Title: Black Holes from Within Loop Quantum Gravity
Date: Nov 30, 2011 04:00 PM
URL: http://pirsa.org/11110097

Abstract: In general relativity, the fields on a black hole horizon

are obtained from those in the bulk by pullback and restriction. In
guantum gravity, it would be natural to obtain them in the same

manner. This is not fully realized in the quantum theory of isolated
horizons in loop quantum gravity, in which a Chern-Simons phase space
on the horizon is quantized separately from the bulk. I will outline

an approach in which the quantum horizon degrees of freedom are simply
components of the quantized bulk degrees of freedom. A condition is
imposed on the quantum states to encode the existence of a horizon. |
will present evidence that solutions to this condition have properties

on the horizon that are remarkably similar to those of Chern-Simons
theory. Instrumental in formulating the horizon condition are novel

flux operators that use the Duflo isomorphism and seem to represent
some type of quantum deformed SU(2). | will review their definition

and summarize what | know about their properties.
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Introductlon

BH entropy W LRG due to Chern-Simons theory on the horizow.

long story: Swolin ('95), Rovelll , Krasnov (‘9&)
Ashtekar + Baez + Corichi + Krasnov (‘98)
Kaul+Majumdar (‘00)
Domagala + Lewandowskl, Meissner ('04)
Engle + Noul + Perez (‘10)

Dreyer + MarRopoulouw + Smolin (‘o4 )
Corichtl + Dlaz-Polo +Fernandez-Borja (‘0e)
Blancht (‘10)

Barbero + villasenor (‘11)

Frodden + Ghosh +Perez (“41)

and MWLOYE.
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Introductlon

BH entropy n LRG due to Chern-Stmons theory ow the horizow.

* |H bouwdarg condition F(A) o +E ados CS bouwde term
to sy mplectic structure 7

* CStheory gets quantized separately), but fits beautifully to
Lch bl/(“(\y,:
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Introductlon

BH entropy n LRG due to Chern-Stmons theory ow the horizow.

* |H boumo{arg condition F(A) o *E ados CS bouwdamd term
to sy mplectic structure T

* CStheory gets quantized separately), but fits beautifully to
LC\?,C1 bl/(UQ,Z

cs LG
stngular curvature singular flux
particle DOF Flux components
Spin net with part

Hos € Inv(i1,92,--.) .
< hidden
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Introductlon

BH entropy v LRG due to Chern-Stmons theory ow the hortzow.

o |H boum{arg condition F(A) o *E ados ¢S bouwde term
to sy mplectic structure &

* CStheory gets quantized separately, but fits bemti{@% to
LQC{ bl/(“Q:

cS LRG
singular curvature siw@u.i,arﬂu.x
particle DOF Flux components
Spin net with part

Hes € Inv(ig,92,...) <
C ‘ hidden

How com.e?
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MOF‘QLL%:
same fleld in bulk and boundary, thus descriptions mateh!

Tech V\,LcaLL(t/}:

Not obvious from the way the system is treated.
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MOV‘QLL%:
same fleld in bulk and bouwdm‘g, thus descriptions mateh!

Techwnically:
Not obvious from the way the system is treated.

Alm of this talk:
Unified description of bulk and boundary from within LRG

* All degrees of freedom contained in holonomy-flux algebra

* Ruantum bouwdarH conditlon

* CS structures emerge

[H.S. Phys.Rev. DE4 (2011) 044049]
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LRSG n a nutshell

variables: {AL(x), E} (y)} = 8mBGS45675(x, y)

W) = trj(ho[A]) = tr; (P eXP(j; A)

Es.¢ i:J fIE?eabc dx®dxe©
S
Holonom flux alaebra:

rRelatlons amonag the WL' ’ '

] = 8npG f(p)"!
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LRSG n a nutshell

variables: {AL(x), Ef (y)} = 8mpGS,5;6(x, y)

\/VL[‘;j ) — trj (he [A]) = tr; (P expij[; /\)

