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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. Thisis 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 conditionis
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 n 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 + Markopoulow + Smolin (‘o4 )
Coricht + Dlaz-Polo +Fernandez-Borja (‘0e)
Blancht (“10)

Barbero + villasenor (“11)

Frodden + Ghosh +Perez (“41)

anl YWLOYE.
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Introductlon

BH entropy i LRSG due to Chern-Simons theory ow the horizow.

* |H boumdﬁrg condition F(A) «E adds ¢S bouwdm’ﬁ term
to symplectic structure | &

* CStheory gets quantized separately), but fits beautifully to
LQC1 UMUQ:
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singular curvature singular flux
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Introductlon

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

* |H boumdarg condition F(A) «E adds ¢S bou.woim'rd term
to symplectic structure 3

* CStheory gets quantized separately), but fits beautifully to
LQC1 bl/(“@,l

cs LR

singular curvature  singular flux
particle DOF Flux components

Spin net with part

Hos € Inv(91,99,...) :
oL i hidden

How com.e?
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Mor'aLL;4:
same field tn bulk and bouwda@, thus descriptions match!

Tech wicaLL(Mj:

Not obvious from the way the system Ls treated.

Pirsa: 11110097 Page 7/59




Mor'aLL;4:
same field tn bulk and boww{ar@, thus descriptions match!

Tech wicaLL(Mj:

Not obvious from the way the system is treated.

Alw 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]

Pirsa: 11110097 Page 8/59




LRSG n a nutshell

variables: {Aq(x), Ef (y)} = 8mBGE,4615(x, y)

W([Kj' = trj(hlA]) = tr; (P exp(ﬁ A)

Es\f = J 'FIE?EabC dxbdxc
S
Holonomy flux aloebra:
Relations among the W(',g :

] = 8npG f(p)* :

] = (87Blp)? f(p)'g(p)’
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LRSG n a nutshell

variables: {Aq(x),E} (y)} = 8mBGE4655(x,y)

W([Kj' = trj(helA]) = tr; (P expﬂg A)

Es\f = J 'FIE?EabC dxbdxc
s
Holonomy flux aloebra:
relations among the W3

] = 8npG f(p)! :

] = (8nBlp)” f(p) a(p)’
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LRSG n a nutshell

variables: {Aq(x), Ef (y)} = 8mPGE,4675(x, y)

W([Kj' = trj(helA]) = tr; (P expﬂ[; A)

Es\f — J fIE?EabC dxbdxc
S
Holonomy flux algebra:

Lo e sy ()
rRelatlons anmone the Wug

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

variables: {Aq(x), Ef (y)} = 8mBGE,4675(x, y)

Wt[tj' = trj(halA]) = tr; (P expﬂ[; A)

Es\f — J fIE?EabC dxbdxc

S

o i A A
Holonomwy tlux aloeora:

= 1 p A (j
Relations among the WY

] = 8npG f(p)! :

] = (8Blp)? f(p)'g(p)’
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Taepr'esmtati,om:

RuUuantum areéa:

As —J E
S

Ag || D=28mpl; /i +1)|

RUuantum constratnts!
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Heuwristies

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

Components of fields on H:

Pullbacks: Transversal components:
A in Wy withainH AL @ ntransversal holonomies

E :intransversal fluxes «E :in Eg ¢with S in H
:}‘.E - e(]_b(_‘Ea d:’(b /\ dXL
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Heuwristies

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

Components of flelds on H:

Pullbacks: Transversal components:
cln Wy with ain H AL : n transversal holonomies

: in transversal fluxes +E :ln Eg gwith S in H
:}‘.E — QﬂbcEa d:’(b /\ dXC

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 Wy = Pexp (J’) E[A, E] d?s
S

S

F = hFh~ ' [A] £ = chihii

Thew demand gquantum bouwda% condition:

tEl has 1 Y = I’I‘(\(Vg J v

for surfaces S in H.
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It can, but:

Since F not well defined in LRG, exponentiate, using

has[A] = Pexp [J) FIA] d%s Wy = Pexp (J’) E[A, E] d?s

S o

F = hFh ' [A] & =chZh™!

Then demand gquantum bouwda&/g condition:

TI'{has 1 Y = I’I‘(\(Vg J v

for surfaces S in H.
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Heuwrilsties

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

Components of flelds on H:

Pullbacks: Transversal COMPONENLS:
cln Wy with ain H AL @ ntransversal holonomies

: in transversal fluxes «xE :in Eg qwith Sin H
:}‘.E - e(]_b(_‘Ea d:’(b /\ dXL

Now ask for solutions of (type 1)

can this work?
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It can, but:

Since F not well defined in LR, exponentiate, using

has[A] = Pexp [-l’} FIA]d%s Wy = Pexp (J’) E[A, E] d?s
S

S

F = hFh~ ' [A] & =chZh™!

