Title: Computing Black Hole entropy in LQG from a CFT perspective
Date: Nov 26, 2008 11:00 AM
URL: http://pirsa.org/08110048

Abstract: Motivated by the analogy proposed by Witten between Chern-Simons theories and CFT-Wess-Zumino-Witten models, we explore a new
way of computing the entropy of a black hole starting from the isolated horizon framework in Loop Quantum Gravity. The results seem to indicate
that this analogy can work in this particular case. This could be a good starting point for the search of a deeper connection between the description
of black holesin LQG and a conformal field theory.
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*Black hole entropy in LQG

-Black hole entropy from Number Theory

New perspective to compute black hole entropy

» Conclusions
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BLACK HOLE ENTROPY IN LQG

Ashtekar, Baez, Carichi, Krasnov (2000): Quantum geometry of IH and BH Entropy
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Ashtekar, Baez, Carichi, Krasnov (2000): Quantum geomeiry of IH and BH Entropy

¢ The black hole is introduced in an effective way: the horizon is introduced ¢
an inner boundary of the spacetime manifold
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BLACK HOLE ENTROPY IN LQG

Ashtekar, Baez, Caorichi, Krasnov (2000): Quantum geomeiry of IH and BH Entropy

¢ The black hole is introduced in an effective way: the horizon is introduced ¢
an inner boundary of the spacetime manifold

mm) Boundary conditions (at the classical level):

« SU(2)connection A, onthe bulk — U(1)-connection W, on

* U(1)-Chem-Simons Theory on S
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Quantizing...
Bulk:
- SU(2) spin networks — |, label

- finite number of edges piercing the horizon (punctures) — m. labels
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BLACK HOLE ENTROPY IN LQG

Quantizing...
Bulk:
- SU(2) spin networks — |, label

- finite number of edges piercing the horizon (punctures) — m. labels
Horizon:

- U(1)-Chem-Simons theory on a punctured horizon — a, labels

| Boundary conditions:
‘ - Area of the horizon 4 =8mzy£.>y 1-;}:- (J: +D

- -2m=a,
¥ il e - Spherical topology — > a = 0 (projectio constraini
X o Entropy: S(A) =log N(A)

— N(A)= number of ordered {a} sequences compatible
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BLACK HOLE ENTROPY IN LQG

« Domagala M., Lewandowsky J. Class. & Qunt. Grav. 21, 5233 (2004)

Combinatorial Problem:
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BLACK HOLE ENTROPY IN LQG

- Domagala M., Lewandowsky J. Class. & Qunt. Grav. 21, 5233 (2004)

Combinatorial Problem:

S(A)=log N(A), where N(A) is given by the number of all the finite,
arbitrarily long, ordered sequences m=(m,,....m_) of non-zero half-
integers, such that

Zl:mf:{}, Z’J"’

sam
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Quantizing...
Bulk:
- SU(2) spin networks — |, label

- finite number of edges piercing the horizon (punctures) — m. labels
Horizon:

- U(1)-Chem-Simons theory on a punctured horizon — a, labels

| Boundary conditions:
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- Domagala M., Lewandowsky J. Class. & Qunt. Grav. 21, 5233 (2004)

Combinatorial Problem:

S(A)=log N(A), where N(A) is given by the number of all the finite,
arbitrarily long, ordered sequences m=(m,,....m_ ) of non-zero half-
integers, such that

Z:‘mle}, Zvrm
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BLACK HOLE ENTROPY IN LQG

« Domagala M., Lewandowsky J. Class. & Qunt. Grav. 21, 5233 (2004)

Combinatorial Problem:

S(A)=log N(A), where N(A) is given by the number of all the finite,
arbitrarily long, ordered sequences m=(m,,....m_ ) of non-zero half-
integers, such that

me:(}, Z\/m 31!71‘;'_?

» Meissner K_: Class. & Qunt. Grav. 21, 5245 (2004)

Using exact methods, (but with some assumptions):
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BLACK HOLE ENTROPY IN LQG

| AE. N(4) = Cu

- Domagala M., Lewandowsky J. Class. & Qunt. Grav. 21, 5233 (2004)

Combinatorial Problem:

S(A)=log N(A), where N(A) is given by the number of all the finite,
arbitrarily long, ordered sequences m=(m,,....m_ ) of non-zero half-
integers, such that

Zl:mf:ﬂ, va

« Meissner K_: Class. & Qunt. Grav. 21, 5245 (2004)