Es‘f = J fIE?EabC dxbdxc
S
Holonomt Flux aloebra:

W U g < SO R (3)
RELATLOWNS AMONA TNE W{XJ

] = 8mBG f(p)'
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LRSG n a nutshell

variables: {AL(x), Ef (y)} = 8mpGS,5;6(x, y)

\/VL[‘;j = tr;(he [A]) = tr; (P e:\'pij[; /\)

Es‘f = J fIE?eabc dech
S
Holonomy flux aloebra:
relations among the W3

] = 8nBG f(p)* :

] = (8mBlp)? f(p) g(p)’
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LRSG n a nutshell

variables: {AL(x), E} (y)} = 8mBGS45675(x, y)

WL[‘(j )= tr; (ha[A]) = tr; (P expij; A)

Es‘f p— J fIE?EabC dech
S
Holonomt Flux aloebra:

Relations among the W) /

] = 8mBG f(p)'
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Representation:

RuUuantum areéa:

As —J E|
S

Ag | D=28mp12/iG+1)

RUuantum constrarnts!
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REp resewtation:

Ruantum areéa:

As —J E|
S

)= 8rpl3 /i + 1)

Ag |

RUuantum constrarnts!
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HeuwrlstLes

From now on H connected boundaryless surface in 3-space, without
self-intersections.

Compownents of fields on H:

Pullbacks: Transversal components:
cin W, with ain H AL : n transversal holonomies

: in transversal fluxes +E :ln Eg qwith S n H

*E = €qpcE® dx® A dx©
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Heuwrilstles

From now on H connected boundaryless surface in 2-space, without
self-intersections.

Ccompownents of fields on H:

Pullbacks: Transversal components:
A in W, withain H AL :ntransversal holonomies

E :intransversal fluxes «E :in Eg ¢with S inH
*E — e(]_h(_‘Ea dxh /\ dXL

Now ask for solutions of (type 1)

can this work?
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It can, but:

Since F not well defined in LRG, exponentiate, using

has[A] = Pexp (J:' FIA]d%s Ws .= Pexp (ﬁ E[A,El d?%s
S s

0

F — hFh™'[A] & =chZh™!

Thew demand gquantum bouwda% condition:

Tl‘{has i S — U‘(\(Vg | vy

for surfaces S in H.
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It can, but:

Since F not well defined in LRS, exponentiate, using

has[A] = Pexp (J’) F[A] d?s W5 = Pexp (ﬁ E[A,E] d?s

S S

F — hFh™'[A] & =chZh™!

Thew demand gquantum bouwdar'g condition:

Tl‘{has i — U‘(VVS | Y

for surfaces S in H.
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Heurilsties

From now on H connected boundaryless surface in 3-space, without

self-intersections.
Compownents of fields on H:

Pullbacks:

A in Wy with ain H
E :intransversal fluxes

Now ask for solutions of

FIA)Y =

can this work?

Transversal COMPONENLS:
Al . L transversal holonowtes
«E :in Eg with S in H

[l—[S‘z}n

aH

*E = €qpcE® dx® A dx©

(type 1)

«E 1Y
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It can, but:

Since F not well defined in LRG, exponentiate, using

has[A] = ‘Pexp([j FIA]d?s W := Pexp \J' E[A,E] d?s
S

S

F — hFh™'[A] & =chZh™!

Thew demand gquantum boumdm’@ condition:

Tl‘{has | VY = U‘(\(Vg | Y

for surfaces S in H.
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It can, but:

Since F not well defined in LRG, exponentiate, using

has[A] = Pexp \[ FIA]d?s Ws = Pexp \J: E[A,E]d’s

S S
F — hFh™'[A] & =chZh™!
Thew demand gquantum bouwdarH condition:

Tl‘{has Y= tl‘(\ﬁVg, | Y

for surfaces S in H.