Thew demand gquantum bouwda% condition:

TI'”"L()S | Y = I’I‘(\(Vg ] W

for surfaces S in H.
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It can, but:

Since F not well defined in LRG, exponentiate, using

S

has[A] = Pexp [-[) FIA]d%s Wy = Pexp (J’) E[A, E] d?s
s

F = hFh~ ' [A] & =chZh™!

Then demand gquantum bouwda&/g condition:

TI'”’I()S 1 b I’I‘(\(Vg J v

for surfaces S in H.

Also, will not be able to find solutions W in standard representation
of HF-algebra.
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AT toy moolel

AlL structures as n LKRG, only

Ruantum bouwdm’!d conolition:

hos W = e“Fs W ¢ = —2mip/an
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A (1) toy moolel

AlL structures as tn LKRS, only

RuUantum bouwdm’zd condition:

has W = e°Fs @ ¢ = —2mip/an
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A (1) toy moolel

AlL structures as n LKRS, only

Ruantum bouwdm’zd conolition:

has W = e°Es @ ¢ = —2mip/an

For exa mpLe:

haqu ; C4;l|5ti“;cnkl)

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

P ={(pr;m )i (paiiadsd- -}

Note:

1) Correspondence:
charge nets tn H <--->
Wp=hMhD2. ..

Gauge imvariance: dn = 0
Evaluation: W, [A] = expi(n|A)

) Decompostition of n n part n' n H, part n'transversal to H
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Using this, easy to wrtte doww a state on holonomies:

W(Wp) = we(Wun) §(dn") war, (W)

27 27‘(, dq)
wp(Wa) = | ... [ e®ie(®) [T 2n5(6: +2meni) [T 52
)

T
0 0 DL =

a(dp) =) aidiin H'(H',R)

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

For charge wnets n H:

1 = 9S
Wxl0)p = { 3 k= an/(2np*(3)

exp(—2m/kn;) « around p;

n} = n’) i i =n! modik e

imy =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 tn AL rep.

For charge wnets n H:

1 = 9S
Wxl0)p = { “ k= an/(2np*(3)

exp(—2m/kn;) « around p;

n}=n’) i ny=n modik ea==e.

imy =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 tn AL rep.

For charge wnets n H:

] =05
Wu0)p = { : = aH/'[ZTr|32CfD]

exp(—2m/kn;) « around p;

n}=n i =n modikiga==e:

im, =0 modk

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: €< ok for

s SNH =S * SNHLs a cgcte
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AlL holonowmies not contained in H are as tn AL rep.
For charge wnets n H:

] =105

: k= an/(2np2(3)
exp(—2m/kn;) « around p; HATE

vva O>P — {

n) =n"} i n =n modiikiEx=—te:
i =0 mod k
for diffeo fixing punctures and n:n) =|d(n))

for diffeos that move punctures: path-dependent phases

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

s SNH =S * SNHLs a cgcuﬁ
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Gauge bnvariant solutions:

For S= topology:

* Gauge nv coupling at punctures

* for gLvew bulk oom" Just one surface
state ~ -

For nontrivial topoLogH:

* Gauge twv coupling at punctures

* for given bulk cow{. mu,LtLpLe
surface states -

Recover all the structures of the U (L) treatment of IH (Ashteka
Theory on H has all features of quantum abelian CS.
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Back to SU(2)

Key Objfict: W ::iPexp(ﬁ &[A,El(s) d’s

S

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

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

e

c s,

EAEl(s) = ooy e #E(o)RgT,  #E(s) = #ETT,
4Bz °

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

Key Objﬁct: W ::iPeprJ') &[A, El(s) d’s

S

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

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

i

c s,

EAEl(s) = ooy e #E(o)RgT,  #E(s) = #ETT,
4Bz °

can we make it well defined?  [Hs+Thiemann]
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BackErTSI4(2)

Key Objfict: W ::Texp(-]') &[A,El(s) d’s

S

=l +J E[A, El(s)
S

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

T

c s

EAEl(s) = ooy ha #E(o)RGT,  #E(s) = #E'T,
4z °

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

E?(s) = E(s)Ex(s)

~~,

E%(s)he[Al = e?(s)he[A]l, e%(s)= Jdt.é“(t]63[s,c(t]],
[Ex(s), By (s)] = ey “Ex(s)

Two problems:

1) Delta functions at integration boundaries.
Solution: standard procedure gives factor 1/nl

2) Ordering probleme: How to order the €, ?
Solution:
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Flrst step: LRG E Ls operator (matrix) valued distribution, factorizes:
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~~,
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Flrst step: LRG E Ls operator (matrix) valued distribution, factorizes:

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

~~,

E%(s)h.lAl = e%(s)he[A], e%(s) = Jdt.éa[t.]53[s.€(t]],
[EI(S),E](S]] = €”KE]([S]

Two problems:

1) Delta functions at integration boundaries.
Solution: standard procedure gives factor 1/nl

Ordertng problem: How to oroer the €, ?
Solution:
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Backto SU(2)

Key Objﬁct: W ::Texp(ﬁ &[A,El(s) d’s

S

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

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

S

C

R hs * E(s)h7!, «E(s) = «EIT;
P

E[A, E](s)

can we make it well defined?  [Hs+Thiemann]
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Backto SU(2)