Su:rfp

Using exact methods, (but with some assumptions):

v 3

J. -.-,{

P\-"1

A

o

_ - 54 —- "’i—imuwom
V J_il/ ZZ 44 EIL) -

p
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BLACK HOLE ENTROPY IN LQG

= A. Corichi, J. Diaz-Polo, E_F. Borja Class & Quant. Grav. 24, 243 (2007),
Phys. Rev.Lett 98, 181301 (2007)

Brute Forze analysis:

irsa: 08110048 Page 26/127 ~
6 1210



BLACK HOLE ENTROPY IN LQG

= A. Corichi, J. Diaz-Polo, E_F. Borja Class & Quant. Grav. 24, 243 (2007),
Phys. Rev.Lett 98. 181301 (2007)

Brute Forze analysis:

One can use a computer to explicitly enumerate every sequence
m=(m,,...m_) vernfying the required conditions. When any
approximations is done:
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BLACK HOLE ENTROPY IN LQG

= A. Corichi, J. Diaz-Polo, E_F. Borja Class & Quant. Grav. 24, 243 (2007),
Phys. Rev.Lett 98, 181301 (2007)

Brute Forze analysis:
One can use a computer to explicitly enumerate every sequence

m=(m,,...m_) venfying the required conditions. When any
approximations is done:

anlrogy

Questions:
- |s this effect an artifact the way of counting?

» Where is this effect coming from?
« |s this effect present for large areas where the Isolate Horizon
Page 29/127 & 120

. approximation is justified?



BH ENTROPY FROM NUMBER THEORY

- |. A_, F. Barbero, J. Diaz-Polo, E.F. Borja, E.J. Villasefior: Phys. Rev. Lett. 100, (20(
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BH ENTROPY FROM NUMBER THEORY

- |. A_, F. Barbero, J. Diaz-Polo, E.F. Borja, E.J. Villasefnor: Phys. Rev. Lett. 100. (20(

We are looking for the number, N(A), of ordered sequences m=(m,,....m,)
verifying:

Yom =0, X mlml+)s "0

Pirsa: 08110048 Page 31/127 - a0
¥ &k



BH ENTROPY FROM NUMBER THEORY

Pi

IIIII

- |. A_, F. Barbero, J. Diaz-Polo, E.F. Borja, E.J. Villasefor: Phys. Rev. Lett. 100. (20(

We are looking for the number, N(A), of ordered sequences m=(m,,....m,)
verifying:

Yom =0, X mlml+ sy 0

Strategy:

- Look for the number, d(A) , of ordered m- sequences verifying

me 0, Z Vim ([ +1)=

83:}'!!1
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- |. A_, F. Barbero, J. Diaz-Polo, E.F. Borja, E.J. Villasefor: Phys. Rev. Lett. 100. (20(

We are looking for the number, N(A), of ordered sequences m=(m,,...m,)
verifying:

im,_ o, Z_;: Jmflm +1)< gmp

Strategy:

- Look for the number, d(A) , of ordered m- sequences verifying
Zm, 0, Z {‘m ‘(Jm I+l)—

-d(A)= degeneracy m A=Y d4A

el

Ar<A

81:}'.!1
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BH ENTROPY FROM NUMBER THEORY

- |. A_, F. Barbero, J. Diaz-Polo, E.F. Borja, E.J. Villasefior: Phys. Rev. Lett. 100. (20(

We are looking for the number, N(A), of ordered sequences m=(m,,....m,_)
verifying:

Som =0, 3 m[m \+1){WP

Strategy:
- Look for the number, d(A) , of ordered m- sequences verifying
me 0, Z Jim,

-d(A)= degeneracy, .w A=Y d

<A

Definitions:
Use units in which 4xy£.2= 1
Definek =2 |m| &= Z \,,f":u‘:af;: (k; + 2.]

Define n, as the number of punctures carrying label k
M= z NEvy ﬁL k+ 2.}'
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d(A) can be expressed in terms of {n,} like:

o ng)!
d(4) = S P
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d(A) can be expressed in terms of {n,} like:

(Zk ng)!
d(A) = - P(ng)
|H“’ i

Reordering
factor




BH ENTROPY FROM NUMBER THEORY

d(A) can be expressed in terms of {n,} like:

() = 2 py,

Hk ”k‘
Sings assignment to the k
Fonka Iabels, _venfymg tt)e
factor projection constraint
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BH ENTROPY FROM NUMBER THEORY

d(A) can be expressed in terms of {n,} like:

a(4) = 2™ p

H& ”kr
Sings assignment to the k
Reordering labels, verifying the
factor projection constraint

