cosmological constant, or constant
curvature geometries, 1s also pregnant
with 1deas:

T'he Lie algebra closure becomes a group closure

& Lt o0 . D000

A e — L
with O, = exp {—fnf J } = exp {AAfﬁf- i } Even at the classical

l"
level the non-commutativity of the O, leads to rich subsystem

composition related to Poisson-lie groups, r matrices, and g-
deformation. The similarities of these structures with the
statistics of particle exchange 1s mysterious and intriguing!

Bonzom, Dupuis, Girelli, & Pan, 2205.13352; Dupuis, Girelli, Livine, GRG 46, 11; HMH,

Han, Kaminski, & Riello, Phys. Lett. B 752, 257; Haggard, Han, & Riello, AHP 17, 2001; ...
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https://arxiv.org/abs/2205.13352
https://arxiv.org/abs/1403.7482
https://arxiv.org/abs/1509.00458
https://arxiv.org/abs/1506.03053

Question

In other words, what 1s a spherical cat?
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Today’s Discussion

I. The Observational Challenge: Black Hole Spins
2. Matter and A: Massive and Curved ‘Cats’

3. Quantum Gravitational Symmetries and

Topology Change
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Ideas and challenges 111

Challenge: perhaps the single most common and insidious
error that infects papers on quantum gravity 1s too easily
making the subsystem split

%=%1®%2.

T'he trouble 1s that this split 1s seldom done 1n a way that
respects the constraints: the gravitational Gauss law (discussed
above), and the diffeomorphism constraints. Indeed, the ®
may even need to be generalized.

Donnelly & Freidel, JHEP 09, 102; Arrighi, Durbec, & Wilson, 2110.10587; See
Bianchi et al...

!


https://arxiv.org/abs/1601.04744
https://arxiv.org/abs/2110.10587

Ideas and challenges IV

The Quantum Gravity community has a remarkable 1dea: that
spectral discreteness of spacetime can be completely consistent
with Lorentz invariance through spacetime superpositions.

Rovelli & Speziale, PRD 67, 064019

(x)_
) ﬁ(mﬂu)

What 1s a concrete, specific realization of this idea? For
example, the transformation ot the area and volume spectra
of a single tetrahedral grain.

I think that having such an explicit model of spacetime
superposition and 1ts consequences would be a valuable
resource for interesting people in quantum gravity.
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https://arxiv.org/abs/gr-qc/0205108

Ideas and challenges V

I am delighted by the examples of work in Lorentzian Regge
calculus and spin foams that I have seen 1n recent years.

My thinking about the different roles for causality in spin
foams and loop quantum gravity 1s muddier than I would like.

How should we organize our approaches to L.orentz signature,
causal structure, and topology changing spacetimes?
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I'he answer to this question has impact on:

* Causal structure of evaporating black holes

* The variables we use to describe spin foams i |

e Geometries that can contribute to the sum over states ...

Asante, Dittrich, & Padua-Argtielles 2112.15387; Livine & Oriti 0210064; Bianchi & Martin-
Dussaud, 2109.00986; Soltani, Rovelli & Martin-Dussaud, PRD 104, 066015; HMH & Rovelli
PRD 92, 104020; Feldbrugge, Lehners & Turok, PRD 95, 103508;...
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https://arxiv.org/abs/2112.15387
https://arxiv.org/abs/gr-qc/0210064
https://arxiv.org/abs/2109.00986
https://arxiv.org/abs/2105.06876
https://arxiv.org/abs/1407.0989
https://arxiv.org/abs/1703.02076

In the questions period there were several questions about
black-to-white hole transitions. A selection of references that
discuss this follow, from which you can find many more:

Rignon-Bret & Rovelli PRD 105, 086003, Soltani, Rovelli & Martin-Dussaud, PRD 104, 066015;
Bianchi, Christodoulou, d”Ambrosio, HMH, Rovelli COG 35, 225003, HMH & Rovelli PRD 92,
104020, Ambrus & Hajicek, PRD 72 064025, Hajicek & Kiefer IIMPD 10, 775.

T'he central point 1s that there are
quantum eftects that are relevant for

black holes 1n all three of the
regions, &, 9B, and €, indicated 1n the
Penrose diagram at left.
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https://arxiv.org/abs/2108.12823
https://arxiv.org/abs/2105.06876
https://arxiv.org/abs/1802.04264
https://arxiv.org/abs/1407.0989
https://arxiv.org/abs/1407.0989
https://arxiv.org/abs/gr-qc/0507017
https://arxiv.org/abs/gr-qc/0107102
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