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Abstract: <span>| will argue that the recently introduced quasilocal framework for black hole mechanics (based on the form of the near horizon
geometry of stationary black holes (BHs)) together with an additional assumption on the degeneracy of the area spectrum in quantum gravity
(holography for non geometric degrees of freedom) leads to& nbsp; agreement between the statistical mechanical treatment of quantum black holes
and standard semiclassical resultsin BH thermodynamics.& nbsp; More precisaly, up to small quantum corrections, quantum black holes satisfy the
following properties:&nbsp; Entropy is Bekenstein-Hawking entropy, and fluctuations of the horizon area are small. Moreover, under the above
assumption, an explicit correspondence between the statistical mechanical treastment of the fundamental LQG degrees of freedom and the
semiclassical Euclidean path integral formulation can be explicitly established.</span>
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Black Hole Thermodynamics
The Robinson-Carter-Hawking-Israel
uniqueness theorems

described by Kerr-Newman BH

stationary phase
family labelled by M, J, Q

collapsing matter
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Black Hole Thermodynamics
The Oth, 1st, 2nd and 3rd laws of BH

() = horizon angular velocity

N G % k =surface gravity (‘grav. force’ at horizon)
Some definitions If ¢¢ =killing generator, then 4V £* = kf®.

¢ =electromagnetic potential.

stationary
state (2) |
M’, Jf’ (2/ F)th law: the surface gmvnty K
. is constant on the horizon.
xN\ 2
v\\\}
\‘\\\\\\ ? st law:
\\\\Q OM = Z0A+ 0J + ®6Q

work terms

: 2nd law:

stationary 6A >0
state (1)
M,J,Q

EX

3rd law: the surface gravity value kK =0
(extremal BH) cannot be reached by any
physical process.
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Black Hole Thermodynamics v

Hawking Radiation: QFT on a BH background

future . :
is ¥imakiie Out state: thermal flux of particles

singularity

infinity as we approach the point i [emperature at infinity
Too = o
+ future lightlike o9 = 271-.
(null) infinity
o
% 0 spacelike
E infinity
g From the first law
2 . K . .
S oM = 0A + Q6J + ®6Q
87
J " past lightlike
(null) infinity
One infers the
past : "o TPE y
I timelike In state: vacuum far ENTROPY
infinity from i A

S — —
402
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Black Hole Thermodynamics

A 10Cal nerspeclive

P << A

Singularity

x =&+ QY =0 +ﬂd<f>

'U.”' — X.”l r%)
x|l
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A thought experiment

ny Particle’s equation of motion
B - ;
" << A w?Vaowp = q Fpcw©
9 0 o 0 o\
X=a o ST ot ¢ O . : .
L ‘ ¢ Symmetries of the background
L —_— g —_ G —_— G —
?\\Jﬁg 'Jﬁgnb o --Zu‘rgnb == -[‘fAu — --ﬁu‘:Arz =(

S
£ v

Conserved quantities
— - O a
E==w &u. _ (]A Eu

HORIZON L = w%y, + gAY,
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A thought experiment

N "2 1Y [ mM | Tab | 210 h sl Fa > ) "y 1YY <-.5'\‘1'E\:""_‘;%’§ '
LIITOWIIY d LCSI I!- )l L1C 1 1TOIT] 11111N1LY

— L L e

Conserved quantities

£ = —w?€, — qA%E,

L = w"Yq + qA“ Y,

£ = —w%,|« = energy

L = wV¥,|, = angular momentum
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After absorption
seen by a local observer

N SA=E—-QL—-®q
8

.. w £, — E—-QL - qd
iy IxI
e —— .'O .

priaic 10cdi cncergy notl
must be the one such that: e T
nu L LINC | ucit wn 87r X

£ = 0A
n‘ 87
oF = 0A
8 K
K=
Il
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Local first law

Vlain classical result

D | 4 i = 5 ‘ ) 1
R QMR [ o=Vl =

Tl (= =

.
B .0

T

SM= —5A 40581 +550,
8T
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Local first law