Steps:
1. Find {n,}

2. Find P(n,)
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BH ENTROPY FROM NUMBER THEORY

Step 1 Finding {n}: Black hole area spectrum in LQG

A= EZ viilgi +1)
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Step 1 Finding {n.}: Black hole area spectrum in LQG

;Z Vil mmp A= Z@'uﬁ g,: positive integer number
p.- squarefree number
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BH ENTROPY FROM NUMBER THEORY

Step 1 Finding {n.}: Black hole area spectrum in LQG

- ?’Y' . Jw—*T - A= ZGwE g, positive integer number
; p.. squarefree number

DG+ 1= g, /P,
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Step 1 Finding {n.}: Black hole area spectrum in LQG

Z fiGED A= Z 4D g, positive integer number
p.- squarefree number

> G+ 1= q,|p,
s i

Eacl .,/ -12—1 can be written as an integer times a SRSFN

JEY 1=y /p
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Step 1 Finding {n.}: Black hole area spectrum in LQG

}Y‘nﬁ - A= Zfﬁyﬂ g,: positive integer number
p.. squarefree number

Y oG+ 1= g, /P,

Eacl,/(k-12—1 can be written as an integer times a SRSFN

JE&+) 1=y [p wmp Pell equation
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Step 1 Finding {n}: Black hole area spectrum in LQG

]Z‘vﬁ ) A= ZQH‘E g, positive integer number
p,- squarefree number

Y+ 1= g, /P,

Eacl /(i -1)2—1 can be written as an integer times a SRSFN

JE+)Y 1=y [p wmp Pell equation

Given a p, the solutions, {k™y.m}, are known
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Step 1 Finding {n.}: Black hole area spectrum in LQG

Z Vil =1 A= ZUWE g.: positive integer number
p.- squarefree number

> G+ 1= g,p,

Eacl,/(k-12—1 can be written as an integer times a SRSFN

JE&+)’ 1=y /p =mp Pell equation

Given a p, the solutions, {k™y,m}, are known
Then, given an area eigenvalue 4= Efmﬁ we have

Z Z P yi \/; = Z - m?
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Step 1 Finding {n.}: Black hole area spectrum in LQG

A EZ JiGitl) mmp A= Z 4iv/Di g, positive integer number
I i p,: squarefree number

Y G+ 1= q,\/p,

Eacl /(- -12—1 can be written as an integer times a SRSFN

JE&+)’ 1=y /p =md Pell equation

Given a p, the solutions, {k™y ™}, are known
Then, given an area eigenvalue A= th‘ Vri  we have
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BH ENTROPY FROM NUMBER THEORY

Step 1 Finding {n}: Black hole area spectrum in LQG

TR ) = - positive integer number
.-iziZ Vil =1 A:Zg_fwf’pg G-P g
i i p,: squarefree number

>+ 1= g, [p,

Eacl,/(k-12—1 can be written as an integer times a SRSFN

JE&+) —1=y/p wmp Pell equation

Given a p, the solutions, {k™y ™}, are known
Then, given an area eigenvalue 4= E %vp:  We have

Z_: Z ;erfc_-"“}-:'wr \/? :Z q; "*J; - Z P“ric__.-“"-}":‘:ﬂ — =12

Set of decoupled diophantine equations ==y  {n}
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Step 1 Finding {n.}: Black hole area spectrum in LQG

;Z Vi +1) mmp A= qu /D g, positive integer number
p.: squarefree number

Y G+ 1= q,\/p,

Eacl /[ -12—1 can be written as an integer times a SRSFN

J&+) 1=y [p wmp Pell equation

Given a p, the solutions, {k™y ™}, are known
Then, given an area eigenvalue A=) ¢/  we have

Z Z ch_-""-r:'wr \/? :Z__: q: "u{; - Z n%;w.}";in — 8 i=12..

Set of decoupled diophantine equations ==y  {n}
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BH ENTROPY FROM NUMBER THEORY

Step 2: Finding P({n,})

Distributions of signs over the sequences (K;.k;,... Ky .K>,... Ky, K,.... K,) verifying Z m, =

Ng,-times ng,-times Ng - times

irsa: 08110048 Page 50/127 10 120
b



BH ENTROPY FROM NUMBER THEORY

Step 2: Finding P({n.}) |
Distributions of signs over the sequences (K;.k;,... Ky.K>,... Ky, K,.... K,) verifying Z =

Ng,-times ng,-times 7k - times

This is a well-known problem in number-theory called Partition Problem

M—1

P({n:}) Z [ 27k cos (2msk/M) . M =1+Y  nik

=0 k
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BH ENTROPY FROM NUMBER THEORY

Step 2: Finding P({n})
Distributions of signs over the sequences (kq.K;.... Ky K>, Ky, K,.... K,) verifying Z m_=0.

