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Why Bulk-Boundary ?
Because of Holographic behaviour of Quantum Gravity

Dynamics of region of space-time region faithfully
represented by a theory living on the boundary
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Why Bulk-Boundary ?
Because of Holographic behaviour of Quantum Gravity

Dynamics of region of space-time region faithfully

( represented by a theory living on the boundary

BH Q“&""’F’j;
eMErop:} bounds
and area law
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Why Bulk-Boundary ?
Because of Holographic behaviour of Quantum Gravity

Dynamics of region of space-time region faithfully

( represev&ed bj a Eheorj Living own the boumd&rj w

2H QV\E“OF’:}; ‘) ‘Di{faamarghism Ly,

and
hiveie bounds No screening of gravity, delocalised observables
and area Law ' '
Effects always propagate

ko bou.&\ciarj... but BHs ??

Thermodynamics of spacetime, Asymptotic symmetry alg,
Einstein egns from entropy flux boundary symmetry alg

ALS/CFT-like tarrespo&\dev\ces,
hawgro\pmc Aualities
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Why Bulk-Boundary ?
Because of Holographic behaviour of Quantum Gravity

Dynamics of region of space-time region faithfully
represented by a theory living on the boundary

But also simply because

(? Bulle <= Boundary = basic propagation in (quantum) theory
C? Bulle <=> Boundary = pb of boundary conditions & quantum states
(? Bulle <= Boundary = basic setting of path integral

C? Rulle <=» Boumd&r:’ = naktural e.xperimenfzat setting
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34 Quankum Graviﬁj as Tesk Ground

Becouse Topological Field Theory —> Naturally Holographic
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34 Quankum Graviﬁj as Tesk Ground

Becouse Topological Field Theory —> Naturally Holographic

(? No local d.of. tn bulkk — "Global” d.of tn &OF’OLOS:?
and on bouhdarj

Thus perfect to study structure and role of boundary state
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3d Quankum Gravi;Ej as Testk Ground

Because Topological Field Theory —> Naturally Holographic

C? No local d.of in bulkk — "Global” d.of tn &OFOLOSU
and on boumd&rv

Thus perfect to study structure and role of boundary state

C? Exactly quantizable iy Convergence of approaches

to 34 quantum graviby

A
Hamilkonian j K TQFT Fm?:h
djnamics inkegral

Cheri-=Simois
&keorj LQG

Stake-sums
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34 Quankum C%ravi&v as Tesk Ground

Becouse Topological Field Theory —> Naturally Holographic

C? No local d.of. tn bulkk — "Global” d.of tn &OF’QL‘OS?
and on bouhdarj

Thus perfect to study structure and role of boundary state

C? Exactly qu&h&iz&bi& RN Convergence of approaches

to 34 quantum graviby

Thus can work in fully-defined theory and make exact
computations for probability amplitudes

Work in Ponzano-Reqgqe model, to learn about spiwfoo\ms i general
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Ponzano-Regge Path Integral

éy Discrete path integral: Prescribes a probability amplitude to
Spinfoams every 3d triangulation
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Ponzano-Regge Path Integral

éy Discrete path integral: Prescribes a FrobabLLLEv ampti&ud& ko
Spinfoams every 3d triangulation

C? Flanck scale geome&r:}: Length, area, volume, angle OFE?QEC)T’S
A la LQG wikh qu&m&&w.d spec&rum
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Ponzano-Regge Path Integral

éy Discrete path integral: Prescribes a probability amplitude to
Spinfoams every 3d triangulation

(? Flanck scale geome&rv: Length, area, volume, angle opera&ors

A la LQG with quantized spectrum
Cy Topological Invariant: Inv under translational symmelry,
TQFET encoded in Biedenharn-Elliott identity
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Ponzano-Regge Path Integral

Discrete path integral: Prescribes a probability amplitude to
Spinfoams every 3d triangulation

Planck scale geome&r:}: Length, area, volume, angle opera&ors
A la LQG wikh qu&m&&m.d spec&rum

Cy Topological Invariant: Inv under translational symmebry,
TQFET encoded in Biedenharn-Elliott identity

Finite Amplitudes: Suitable gauge fixing procedure,
Operational theory matches Ray-Singer torsion & ok thavs
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Ponzano-Regge Path Integral