Also, will not be able to find solutions ¥ tn standard representation
of HF-algebra.
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A toy moolel

AlL structures as n LRSG, only

RuUantum bouvwlm'!d condition:

has e A CCE:‘ Y
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ACE toy moolel

AlL structures as n LRSG, only
SU(R) —----> U(1)

RUAantum b()uvwlm!d condition:

hasw — CCES v
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A toy moolel

AlL structures as n LRG, only
SU(2)

RuUantum bouvwlm'td condition:

hasw — CCE:‘ Y

For exa mphe:

has W L CJ.-qStécnq)

but h, is completely free.
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More generally: Specify H, puncture data P:

P =A{(p1,m1 )y (P2} 2- -}

Note:
1) Correspondence:
charge nets tn H <---> e H = - 1P ot

— Lk 2 == 1 1 ¢ ) —
Wll_:h’c]]h'e_, cee ﬂ_l[n]\(':])'n"'J g = 2 ni€;
i

Gauge invariance: dn = 0
Evaluation: Wi[A] = expi{n|A)

2) Decomposition of n n part 0 bn H, part n'transversal to H

Pirsa: 11110097
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Using this, easy to wrtte doww a state on holonomies:

W(Wp) = we(Wun) §(dn") war (Wae )

27 27 . o)) dtbj
wp(Wp) = I elnlal®) 271ts + 2men Shed
?(Wn) J J [ 27 (ds ) U 5

) b)
C C by

a(¢)= ) aid; in H'(H',R)

!

Properties of the resulting representation?
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AlL holonowmles not contained in H are as tn AL rep.

For charge wets tn H:

1 i
Waxl0)p = o 3 ; kK= dy ,.»"(27T|32€}23]
exp(—2m/kn;) « around p;

n)=n")if n; =n! mod k,e; = e/
Zimy =0 modk
for diffeo fixing punctures and on:n) =|d(n))

for diffeos that move punctures: path-dependent phases

=
=
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AlL holonowmies not contained in H are as in AL rep.

For charge wets tn H:

1 =05
Wi [O)p = - ;. k= an/(2nB22)
exp(—2m/kn;) « around p;

n)=n"yifny=n; modik ea=ie:
imy =0 mod k
for diffeo fixing punctures and on:n) =|d(n))

for diffeos that move punctures: path-dependent phases

=
=
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AlL holonowmles not contained in H are as tn AL rep.

For charge wets tn H:

e x = 0S
00 PN/ s exp[—ZTTi,»-‘"k nl] « around Pi :

k = an /| 27‘([3 2 f}z:; )

ny='ln"} if ny =n; modik ei=le:
Zimy =0 mod k
fOV' E’{LHSO ﬁx_iw@ puwcturﬁs and on:n) =|d(n))

for diffeos that move punctures: path-dependent phases

=
=

For the fluxes:
Not all of them well defined: E< ok for
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AlL holonowmles not contained in H are as tn AL rep.

For charge wnets n H:

1 =5
WalO)p = Ty g , K= an ,/'[27T|32'C}23]
exp(—2m/kn;) « around p;

n)=n"Yifn=n modik,ei=le:
DI (- =0 mod k
for diffeo fixing punctures and on:n) =|d(n))

for diffeos that move punctures: path-dependent phases

=
=

For the fluxes:
Not all of them well defined: E< ok for

Pirsa: 11110097 Page 30/59




Gauge invariant solutions:

For S= topotog‘gj:

* Gauge nv coupling at punctures

* for given bulk cow{ Just one surface
SEOE vk wasihot B ooy

For nontrivial topotogyj:

* Gauge v coupling at punctures

* for given bulk C(‘m,f VML(LtL‘PLE
surface states

rRecover all the structures o{the U(1) treatment 0{ IH (Ashtekar et al)

Theory on H has all features of quantum abelian CS.
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BOcCk to SU(R)

Key object: Wi ;:fpequ} E[A, El(s) d%s G
o

=1 +J E[A, E](s)
S

+J Ks s E[A, El(s)E[A, E](s")
s2

oS

-~

EIA, El(s) = he * E(s)h; !, «E(s) = *ET;

c
Ll

can we make it well defined?  [Hs+Thiemann]
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BOcCk to SU(R)