Ng,-times Ng,-times N _-times

This is a well-known problem in number-theory called Partition Problem

M—-1

| |
P({n;}) = U E | | 2n;. cos (2rsk/M). M =1+ E nik
] . =

s5=1)
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Step 2: Finding P({n})
Distributions of signs over the sequences (kK Ky.... Ky K. K. K,,... K;) verifying Z m, =

Ng,-times 7ng,-times 7g - times

This is a well-known problem in number-theory called Partition Problem
M—1

PF{”;‘ = Z H }ru cos (27 *J. 1[| M= I—Z HI.;.:I.'
s=f [k k

‘>_' g )]

Putting all together: d(4)= TI = F )

Pirsa: 08110048 Page 53/1%{ By



BH ENTROPY FROM NUMBER THEORY

Step 2: Finding P({n})
Distributions of signs over the sequences (k; Ky.... Ky K>, Ky, K,.... K,) verifying Z m.—

Ng,-times ng,-times N _-times

This is a well-known problem in number-theory called Partition Problem
M—1

PI{”’L ~ M Z H 2ng cos (2rsk /M) . M = I—Z nik
|l!1-

s=0 k

Putting all together: d(4) = % = P| N

G B
d(A)
E— s
A
.-‘1-
E .;\- .-:'::. il = -
- - Eow o =® c ™ -
Pirsa: 08110048 L _ "":“ " ’:_-'_‘ . 3 - pou _.:.‘?; % Page 54/1%{ 170
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- . Barbero, E.J. Villasefor: Phys. Rev. D 77 (2008)

Generating functions
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Step 2: Finding P({n}) _ﬁ
Distributions of signs over the sequences (kq.Ky.... Ky K. K. K,.... K,) verifying Z m. =

Ng,-times nNg,-times N _-times

This is a well-known problem in number-theory called Partition Problem

M—1
P({n;}) = Z H 2n;. cos (2ask /M) . M = I—Z nik
s=l) k 8
: (. ne)! ;
Putting all together: d(4) = I Plng)
W 'Li
L
d(A) N(4) =) dA
e . - LEL

Pirsa: 08110048
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- F. Barbero, E.J. Villasefior: Phys. Rev. D 77 (2008)

Generating functions



BH ENTROPY FROM NUMBER THEORY

- . Barbero, E.J. Villasefor: Phys. Rev. D 77 (2008)

Generating functions

¢ There are generating functions for each part of the combinatoral problem
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BH ENTROPY FROM NUMBER THEORY

- . Barbero, E.J. Villasefor: Phys. Rev. D 77 (2008)

Generating functions

¢ There are generating functions for each part of the combinatonal problem

* Closed expressions for the degeneracy == Starting point for an
asymptotical expansion (work in progress)
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- . Barbero, E.J. Villasefor: Phys. Rev. D 77 (2008)

Generating functions

* There are generating functions for each part of the combinatorial problem
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BH ENTROPY FROM NUMBER THEORY

- . Barbero, E.J. Villasefor: Phys. Rev. D 77 (2008)

Generating functions

e There are generating functions for each part of the combinatorial problem

* Closed expressions for the degeneracy == Starting point for an
asymptotical expansion (work in progress)
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BH ENTROPY FROM NUMBER THEORY

- . Barbero, E.J. Villasefor: Phys. Rev. D 77 (2008)

Generating functions

¢ There are generating functions for each part of the combinatonal problem

* Closed expressions for the degeneracy == Starting point for an
asymptotical expansion (work in progress)

For instance, to obtain P({n;}) the generating functions is:

G(i) = H(;rﬁ.:.,; —'—;I‘_k';_)
=1
Which gives:

Pirsa: 08110048 Page 62/127 >

_ 1 b
P({nt}) = 2_~/ dQHn;{_Q cos kfl
i 0 L



NEW PERSPECTIVE TO COMPUTE BH ENTROPY




NEW PERSPECTIVE TO COMPUTE BH ENTROPY

Motivation:

- S.Carlip: an underilying conformal symmetry driving the exponential growing of
the number of states of a horizon with area. independently of the particular details of
the quantum gravity theory considered.

- E. Witten: connection between the Hilbert space of a generally covariant theory
and the space of conformal blocks of a conformal invariant theory.
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

Motivation:

- S.Carlip: an underilying conformal symmetry driving the exponential growing of
the number of states of a horizon with area. independently of the particular details of
the quantum gravity theory considered.