Discrete path integral:
Spimfaa\ms

Planck scale geometry:
A la LQG

TQFT

Cy Topotogir::ai. Invariant:
C? Funike Amyti&ud&s:
O»Pero\ﬁomat Ehe_orv

Cy Exkensions:

Versatile formalism

Spinfoams’ Bulk-Boundary - E. Livine - Loops’ 24

Prescribes a Frobabitafzj ampti&u&e ko
every 3d briangulation

Length, area, volume, angle opera&ors
wikh qu&h&&z&d spectrum

Inv under translakional symmelry,
encoded i Riledenharn-Elliokk Ld@\&&&j

Suitable gauge fixing procedure,
matches Ray-Singer torsion & ok tvs

Lorentzian signature, g-deformation,
superqgravities, 3d GFTs



Ponzano-Reqgqge Path Integral in details

Prescribes a probability amplitude to every 3d triangulation

Za =) [I0%@5 + 1) [ [ (1> []{65}2

{je} ¢ ¢

o SFLMJ ol edqge L=+ji(G+1)lpianck

o Intertwiner I on each triangle
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Ponzano-Reqgqge Path Integral in details

Prescribes a probability amplitude to every 3d triangulation

Za =) [I0%@5 + 1) [ [ (1> []{65}2

{je} ¢ ¢

‘SEJEMJ on edge L = Vi + 1) Lpianck

Defines path integral for quantized Regge calculus

for e dl o as(Sal(in)) + )

Ja Js Je J x>l A/127V
6 Reqgqe action for discrete gravity
SR = Z(Jk St L2
k=M
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Ponzano-Reqgqge Path Integral in details

Prescribes a probability amplitude to every 3d triangulation

Za =) [0 25 + ) ] [(-1)=ee 7 []{64}

{je} ¢ ¢ r

SF@EMJ on edge L = Vi + 1) Lpianck

Defines path integral for quantized Regge calculus

- Aoy
1 ¢ e 1 ( i 7'(') Foras, JLLy
: : ] ~ cos | Spl{7ktl + — RA
{ J4 RSN }jk>>1 V127V [{‘7 }] 4 4;\/&#72%
6 Reqgqe action for discrete gravity
Sr =) (jx + 3)bk g FK = Sppy 3
k=1 Discretization of boumdarv action ! ‘Ll C ’MYI
ege [61)
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Ponzano-Reqgqge Path Integral in details

Prescribes a probability amplitude to every 3d Eriangulation

Za =Y 1025+ 1) [ [(-1)=eee? [ {65}

{je} £ ¢ T

‘SFLMJ on edge L = Vi + 1) pianck

Defines path integral for quantized Regge calculus

ol sl o s (Salin)] + )

74 J5 W6 wsl s WA

Does not depend on details of Erianqgulation, but only on boumd&rv state !
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Quankum bcwumdarv conditions on kthe 2-sphere

Bou.ndarj skake

P
—_—

SPEM Nebworke

> g
_—

Quankum chndarv
Condikions
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Quankum baumd&rv conditions on kthe 2-sphere

Bou.ndarv skake

o
-

SFEM Nebworke

-2
_—

Quankum chndarv
Condikions

PR Amplitude projects onto physical state = flat connection

So it is given by spin network evaluation :

Straightforward contraction of Clebsh—-Gordan coefficients
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Quankum baumd&rv conditions on kthe 2-sphere

Boundar'j skake

P
—_—

SPEM Nebworke

-2
_—

Quankum Bofumdarv
Condikions

Bomv\c&&rj skabe does not need ko be pure spin nekwories

But one can use arbitrary (coherent) superpositions of spins

C? ‘Possi;biii%v ko expi.ore how QG ampii&uc&es
d@.pemd On
(type of) quantum boundary conditions
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The Ponzano-Regge Propagator

e ———

final disk

it

N Enal disk

X . irterpolating
solid cylinder cylinder

mibad sk

The Ponzano—Regge cylinder and propagator for 3d quantum gravity SPE,M sei,at:&ioh, Erav\sdfer makrix )

2107.03264 [L] V
quantum gates

Quasi-local holographic dualities in non-perturbative 3d quantum gravity I

-Convergence of multiple approaches and examples of Ponzano—Regge statistical duals