Key object: Wi ;:fpexpsb E[A, El(s) ds Q
S

=15 +J E[A, El(s)
5

+J Ks s E[A, El(s)E[A, E](s")
S2

e

EIA, El(s) = g * E[&.]h;] ) rkE(S) = :kE[TI

C
4nplz

can we make it well defined?

|HS +Thiemannl
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BAacCk to SU(R)

ey object: Wi ::fpexpsb E[A, El(s) d2s Q
S

=1 +J E[A, E](s)
S

+J Ks s-E[A, El(s)E[A, El(s’)
S:

SR e

€A, El(s) = s * E[fb]h;] ) ?E(S] — :kE[TI

C
4nplZ

cCan we make Lt well deﬁ.wed? [HS + Thiemann]
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First step: LRG E is operator (matrix) valued distribution, factorizes:

E2(s) = E(s)Ex(s)

B9 (s)ho[A] = e (s)ho[Al, e%(s) = Jdt.cf“(tms.e(m,
[E1(s), Ej (s)] = e1;¥Ex(s)

Two problems:

1) Delta functions at integration boundaries.
Solution: Standard procedure gives factor 1/n!

Ordertng problem: How to order the €, ?
Solution:
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First step: LRG E is operator (matrix) valued distribution, factorizes:

E}‘(s] = E%(s)Ex(s)

E9(s)h.[A] = e?(s)he[A], e%s) = Jdt e%(1)6° (s, e(t)),
[E1(s), Ey(s)] = e1;¥Ex(s)

Two problems:

1) Delta functions at integration boundaries.
Solution: Standard procedure gives factor 1/n!

Ordering problem: How to order the €, ?
Solution:
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First step: LRG E is operator (matrix) valued distribution, factorizes:

E?(s] iEa(S)EI(S]

E%(s)he[A] = e%(s)he[A], e%(s) = Jdté“[t]&j[s,e(t]],
[EI(S)mE](S)] — €1]KEK[S]

Two problems:

1) Delta functions at integration boundaries.
Solution: Standard procedure gives factor 1/n!

Ordering problem: How to order the €, ?
Solution:
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BACkR to SU(R)

Key object: Wi ;::Pequi E[A, E](s) d%s Q
S

=10 +J E[A, E](s)
S

+J Ks s EIA, El(s)E[A, E](s")
S2

e

E[A, El(s) = he * E(s)h; !, «E(s) = *ET;

c
Bl

can we make it well defined?  [Hs+Thiemann]
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BAOCKR to SU(R)

Key Objfict: W ::Texp(ﬁ &[A,El(s) d’s Q
S

=15 +J E[A, E](s)
s

+J Ks s EIA, El(s)E[A, E](s")
S2

e

EIA, Elfs) = he * E[b]h:] ‘ ké(s] . *E[TI

C

can we make it well defined?  [Hs+Thiemann]
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Flrst step: LRG E is operator (matrix) valued distribution, factorizes:

E%(s) = E%(s)Ex(s)

E%(s)he[A] = e%(s)he[A], e%(s) = Jdt é%(t)6° (s, e(t)),
[E1(3)|EJ(S]] — eI]KéK[S]

Two problems:

1) Delta functions at integration boundaries.
Solution: Standard procedure gives {actor 1/n!

Ordertng probleme: How to order the €, ?
Soluttown:
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Harish-Chandra/Duflo map

Given semisimple Lie algebra g.
Ruantization map
Y : Sym(g) — U(g)

which Ls an
Sym®(g) — Z(U(g))
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Harish-Chandra/Duflo map

Given semisimple Lie algebra g.
Ruantization map
Y : Sym(g) — U(g)

whteh Ls an
Sym®(g) — Z(U(g))
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Harish-Chandra/Duflo map