- E. Witten: connection between the Hilbert space of a generally covariant theory
and the space of conformal blocks of a conformal invariant theory.

First application of this idea to LQG: R.K. Kaul and P. Majumdar Phys. Lett B. 439 (1998)
SU(2) Chern-Simons 4= SU(2)-(CFT) Wess-Zumino-Witten

* SU(2) CS theory on the horizon
« SU(2)WZW theory on a 2-sphere
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

Motivation:

- S.Carlip: an underilying conformal symmetry driving the exponential growing of
the number of states of a horizon with area. independently of the particular details of
the quantum gravity theory considered.

- E. Witten: connection between the Hilbert space of a generally covariant theory
and the space of conformal blocks of a conformal invariant theory.

First application of this idea to LQG: R.K. Kaul and P. Majumdar Phys. Lett B. 439 (1998)
SU(2) Chern-Simons <= SU(2)-(CFT) Wess-Zumino-Witten

* SU(2) CS theory on the horizon
« SU(2}WZW theory on a 2-sphere
Computing the number of conformal blocks of the SU(2) WZW-

"'v'_.P — E \'IIL -\,'-'r".l " \;—--’I”
‘ S 2 Tij3 - Tp—2Jp—i

where |0i] @ [@;] = *@’rN,:,' [Or]
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

Motivation:

- S.Carlip: an underilying conformal symmetry driving the exponential growing of
the number of states of a horizon with area, independently of the particular details of
the quantum gravity theory considered.

- E. Witten: connection between the Hilbert space of a generally covariant theory
and the space of conformal blocks of a conformal invanant theory.

First application of this idea to LQG: R.K. Kaul and P. Majumdar Phys. Lett B. 439 (1998)
SU(2) Chern-Simons 4= SU(2)-(CFT) Wess-Zumino-Witten

» SU(2) CS theory on the horizon
« SU(2)WZW theory on a 2-sphere
Computing the number of conformal blocks of the SU(2) WZW-:
NP =Y Np N7z  N» . ws=p Entropy
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

Motivation:

- S.Carlip: an underilying conformal symmetry driving the exponential growing of
the number of states of a horizon with area. independently of the particular details of

the quantum gravity theory considered.

- E. Witten: connection between the Hilbert space of a generally covariant theory
and the space of conformal blocks of a conformal invariant theory.

First application of this idea to LQG: R.K. Kaul and P. Majumdar Phys. Lett B. 439 (1998)
SU(2) Chern-Simons <= SU(2)-(CFT) Wess-Zumino-Witten
* SU(2) CS theory on the horizon
« SU(2)WZW theory on a 2-sphere
Computing the number of conformal blocks of the SU(2) WZW-
NP = Z NT. N7 NP == Entropy

S W rp—23p—1
r T ; 1|— f _‘.‘ _ ,ﬂ ," rr I
where |0i| ® |0;] = wru\gj[@r]

"= PROBLEM: In LQG the horizon d.o f. are described by a U(1)-CS theory ™= *472



NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION
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How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

Uu(1) | .| U@ |
Chem-Simons |
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How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

Uy |, )
Chermn-Simons | \
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

SU(2)
!connecﬁons

| |
Chern-Simons ! |
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

SU(2)
Iconnections

|

U u(1) I
! connections | Chemn-Simons ‘
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

| SU@) SU(2)

' connections Chemn-Simons

|

i U(1) _ U(1) “___ )
| connections Chermn-Simons |
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

‘ SU(2) SU(2) SU(2) |
\ connections Chern-Simons WZWN

o) ‘ : U .| N
‘ connections Chern-Simons
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

i SU(2) SU(2) SU(2) |
connections Chern-Simons WZN

I waw

LU ‘_.. Uy o, N u(1)
| connections | Chemn-Simons g ‘reduction’
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

How to account for the U(1) degrees of freedom?
GEOMETRIC SYMMETRY REDUCTION

L SU(2) SU(2) SU(2) |
! connections Chem-Simons WZW |

u(1) i_.. T I — ) u(1)
| |

|
| connections Chern-Simons ‘reduction’
| |
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

SYMMETRY REDUCTION

Given a fiber bundle P(G.2) with connection w, the homomorfismA:H —G
induce the bundle reduction P(G,2) — Q(H.2) with a “reduced” conexién w’
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

SYMMETRY REDUCTION

Given a fiber bundle P(G.,2) with connection w, the homomorfismA:H — G
induce the bundle reduction P(G,2) — Q(H,2) with a “reduced” conexién w’