1710.04202 [Dittrich, Goeller, L, Riello] M&FPE’MS to &-vertex wmodel

Quasi-local holographic dualities in non-perturbative 3d quantum gravity II

— From coherent quantum boundaries to BMS3 characters i
1710.04237 [Dittrich, Goeller, L, Riello] Recovers BMS3 characters, Link

with flat space holography

Non-Perturbative 3D Quantum Gravity: Quantum Boundary States
and Exact Partition Function 1912.01968 [Goeller, L, Riello]
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https://inspirehep.net/literature/1878433
https://arxiv.org/abs/2107.03264
https://arxiv.org/abs/1710.04202
https://arxiv.org/abs/1710.04237
https://arxiv.org/abs/1912.01968

Bulb lek’s s&aj own khe sphere Eodav

and leave the torus for
fubture exploration

Spinfoams’ Bulk-Boundary - E. Livine - Loops’ 24



3d Quankum Grav&&v - 2d Ising ciu,od.i;&v

Introduce interesting class of coherent states:

Al \/H J —216)' HYQJG st(1Je})

Combinatorial
weight Controls Poisson-like
distribution for spins

e o pure spin nebworks

Fmrame&ers

Spinfoams’ Bulk-Boundary - £. Livine - Loops’ 24



3d Quankum Gravi&v - 2d Ising clu,ati;%y

Introduce interesting class of coherent states:

2R = 3 (f e TT 0 o)
e} 7 : ‘) < PR amplitude for

Combinakorial 4)
weight Conkrols Poisson-Lilke

distribution for spins

Coherent statbe
Farama&ers
Compu&e PR amPLLEude_:

1
25y 1P

Zr {Ye}] o

Y. = tanhiae
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2d Ising zeroes from Quantum Gravity

Greb Ising zeroes (critical couplings) from (quantum) geometry

as 24 triangulations embedded in 34 flat space

1
25y )P

T{Ye}] o

Ising zeroes

QA Poles \

\ Semaiclassical geome&r'j

(Large spins)
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2d Ising zeroes from Quantum Gravity

Greb Ising zeroes (eritical r:oupiings) from (_quah&um) geometry

as 24 triangulations embedded in 34 flat space

Stat Phys 6. difedra? anglo i e‘em\}”(@n‘?‘f 45 {{_

R4-08,01263 [Bonzom, L]

Ising zeroes

QG Poles \

T Semiclassical geomelry

(Large spins)
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https://arxiv.org/abs/2405.01253

2d Ising zeroes from Quantum Gravity

Greb Ising zeroes (eritical r:oupiings) from (_quah&um) geometry

as 24 triangulations embedded in 34 flat space

WBedrol o 98 ¥

Stat Phys S f;‘h ( e 4 :e?&\ftm‘?-f 5 g(.
% X 53 5 ey

AR Fomr B

BUT MORE ...
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2d Ising zeroes from Quantum Gravi',&j

Greb Ising zeroes (critical couplings) from (quantum) geometry

as 24 triangulations embedded in 34 flat space

8 difdil 3R T
Stat Phys T de 4 ik e‘emJ’t@\E}f . g‘*
- >

1
g “BO“Q e 5k 0
A yrgrolics et

BUT MORE ... 34 QG from fusion of non-critical conformal blocks

3&‘ As topological network of Ising bubbles !

ﬁm«é@ |

Always remains a boumd&rv theory
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2d Ising zeroes from Quantum Gravity

Greb Ising zeroes (eritical r:c;mpi.éngs) from (_quah&um) geometry

as 24 triangulations embedded in 34 flat space

0 Jfdiol o SR T
Stat Phys 4 de 4 ik e’-eu’ﬁm? . g‘*
)\ 2 51

!
g “Bm? Ma\;&@
A yrgrolics et

BUT MORE ... 34 QG from fusion of non-critical conformal blocks

gQJ’-L As topological network of Ising bubbles !