Singularity

J* = §T%,x" is conserved thus

[ dVdS §Tuxk® = / JyN? FE X
J o . W.(} ‘

0T, u®N°®

/ dVdS 6T, kVk® kb = / | x|
J I A JWe

X

The Raychaudhuri equation

df
dV

A
i K .
/ avas v - _8rlxllsp [# 0E = o—0A
J .o dV K L4

878T k2 k°
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The Local first law 1s dynamical -

Simple example: Vaidya spacetime

[H2 AAAAAAAAAAAAAAA AAA o
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Implications for the
quantum theory
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The black hole area spectrum

L~ W Tats ey
av 111 L )i41
.[ A ' e )

A N A A %W LA =,

As lj1,J2 ) = {"f‘ gL Z \,/"j,,(_j,, ? 1)1 71,92 )

Amin — 471"“" \/3

[solated Horizon
boundary conditions
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The black hole area spectrum
The area gap

w il o

AS |J1*J2> = M\"'i —{j} Z \,/.)";:(J‘,u ! I)l |J11J2>

Amin — 471”: \/3

[solated Horizon
boundary conditions
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[s the number of punctures an 1mp0rtant observable?
Energy Spectrum vs. Chemical Potential

Qrin = 4T¥V3

a) By a rearrangement of the spin (iumlltum numbers labelling spin network
links ending at punctures on the horizon without changing the number of
punctures N (in the large area regime this kind of transitions allows for area
jumps as small as one would like as the area spectrum becomes exponentially
dense in R* [Rovelli 96|

b) By the emission or absorption of punctures with arbitrary spin (such tran-
sitions remain discrete at all scales and are responsible for a modification of
the first law: a chemical potential arises and encodes the mean value of the
area change in the thermal mixture of possible values of spins 7).
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Computation of entropy in LQG

Present ingredient: Quantum
[H physical state

m bulk state

state describing

for argument about how to perhaps avoid this

assumption see Bianchi 2012 and Pranzetti 2013

¢ = arbitrary fixed proper distance to the horizon
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Black Hole Entropy from LQG
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Number of punctures contribute to S
Distinguishability

o P 41
S =— [ log Z = - log Z
¥ 55582 ezne 4B O
: Amin = 4myV3
more precisely
S = 4 +o(y)N where o(v) = log| i (25 +1)e 27?7\/1(15’1)]_
J

The (thermodynamical) local first law versus the (geometric) local first law

K K

M= - 65+Q38T+@0Q+udN =  OM=_6A+Q6J+®6Q
m ™

0S K
=T —|4 =——0(n

Pirsa: 13070047 Page 21/36



Number of punctures: an important observable

The canonical partition function is given by

Z(N,B)=)_ H = logZ = Nlog[) [(2j +1)]e”#F]

‘{“f} 2 J' J

-B8; E;

where E; = Pj \/}(} + 1)/€. A simple calculation gives

g i ;1 A
S =—p2 log Z = +log Z
¥ 55582 ege 42 T8
; Amin = 41vV3
more precisely
A . e
S=—+40c(y)N where o(vy) = l()p;[Z(‘zj +1e 2my4/5(3+ 1)].

2
4¢2

The (thermodynamical) local first law versus the (geometric) local first law

K K

M= - 65+Q38T+80Q+udN =  OM=_6A+Q6J+®6Q
m ™

oS K
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What about matter?