Qurcase: G=SU(2) and H=U(1)=T(SU(2)) ={diag(z. z") | z=e*® = U(1)}
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

SYMMETRY REDUCTION

Given a fiber bundle P(G.2) with connection w, the homomorfismA: H — G
induce the bundle reduction P(G,2) —— Q(H,2) with a “reduced” conexién w’

Ourcase: G=SU(2) and H=U(1)=T(SU(2)) ={diag(z. z") | z=e® = U(1)}

All homomaormphisms in Hom(U(1), T(SU(2))) are given by

A :z > diag(Z,z7")
k and -k conjugated by the Weil group action — k € N,
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In our case:
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In our case:

- We want to make this symmetry reduction locally at each puncture.
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

In our case:

- We want to make this symmetry reduction locally at each puncture.

- Each SU(2) irep | can be seen as the direct sum of 2j+1 U(1) irreps:

1760 ~ EJ-J'—I]H D@ el 1—j)6 {—_E_UH

€
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

In our case:

- We want to make this symmetry reduction locally at each puncture.

- BEach SU(2) irrep | can be seen as the direct sum of 2j+1 U(1) irreps:

EUH ilj—1)8 DB Fh 1—7 )6 a E_é"rH

— €

- To be consistent with the embeddings U(1) — SU(2) we cannot differenciate
signs.
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

In our case:
- We want to make this symmetry reduction locally at each puncture.

- BEach SU(2) irrep | can be seen as the direct sum of 2j+1 U(1) irreps:

Ef',fH _:_ E*‘"_j—l']ﬂ % % E.FI 1_.f | o

P

- To be consistent with the embeddings U(1) — SU(2) we cannot differenciate
signs.

- At each puncture we take the direct sum of two U(1) irreps (£fm) which gives
us a (reducible) U(1) representation.
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

In our case:
- We want to make this symmetry reduction locally at each puncture.

- BEach SU(2) irrep | can be seen as the direct sum of 2j+1 U(1) irreps:

iG-10 o il1=5)8 o —i8

e% o ¢ .Be

- To be consistent with the embeddings U(1) — SU(2) we cannot differenciate
signs.

- At each puncture we take the direct sum of two U(1) irreps (+fm) which gives
us a (reducible) U(1) representation.

- We consider these representations instead of the irreducible ones as a
consequence of the reduction from SU(2)
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

In our case:

- We want to make this symmetry reduction locally at each puncture.

- BEach SU(2) irep | can be seen as the direct sum of 2j+1 U(1) irreps:

ij8 ~ F;j!_;_ljﬂ T ~ Fs'l 1-3)0 1 —130

€ €

- To be consistent with the embeddings U(1) — SU(2) we cannot differenciate
signs.

- At each puncture we take the direct sum of two U(1) irreps (+fm) which gives
us a (reducible) U(1) representation.

- We consider these representations instead of the irreducible ones as a
consequence of the reduction from SU(2)

- This is precisely using the homomorphisms A, as U(1) representations
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

L et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case:
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

| et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case:
‘YIP = Z '\'::jl'-_-}f'v: .,f:s""“\_:‘r:—:.jr;—'-_ [O’ & [OJ' — 5;;\’1 OF’
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

L et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case: | — Verlinde formula
N =Y VN i 018 0] = @ N (6]
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

L et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case: | S Verlinde formula
NP =3 NN ND i 161 ® [65] = & Nj[00]

We can re-write this expressions using the theory of characters: X:iX; = Z F,_—}f{r
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

| et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case: | — Verlinde formula
N = Z Y,:Jz\_u 13 ""'\_.f:'—:.ju—-_ [Q{"_ &® [@JJ = _31“‘*\'!: LOF“

We can re-write this expressions using the theory of characters: X:X; = Z f‘f,_;},‘x:r
p 2T

Using that (X:[X;) =0%; being (y.|y;)srp = - / dfsin” By,

Jo

P
i
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

L et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case: | — Veriinde formula
P AT 9 e LT T T —n KT A D
NP = Z NIUNEE NP [65] ® [05] = 8- N5 6]

We can re-write this expressions using the theory of characters: X:X; = Z 35,;}};;»

Using that (X:i|Xj) =9; being Xilxs) swiz) = L / df sin” By

T i
i J 0

P2

w—p N7 = (x1X2--XnlX0)
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

L et us compute the number of conformal blocks with the symmetry reduction:
e For the SU(2) case: I Verlinde formula

Z \ r j} -V P 1 [@;:8 [OJ:I == :}- \{Z?EOF'