ﬁm&;ﬁ% |

Always remains a boumd&rv theory

Bullke Coarse-graining -» Baumdarj refinement & renormalization
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What's qoing on ?
Bullk from Boundarj =2 Bc;:-u,&\clarj from Bulk

Can build TQFT from boumdarv theory:  Example of 1d Ising -» 24

yl y27-- o Za yl 92,.. Z Zkyk0k0k+1

{O'v_j:}
Bulk J / \ R
Eheorlj

Bou.hdarj modes”

Bou,v\do\ry CO”’F’UMSS

Boumd&rj
daka

%haory
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What's qoing on ?
Bullk from Bound&rj =2 Bou&\d&rj from Bulk

Can build TQFT from boumd&rj theory:  Example of 1d Ising -» 24

Zaly1, Y2, .. Z 2k YRTRTh+1 — Hcosh Yr + Hsmh Yk
{o,==%}

Z@[ylv Y2, "]#Za[yla g?a ] - 28[927 il g27 ]

Z@[yla Y2, "]#Zﬁ[yla ?jQ» ] 4 fCOS 20 do Z@[eiga Y2, "]#Zﬁ[eiea g27 ]
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What's qoing on ?
Bullk from Bound&rj =2 Baumd&rj from Bulk

Can build TQFT from boumd&wj theory:  Example of 1d Ising -» 24

Coarse-grain to compute bulk

amplitude from global boundary

FUSE
€
>
DE-FUSE Z = Zo#ZoH Lot Lot - .
Z = Zsy Refine to qet bulk as network 1% i
of boundary theories . / H o Z
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Whats qoing on ?
Bullk from Boumdarj =2 Bou&\d&rj from Bulk

Can build TQFT from boundary theory:  Bulk as edge mode network

Can have non-trivial fusion: Add coupling to bouuciarv theory
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What's qoing on ?
Bullk from Boundarj =2 Baumd&rj from Bulk

Can build TQFT from bouv\c{arj theory:  Bulk as edge mode network

Can have non-trivial fusion: Add coupling to bOt&Md&Y”j theory

20 {ue}] = 2§ [{wn)) = e P Exe)
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What's qoing on ?
Bullk from Bound&rj =2 Bou&\d&rj from Bulk

Can build TQFT from boumd&rv theory:  Bullk as edge mode network

Can have non-trivial fusion: Add coupling to bau&\c{arj theory

20 {ue}] = 2§ [{wn)) = e P Exe)

= Z$ {ug, @]
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What's qoing on ?
Bullk from Bound&rj =2 Bou&\d&rj from Bulk

Can build TQFT from boumd&rv theory:  Bullk as edge mode network

Can have non-trivial fusion: Add coupling to bau&\c{arj theory

20 {ue}] = 2§ [{wn)) = e P Exe)
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What's qoing on ?
Bullk from Bound&rj =2 Bou&\d&rj from Bulk

Can build TQFT from boumd&rv theory:  Bullk as edge mode network

Can have non-trivial fusion: Add coupling to bau&\c{arj theory

20 {ue}] = 2§ [{wn)) = e P Exe)

2551)#2({(952) o Zé()ﬁ) wikh

15, ! becomes a bulle observable under

refinement, ik is is extensive, ik is ...
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What's qoing on ?
Bullk from Bound&rj =2 Bou&\d&rj from Bulk

Can build TQFT from boumd&rv theory:  Bullk as edge mode network

Can have non-trivial fusion: Add coupling to bau&\c{arj theory

20 {ue}] = 2§ [{wn)) = e P Exe)

2551)#2({(952) o Zé()ﬁ) wikh

15, ! becomes a bulle observable under

refinement, ik is is extensive, it is the 2d area
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What's qoing on ?
Bullk from Bouno’k&rv =2 Bo-u,ndocrj from Bulk

Can build TQFT from boumd&rj theory:  Bulk as edge mode network

Can have non-trivial fusion: Add coupling to bc:»unciarj theory

—_

Z(_;’}) i{'”.’: ” 85 Zé;})[{'“'&:}] e 8(3, 2y )2

RTW Ehat was 24 BF
wikth B72 Po&eh&iat

3 ! becomes a bulk observable under

refinement, ik is is extensive, ik is the 24 area

Simplest example of spinfoam renormalisation
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lLessons

Bullk from Baumdarj =2 Bou&\d&rj from Bulk

Can build TQFT from boundary theory:  Bulk as edge mode network

Can have non-trivial fusion: Bull observables become Boundary couplings
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lLessons

Bullk from Baumdarj =2 Bou&\d&rj from Bulk

Can build TQFT from boundary theory:  Bulk as edge mode network

Can have non-trivial fusion: Bull observables become Boundary couplings

Now extend PR work to higher dimensions (3d, 4d)

To study interplay bebween
renormalisation & holography

i spinfoam models
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Ponzano-Reqgge 'F‘roFo\go\E;or




