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matter(atoms,moleculesandcontinuouselectromagneticelds.

. the (wave)theory of light, opemting with continuousspa-
tial functions,leadsto contradictionswhenappliedto the phe-
nomenorof emissiorandtransformatiorof light

Accoding to the assumption..., the enegy (of light emittec
from a point source) is not distributed continuouslyover ever-
Increasingvolumesof space but consistsof a nite numberof
enegy quantalocalizedat pointsof spacethat move without di-
viding, andcanbeabsorbedr geneatedonly ascompletaunits

— Albert Einstein: On a heuristicpoint of view on the production
andtransformatiorof light
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Gravitation is the geometryof spacetimehoughtof asa4 dim
continuumof events

Einsteins equation) spacetimeyeometryis asdynamicalas
matterandradiation

Similar dichotomybetweerdiscretematter/radiatiormndcontinu-
ousspacetimgeometry(cunature).

Big Bang ! transformation of spacetimecurvature into
matter

Black hole! production of pure spacetimecurvature by
collapse

) whatcontradictions?
spacetimeasingularity: breakdovn of ClassicalGR
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Raychaudhuri equation: in GR, genericenergy conditions)
singularities are inevitable

Big bangsingularity: globally past

Black holesingularity: future

Big bangsingularitynaked

Eventhorizonof blackholehidessingularity
Theoremson E H

A hor 0
hor — COnSt
M = nhor Ahor T

Analogywith thermodynamics
But, no microstateswithin classicalGR !
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I (Gh=c3)172 10 33cm signi es scale of onse
of guantumgravitational effects) replaceclassicalcontinuun
spacetimdoy quantumgeometry

) Quantum spacetimegeometry has stateswhich yield the
microstatesproducing Sy, ) Black hole physicsmore com-
pelling reasonfor quantizing spacetimegeometry than aes-
thetic reasondbasedon uni cation of forces sincegravity is not
aforce.E.qg.,for Maxwell electrodynamics

Sph =

2 3
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Hyvax = BAgr E+ 2@E2+ B 24}
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EZ2+ B2! photons whenguantized
For GR

Hgr = [NH + N P]
OwhenH O; P O

whereH ; P arediffeomorphisngenerators
) nogravitons in full nonlinear GR without choosingnondy-
namical background

What is guantum geometry?

No completetheoryyet. Oneviable approach Loop Quantum
Gravity ! non-perturbatie, background-independefdrmula-
tion of Q Geo

WhatdoesLQG buy us?
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Microcanonicakentrogy of isolateqd macroscopigeneric4 dim

GR blackholes Ashtekaret. al. 1997:Kaul & PM 1998 2000
A 3 2 Anor: . 413 ¢
S| ph = hgr “log | hgrE+ const; + O% E
4|p |2 4|p . Ahor }

qu:sptm:cor r:

For radiatingblack holes,direct applicationof LQG not pos-
sibleyet; indirectly, usingstd statmech! universalcriterion
for stablethermalequilibrium  chatterjeet PM 2005
c 1122
M ioh(Ahor) > L5t Siph(Anor)
Gk §

Canonicakentropy Das,Bhaduri& PM, 2001; Chatterjee& PM 2003-4
A hor
Scanon = Sjpy + = Iog % 4|g §

{z }
th f luct.cor r:
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EH too global

EH is teleological: determinedonly after entire spacetimas
Known

Stationarity) blackhole metrichasglobaltimelike isometry
Excludescosmologicahorizons(de Sitter)
Seeklocal generalization



Ashtekaret. al. 1997-2001

Isolatedhorizons
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Null innerboundaryof spacetimavith spatialslicesbeingS 2
Null directionvector elds | ;n suchthatl:njjy = 1

My = 0) LiApor = 0) Apg = const: (isolation)
) IH notcrossed

(n)y < 0) outertrappingsuriace

Stationaryblack hole horizons,cosmologicahorizons: : : !
examplesof IH

OnlIH cande ne | suchthat | = const: ! Zerothlaw of
IH meCh'(normof | not x ed)

OnlH, candenemassM |4 = M ap M Erlad suchthat
MiH = | Apor + ::: (Istlaw of IHM)

Suchhorizonscorrespondnermodynamicallyo amicrocanon
ical ensemblavith x edA o
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BecausdH is aninnerboundarysymplecticstructure

b =1Ter *+ ! IH

For variationalprinciple to go through,this lifts uptothe level of
theaction

S=SEHL t SIH
SincelH is null, metriconIH is degeneratg S,y mustbea3
dimtopologicalFT! ?
Digression:canonicalvariables
Sen-AshtekaconnectiolA ! SL (2; C) valuedself-dual

Curv ature F dA + [A; A]l = F
e’ e

wheree areSL (2, C)-valuedtetrad elds
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Self-dual rst orderaction
i
8 G
= SEHL
usingr e = 0 obtainedrom A Sgp = O.