Given semisimple Lie algebra g.
Ruantization map (T1, Ty} = £ Tk
g tst— Ulg) i1, T3] = fﬁTK
which Ls an
Sym®(g) — Z(U(g))
Iit’s a reflnement of symmetric quantization

where

sinh 1 ad x 1 :
ji‘[Xl:cltﬁr B o e/ =1+ — Ixﬂ}" + ...
5 ad X 48
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Harish-Chandra/Duflo map

Glven semisimple Lie algebra g.

ruantlzation AP
Y : Sym(g) — Ulg)

whteh Ls an
Sym®(g) — Z(U(g))
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Harish-Chandra/Duflo map

qlven semisimple Lie algebra g.
Ruantization map [Ty, Ty} = T
gy — Ulg) g, Tyl = fﬁTK

which ts an
Sym®(g) — Z(U(g))
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Harish-Chandra/Duflo map

qlven semisimple Lie algebra g.
(T, Ty} = Tk
Y : Sym(g) — Ulg) T= fﬁTK

Ruantization map

which Ls an
Sym®(g) — Z(U(g))

Iit’s a reflnement of symmetric quantization

Fi=g0 )I(O)
wheére

5! 1 [ sinh ‘], a(l X
)Z (x) = det 2 e
5 ad x

Example: For SU(2)
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This makes Wowell defined (albeit hard to determine explicitly)
ceneral properties:

For suttably chosen path systems

Ws, s, = Ws,Ws,, W =W_g

Under gauge transformations

UgWs Uy = g(b)Wsg(b)™ °
0

Pirsa: 11110097 Page 47/59




Note:
These elgenvalues can be written in terms of

[(25 + 1)(2§° +1)]
(25 + 114

Ayt =

TMEH are rvelated to

* verlinde coefficients of SU(R), rational CFT (R=1/¢)
* Trace of the square of the R-matrix of U, (su(2)) on | @’

Awnd they are for a holonowy around a
particle in SU(2) CS [witten]
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Back to black holes

RuUantum bouwdarw condition: For any S n H,

tr(hes) W = tr(Ws) W

)

we had a solution ¥, it would follow

formula for stmple loops: Wiy — ;¥ o« around p;
i e 4 « trivial

b wnder diffeos fixing punctures: Wo¥ =Wy ¥
reps on H only different mod k 244 an

e == T R
nowntrivial mowodmmH ofpuwctures 4rp(1—B )5

some fluxes transversal to surface well defined
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Back to black holes

RUAantUum bouwdarw conditlon: For any S n H,

tr(hos) W = tr(Ws )W

2t J

we had a solution ¥, it would follow

formula for stmple Loops: Wiy — i
£ L 4 « trivial

bav wnder diffeos fixing punctures: W, ¥ =Wy ¥
reps on H only different mod k : an

ey = —22\72
nowntrivial mowodmmH o{puwcturcs 4B (1 —p 163

some fluxes transversal to surface well defined
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Gauge tnvariant solutions:

For S2 topotogg:
* Gauge nv coupling at punctures

* for given bulk conf. surface states
described bl(J 1 € Inv(j1,92,93,--.)

For nontrivial topoLo@g:

* Gauge inv coupling at punctures

* for given bulk conf. o many
= C
surface states

In partieular: would recover all the structures of the SWU(R) treatment
of IH (Engle et al) . Theory on H has all features of SU(R) Cs.
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Do we have a representation?

Have a good representation for the bulk and v H.
Extenston to nown- simpLe Loops? DLﬁ‘IcuLt to answer odue to

1) Action of W5 Complicated:

Ws (I>=) exl[>
k

2)There are o many Mandelstam tdentities to be satisfied, ex.

(tr g)(trg’) = tr(gg’) tr(g(g’) ")
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Have checked some things, for example

tri (Ws, ) tr

3] (Ws,) [i132) = tr1 (Ws, 4s,) tr

1
5

as tt must be, but

Further question: Do we have SU(2) CS?

* DOF remaining own horizown may poiwt to

* would be nice: 2 Euclidean quantum gw'athH own horlzow
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S ry

uantum description of Type | I+ {MLLH n terms of hoLowomH-ﬂux.
algebra of LRG,
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