" A 1 "
\r_{ﬁ:"":.J‘,‘1"\1--71‘||-"‘:"‘- 13 _TaTa% ™1 X7 7 sataTals ot
/ 1 | t | ) [ | | | ) 131 t \A | | f Y [ |

Yidlivl Lllild ‘..__,.u...;.‘-m[.... L T10OUOIL DIIVCKA wall 111IUUC 1, LU

Smatter = /\(2 + corrections

A = undertermined constant
(UV regularization dependent
species problem)

: = UV cut-off

Number of d.o.f. dominated by
boundary contribution

D~ (zxp()\A/(/l{}ﬁ))
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11

What about matter?

q 1] 1
\/1attor zg-»i,.;yr‘|‘,-,,\‘.‘ L.l ~iv w91 (Y 7 M) e | -,4\‘
f 1 - [ § ! 1 1 £ 11 | i ML) i1} 3 \A 1 11 ) [ [

viaillCl Cll | ICITICTIIL, | 1VO0U1L DIICK Wadll 1110OUC ]

Smatter = A— =+ corrections
23

In LQG: Energy=Area
Matter d.o.f. = degeneracy of area
spectrum
e =4,

1—48

Just a new notation A = *

Degeneracy grows exponentially with A
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What about matter?
r entanglement, t’Hooft brick wall model,

o A L\

Senvtian = /\(2 + corrections

In LQG: Energy=Area
Matter d.o.f. = degeneracy of area
spectrum

e =4,

Just a new notation A = 1;6

8 = number of punctures with spin j

(1—-4)a;s;
4¢2
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Black Hole Entropy from LQG

Z[f =Y [ e~ ¥-FPu+obuies; Z[Bu] = [ [[1 & exp(—2mv85)]*!
{ ;

.‘if} 7 J
3, = A |
B = (2% ‘ U= g =-0logZ
o
o =T 3 S
. - (¢ v exp(2mydj) % 1
/ J=
—j<m&;
2 0o 2
—~ {lgp / :.I: (iJ: . (_'JZIW(}]]
Taye? J, et +1 T 3462
['he puncture 1s 9
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Black Hole Entropy from LQG

— J} 4.')’ - J..-))J (l (S) ‘/\<\, I

8 i Semiclassical and low energy regime
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Black Hole Entropy from LQG

; i Semiclassical and low energy regime
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Black Hole Entropy from LQG

—>A3=0-0,(1-6) <1

Semiclassical and low energy regime
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Semiclassical correspondence

Z['b)] —_— Z Z & X}(d ﬁ!" *dHf. ).‘GJ f‘:j
N

{s;} ¢
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1) 1 (4) l g -
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Semiclassical correspondence
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Conclusions

The quasilocal approach captures the relevant physics
for black hole thermodynamics.

[t is complementary to the isolated horizon framework
of Ashtekar et. al.

[t provides an effective energy notion proportional to
the horizon area.

[t holds for stationary horizons that are not necessarily
asymptotically flat (no need to normalize killing fields in
the derivation of the quasilocal first law)

This energy notion can be used in the statistical mechanical
description of the quantum horizon degrees of freedom.
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Conclusions

[f matter contributions are neglected, the quantum geometry
degeneracy of the area spectrum implies low spin dominance.

Punctures taken as distinguishable.

(Rovelli 96, Ashtekar-Baez-Corichi-Krasnov 98, Pithis 2012|

A

B o, L
1z "

o(v)N

The chemical potential p # 0.

No clear how to establish the correspondence with
the semiclassical low energy limit.
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Outlook

Can we have a microscopic description of the holographic
matter degeneracy in LQG?

e Studies of matter coupling in LQG and the relationship with QFT

e Chern-Simons quantum horizon for self dual gravity?

Analytic continuation to self dual variables

= . 1 self dual representations
J 18 — 9 satisfying reality condition ¥ - ¥ >0
, 2mwdsy
k41 p SIIL
1 | 2 o md k+ 2
Di(ji, - -y N P Dy = = sy By~ =) sin?

i 0 md
sir
- k+ 2
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Outlook
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matter degeneracy in LQG?
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What about matter?

The vacuum in QFT

“We conclude that one has to attrlbute the black ‘% i
hole entropy not to the space-time metric itself -
but to the quantized fields present there
[+gravity]... In short, the black hole entropy
includes the entropy of the quantized fields in its

neighborhood” 3
t Hooﬂ (1993) _‘ ‘_-'
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