Ssp Tr'y ~F

On a spatialslice M 3 in time gauge(local boostsgauge x ed),
residualgaugegroup! SU (2)

a _ abcy . ] .a
Aj = Libe ¥ 1 Kjeg

where,! j,c ! spinconn.,K ! extr. curv. Canonicallyconju-
gatemomentunE; dete e}.

) constraints
D E O, P(A;E) O, H(A;E) O

simplify considerably
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However, Agp ! comple) quantizationproblems

Canonically transformto -parameterfamily of real SU (2)
(Barbero-Immirzi)family of connections

Cag e+ Kl el

where, 2 R..

Momen tum ()E —E
)
S 1 2 () ®
Cu dloae = g M wy 0~ 2'A
Ah Z
+8023Tr Szg)A" E)A

Seconderm! SU (2) ChernSimonssymplecticstructrurewith
k — Ahor :8 G
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Lifting to level of action

Sy = kTr ‘

2 2 3
s, R EAAdA+3AAAAA§

UsingS = SgEHy | + S| H, variationalprinciple OK provided

k .
EZFCS"' 2152 = 0

This consisteng condition) bulk spacecharacterized by
playsrole of sourcefor CS dof (characterizedby F-g) on IH

Absenceof localexcitations) betterformulationin termsof non-
local variables

holonomy h|(A) P exp ZI A
smeared solder form E &(s) " Efn
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Innerproductgivenby Haarmeasuren SU (2) N

i (hyg;:0h)g!  overcompleteountablenasisn kine-
maticalHilbert space.

Obsenrables! geometrical areayvolume,length,...

Spinnetbasis! eigenbasifor theseobserableswith discrete
spectrum.

Consideraspacelile 2-surfaces with classicalarea
As ZS d2 @n

How do we computethe eigervaluesof the correspondini)
guantumobsenrable?
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Dividing up the surfaceinto tilessy;1 = 1;2;:::; N of In-
nitesimal area,
_ N b 1=2 .
As= fim  ~ [Ec Eg Capl™ ™
where,Es, Is the solderform smearecover the surfaces; and
C 5p Is the Cartan-Killingmetricfor SU (2) .
Areaoperator
_ N b 1=2 .
As= i =1 E5 B Canl™™
with appropriateegularizationof overlappingsmearingsurfaces.
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. u :
as(j1iiiiijn) = Izp_1 ip(ip+ 1)
Jimojas(niiiiindi As+ O(IF)
where,j 1;:::;] N arespinsof spinnetlinks of quantum3-spact:

piercingthe 2-surfaces.

Eventhoughthe spectrums discrete the scaleof discreteness
is not the Planckarea,but 13; since 2 R4, discrete
nessscaleis ambiguousdueto inequvalentguantizationdor

choicesof
cannotbe computedwithin LQG (cf parametem QCD)

Thereareregularizationsubtletiesvhich expertsdo not always
agreeupon.
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If all links piercinga 2-surfaces carryj; = 1=2 8i

as(N) = 4 P3 Ig N equal spacing

Quantum Isolated Horizon
Generically states

J 1= N CN | NI l;
where, | arespinnetwork stategepresentindpulk spatialge-
ometryand] | representhelH ChernSimonsstateson the 2-

spheresS.
OperatorConsisteng Condition

kFes + "rgj i =0

Now,

“poni= o 0p Saiip W(x o xp)?sion
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Bulk spinnetlinks actingaspoint soulceson S

Op. Consistencycond. ! operator CS Gausslaw with bulk
spinnet statesacting aspoint sourcescarrying | i

Calculatedim H ¢ s+ pt sour ces car rying |

number of conformal blocks of SU (2) k WZW model on S
with point sourcescarrying spinsj 1;:::;J N  Witen1989,..
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) No. of microstatesof IH computable from calculating no.
of conf. blocks of SU (2) , WZW model with point sources
carrying spin.

fusionalgebraof primary elds characterizedty |

Fusionmatricesthemseles computedusing Verlindeformula
In termsof trigonometricfunctionsof spins
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mi+ +my;m €

k + 2 1=0
)
- k) —
e ma =

De cit angleatpunctures (j ) Isamonotonicfunctionof |; and
obeys

N
i=1
) for IH to have topologyof S2, mustmaximizeN ) choose:
minimumj; = 1=2 8i

(Ji) = const:



_0 N 1

(N)_%szg

_ 'e;hor
=4 P 13

Low-techway

It from bit Wheeler1995,'t Hooft 1996
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Assumeeachplaquettehasarea 15 ) p Ap=I3
for macroscopidlackholes

Spinl/2 (binary)variablesn eachplaquette
Countonly rotationallyinvariant(j 1ot = 0) states