We can re-write this expressions using the theory of characters: X:X; = Z 35,_;},‘{;
Using that {‘(;ikﬁ = 0i; being {xilxj) srz) = l /_” 16 sin® OXiX;
0

e
F

= N7 = (x1X2--Xnlx0)
¢ For the U(1) case:

. kO , —ik® _o L
The characters we are usingare Yi =€ —¢€ = 2cos kf
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

L et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case: I Verlinde formula

\’P Z \I}' ..l'). r‘JS “; r .II— 2 in—1 [C}f:g [@J] — -“'H‘ \.!Zi'z

We can re-write this expressions using the theory of characters: X:X; = Z 3}}‘{;»

Using that (X:[Xj) =0i; Dbeing  (y;|x;)sr) = . /_” dfsin” Bx;x;
0

_——

n Jr

¢ For the U(1) case:

. k@ |, _—ik® o . 1.
The characters we areusingare Yi =€ +¢€ = 2cos k#/

Given a {k;} list we have to project the product of the characters Xk, X%,---Xk&, Over
the trivial U(1) irrep to require gage invariance.
(This is the implementation in this context of the projection constrain).
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

| et us compute the number of conformal blocks with the symmetry reduction:
¢ For the SU(2) case: | — Verlinde formula

\’p Z \I»" J2° rl.fi -V r ll.— 2fn—1 [Of: 8 [@J] — SF*\FE; [Or_

We can re-write this expressions using the theory of characters: X:X; = Z N, iXr

Al | .
XilXj)sU(2) = _/ df sin® Oxi X;
0

e
W fr

Using that (Xi[X;) =4 being

b N = (y1X2---Xn|X0)
¢ For the U(1) case:

. k@ , —ik® _o . __ 1L
The characters we areusingare \i =€ —¢€ = 2cos kf

Given a {k;} list we have to project the product of the characters Xk, Xk,---X%&, over
the trivial U(1) irrep to require gage invariance.
(This is the implementation in this context of the projection constrain).
.. .I 1 2T
= Taking into account  (Xi|X;)u(1) = 5= / dfx;x;  we obtain
g U

: 0 F= |
Pirsa: 08110048 <1 ki1 Xks---Xk, | X0} = ; dg H 2 COS 9"[‘4 Page 97/127 .50
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Coming back to the LQG framework

U(1)
Chern-Simons |
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Coming back to the LQG framework

Area A > | i Bete
| LQG “—
I, DL
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Coming back to the LQG framework

| Area A - | jlists
| LQG
" DL
| i=Im| scheme
‘ U(1) (P S [y = {k} list

Chern-Simons |
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Coming back to the LQG framework

‘ Area A - ‘ j lists
| LQG
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=im| scheme
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Coming back to the LQG framework

i Area A > | ]lists
LQG
. DL
J=Im| scheme

U(1) ' IHBC
Chern-Simons | K

im| lists = {k} list

summing up A=A

¥
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

Coming back to the LQG framework

i Area A o > | ]lists
” DL
| J=m| scheme
IHBC

U(1)
Chern-Simons

B im| lists = {k} list

summing up A'<A

\ - > | Entropy

This is the
contribution we

should expect from
WZW analogy!!!

Reorderings
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatorial problem was:

N _
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatorial problem was:

1 2T
. L | Ty :
P({n}) = 5 /u dH];‘[n.kEcou k <) SAME RESULT!
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatorial problem was:

P({nk}}:£/u dHl;[n.gzcoskH <4mmm) SAME RESULT!

f.lﬂ_‘}_) — {%‘1 FE,A.'_I _P’ Ny |
r Thie-

P({nh;})
>
reordering
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinataorial problem was:

oy —
P({me}) = 5- /U dﬂl;[-n.klcobkﬂ 4mmm) SAVE RESULT

{ -_mb-lf _ i
(2 = Plng)

d(A) =

P{nh
>
reordering

i A a - - 0 r
* The contribution form CS or (CFT)WZW gives a linear behavior of the
entropy + loganthmic correction
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatorial problem was:

L
P({m}) = - /D ][ m2cosk? <ummmp SAME RESULT
ey | k‘

(Y Jme)!
'Z“ r P(ng)

d(A) = i
k 'ok

P{nb
>
reordering

i A -. - — a2
* The contribution form CS or (CFT)WZW gives a linear behavior of the
entropy + logarnthmic correction
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatarial problem was:

R W _
P({ne}) = 5- /U dHl;[-n.k2c05k9 4mmm) SAME RESULT

0 ome)
"Z” : P(n; )

d(A4) =
N Hﬂ L

P{n}
>
reordering

e —
* The contribution form CS or (CFT)WZW gives a linear behavior of the
entropy + logarnthmic correction
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CONCLUSIONS

« We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.
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framework of black hole entropy in LQG.
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CONCLUSIONS

« We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.