1 1

_pPE§ P
()= bppt Lo s 1y

}

| —{z——}

m ot =0 Mpt= 1
) samedegenerag ascountedvia CS-WZW connection

1
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where, o = log 2= g 3

3
2

A hor

Iog%42
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For N 1

Smicr o log ( N) O 1 S
= A;J‘gr k ilog %AJ;” £+ const: + O %;IP g
P P hor
where, o = log2= = 3
Setting = o matchegshenormalizationof the BH arealaw

without changinghe LO quantunmcorrectionlog A nhor

Inclusionof spins] > 1=2 doesnot changecoef cient of log
correction; g changedby afew percent! onceset,valid 8
Isolatednorizons

In nite series of nite unambiguous quantum geometry
correctionsnot anticipated earlier
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Radiatingblackholesnotdirectly accessibléo LQG basedanaly-
sisaslsolatedHorizons

Usestd statmechto analyze: Can radiating black holesbe in
stablethermal equilibrium with their radiation bath ?

NO for Schwarzschildblack holessincethey have negative heat
capacity$ Zcanon % 1

However, AdS blackholesaredifferent Hawking & Page1983

AdS spacetimemetric has con ning' propertiesat large dis-
tance

Caucly datarequiresspeci cationof incomingradiation

For arangeof parameter¢rhor >> () 1=2y "adSblack
holescan be in stablethermalequilibrium with radiation)
Canonicakensemble€K for asymptoticallyadSblackholes
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Recallin canonicalGR

H = Hpuk * Hbpay
suchthat
H bul k 0
In LQG
H = Hpuk + |‘/|\bdy
suchthat

Hbulki Nibik = 0
where] p I pk arestatescharacterizindpulk space
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Chooseasbasiseigenstatesf thefull Hamiltonian

j i= NX_ CN: J Nipikl  Tbdy
With thesepropertiesthe canonicalbpartitionfunction
Z = Trexp (Hpk+ Hpdy)
— Trbdy exp I—’dey
Z bdy
) black hole thermodynamics completely determined by
boundary partition function

Differentnotion of holograply : no duality betweenboundary
and bulk; bulk statesdecouplein canonicalensemble
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Assume
Boundary! blackholeeventhorizon

Elggn/alues of Hpgy : En = E(an) where,an =
F
)
Lpdy = ; d(E(an)) exp E(an)

dn g(E(a(n))) exp E(a(n)) forn>> 1
= " dE exp(Smicr o(E) E Iogjjfj)

Make saddlepoint approximationwith saddlepointE = M | 4,
l.e., equilibriumcon gurationis choseno be anisolatednorizon
with amassM (A nhor ). Includeeffect of Gaussiarthermal uc-

tuations.
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Lpdy = €Xp %Smicr o(M) M
é B
, Sr%(i)cr p(M )
th: f luct: corr:
) usingstdstatmechrelation

}

o dE.
gldnJE:M

1
Scanon = Smicr o(Ahor) §|09
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In saddlepoint approximation

dE :
Lpdy = €Xp %Smicr o(M) \ Iogld—JE ME
é B
" Shier o(M)
th: fluct: corr:
) usingstdstatmechrelation

}

1
Scanon = Smicr o(Ahor) §|09

where,

M OQA hor )Sr%icr o(A hor) \ O(A hor )Sm|cr o(A hor )_
\ O(Ahor )S (Ahor)
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ForthermaIStability, Scanon I real ) > 0
HeatCapacityC dM =dT ; usingmicrocanonicabe nition

of temperaturel (Apgr ) 1 dSmicr o=dM andexpressin(|
everythingasfunctionsof A pq,

C = f%Anpor) 1
> 0if f >0
Nec. & suff. cond. for thermal stability
> 0)
M %A hor ) Sr?licr ol Ahor) > M 1A hor ) Sr?\(i)cr o(Ahor )
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Remarks:

Criterion derved without ary referenceto speci ¢ black hole
metrics

UnlessSY. . ((Apnor) > 0 (asderivedfrom LQG), criterion
doesnotrelateM (A nor ) andSmicr oA hor )

Sufciency : M (Anor) > Smicr o(Ahor)

Example: Schwarzschildbh

0 2M1 0 2M1 1
ds?= &1 r;Edt2+%1 r% dr?+ r?d 2

) M (Anhor) = (Ahor =16 )1:2
) Schwarzschildoh! thermally unstable
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Example: AdS Schwarzschildbh
ds? = 1 -+ r?( ) 172 dt?
+ %1 r+ r2( ) 1:2§ dr2+ r2d 2

11=2

2 A 1:23
) M (Apor) = hor; El"' hor(

AdS Schwarzschild is thermally stable so long as
Ahor () 172>> 4
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Stability criterionemploys LQG resultscrucially

Hasno allusionat all to asymptotichehaiour of speci c clas-
sicalblackholespacetimes

Reproducesesultof Hawking andPagefor AdS blackholes