* The results seem to indicate that the analogy works in this
particular case.
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CONCLUSIONS

« We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.

* The results seem to indicate that the analogy works in this
particular case.

«This is a motivation for the search of a deeper relation between the
description of black holes in LQG and a conformal field theory.
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CONCLUSIONS

» We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.

* The results seem to indicate that the analogy works in this
particular case.

«This is a motivation for the search of a deeper relation between the
description of black holes in LQG and a conformal field theory.

*The picture obtained is consistent with the physical problem.
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CONCLUSIONS

» We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.

* The results seem to indicate that the analogy works in this
particular case.

*This is a motivation for the search of a deeper relation between the
description of black holes in LQG and a conformal field theory.

*The picture obtained is consistent with the physical problem.

*Furthermore, it is ‘consistent’ with Carlip’s idea of a conformal
symmeitry driving the linear behaviour of entropy plus some extra
quantum effects at the Planck scale specific from LQG.
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatorial problem was:

N
P({ne}) = o / ][ n2coské ummmp SAME RESULT
iy U k

. {T rug
d(d) == P(ng)
H_;. !

e o))

—_~ =

"= S

= X = '

< o :
m f.
= >

i A i . — i 2
* The contribution form CS or (CFT)WZW gives a linear behavior of the
entropy + logarnthmic correction
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CONCLUSIONS

» We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.

* The results seem to indicate that the analogy works in this
particular case.

This is a motivation for the search of a deeper relation between the
description of black holes in LQG and a conformal field theory.

*The picture obtained is consistent with the physical problem.

Furthermore, it is ‘consistent’ with Carlip’s idea of a conformal
symmeitry driving the linear behaviour of entropy plus some extra
quantum effects at the Planck scale specific from LQG.
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NEW PERSPECTIVE TO COMPUTE BH ENTROPY

The result coming for the U(1)-CS from the combinatorial problem was:

1 w27
L} : : = ] ]
P({ni}) = o /U dal;[nﬁ,zcob k! <)y SAME RESULT!

a(4) = (2 =L Plny)
FA,

[Izm

P{n}
>
reordering

* The contribution form CS or (CFT)WZW gives a linear behavior of the
entropy + loganthmic correction
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CONCLUSIONS

» We propose a specific way of implementing Witten’s analogy in the
framework of black hole entropy in LQG.

» The results seem to indicate that the analogy works in this
particular case.

*This is a motivation for the search of a deeper relation between the
description of black holes in LQG and a conformal field theory.

*The picture obtained is consistent with the physical problem.

*Furthermore, it is ‘consistent’ with Carlip’s idea of a conformal
symmeitry driving the linear behaviour of entropy plus some extra
quantum effects at the Planck scale specific from LQG.
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BLACK HOLE ENTROPY IN LQG

« A_ Corichi, J. Diaz-Polo, E.F. Borja Class & Quant. Grav. 24, 243 (2007).
Phys. Rev.Lett 98, 181301 (2007)

Brute Forze analysis:

One can use a computer to explicitly enumerate every seguence
m=(m,,...m_) verfying the required conditions. When any
approximations is done:
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BLACK HOLE ENTROPY IN LQG

« A_ Corichi, J. Diaz-Polo, E.F. Borja Class & Quant. Grav. 24, 243 (2007),
Phys. Rev.Leit 98, 181301 (2007)

Brute Forze analysis:

One can use a computer to explicitly enumerate every seguence
m=(m,,...m_) verfying the required conditions. When any
approximations is done:

oy
‘1
i

Pirsa: 08110048 Page 126/1%'7 20

v A B



BLACK HOLE ENTROPY IN LQG

« A_ Corichi, J. Diaz-Polo, E.F. Borja Class & Quant. Grav. 24, 243 (2007).
Phys. Rev.Leit 98, 181301 (2007)

Brute Forze analysis:

One can use a computer to explicitly enumerate every seguence
m=(m,,...m_) verfying the required conditions. When any
approximations is done:

Irey
‘1
i

Questions:
- |s this effect an artifact the way of counting?

» Where is this effect coming from?

+ |s this effect present for large areas where the Isalate Horizon
. = - - - PagelZ?ﬂ%glzg
approximation is justified? :
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