Key Objfict: W ::iPexp(ﬁ &[A,El(s) d’s

S

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

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

e

c s,

glA‘ EJ(S) = m hs 4 E[S]hs ) *E(S) — *EITI

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

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

~~,

EC(e)halAl =e%(s)he[A], e%(s) = Jdt.éﬂ(t]SB[s.c(t]],
[EI(S),E](S)] — €”KE]([S]

Two problems:

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

2) Ordering probleme: How to order the €, ?
Solution:
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Harish-Chandra/Duflo map

Glven semisimple Lie algebra g.
Ruantization map
Y : Sym(g) — Ulg)

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

Glven semisimple Lie algebra g.
Ruantization map
Y : Sym(g) — Ulg)

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

Glven semisimple Lie algebra g.
Ruantization map (T, Tj} = 5Tk
Pasaatar—" Ulg) [T1, Ty] = flI(ITK
which ts an
Sym®(g) — Z(U(g))
It’s a reflnement of symmetric quantization

where

sinh 1 ad x 1
2 (x) =det 2 | —2—— | =1+ — |x|* +...
% ad x 48
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Harish-Chandra/Duflo map

Glven semisimple Lie algebra g.
Ruantization map
Y : Sym(g) — Ulg)

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

Glven semisimple Lie algebra g.
Ruantization map (T, Tj} = Tk
Pt Ulg) [T1, Ty] = flI'{ITK
which s an
Sym®(g) — Z(U(g))
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Harish-Chandra/Duflo map

Glven semisimple Lie algebra g.

Ruantization map _ (T, Tj} = fj Tk
Y :Sym(g) — Ulg) iE Tl = fﬁTK

which Ls an
Sym®(g) — Z(U(g))

It’s a reflnement of symmetric quantization

where

R | 1 ( sinh % ad x
)2 (x) = det 2 ——
5 ad x

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

For suitably chosen path systems

Ws, 45, = Ws, Ws,, W =W_g

Under gauge transformations

Uy Ws U3S! = g(b)Ws g(b)™! Q
0
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Note:

These elgenvalues cawn be written tn terms of

- (2 =) (EEEEt g

p Yo
L 12§’ +1]q

[qu =

TMEH are rvelated to

* verlinde coefficlents of SU(R), rational CFT (R=1/¢c)
* 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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Bock to black holes

RUANtUNM bouwdarg condition: For any S n H,

tl‘(has) b o — tI‘[Wq)ly

o

we had a solution ¥, it would follow

]COF‘VVLMLQ fOIf SLWL‘P[,& LOOPSZ WLIYJ A A ¥ o around p;
3 « trivial

v under diffeos fixing punctures: W, ¥ =Wy, ¥
reps on H only different mod R ; an

s p— 5 2
nowntrivial mowodmmw ()f‘lﬁ)uwctuygs drB(1 —B2)l5

some fluxes transversal to surface well defined
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Back to black holes

RUANtUM bouvwim@ conditlon: For any S n H,

tl‘(has) Y = tI‘[Wq)ly

pe

we had a solution ¥, it would follow

]COI"VI/LMLQ fOI" SLVM.‘PL({ LOOPSI W(IYJ Wy — A ¥ o around p;
b4 « trivial

v under diffeos fixing punctures: Wo ¥ =Wy 8
reps on H only different mod kR _ Qe

’ ’ == 2
nontrivial monodromy of punctures 4B (1 — B2)es

some fluxes transversal to surface well defined
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Gauge bnvariant solutions:

For S= topology:
* Gauge nv coupling at punctures

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

For nontrivial topotogkj:

* Gauge wv coupling at punctures

for given bulk conf. 0 many
surface states

reatment

t
S.

In particular: would recover all the structures of the SL/L(:?
of IH (Engle et al) Theory on H has all features of SU(R) C
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Do we have a representation?

Have a good representation for the bulk and n H.
Extenston to nown- simpLe Loops? D'LﬁqcuLt to answer due to

1) Action of W5 Complicated:

Ws ((>=) exl[>
k

2)There are oo many Mandelstam Ldentities to be satisfied, ex.

(tr g)(trg’) =tr(gg’) tr(g(g’)~")

Pirsa: 11110097 Page 52/59




Have checked some things, for example

try (Ws, )tl‘% (Ws,) [132) = tr1 (W

= ~

as it must be, but

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

* DOF remaining own horizon may point to

* would be nice: 2d Euclidean quantum gyathM on hortzow
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S ry

uantum description of Type | (H fuLLM n terms of hoLowomB-ﬂux‘
algebra of LRSG,
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S ry

uantum description of Type | (H fuLLU n terms of hoLowom((j-ﬂux‘
algebra of LRG,

In toy model:
* emergence of abelian CS on the horizon
* for S2 topology fully equivalent to (Ashtekar et al)
* for nontrivial topology: 2 DOF per nontrivial cycle

In full theory:
* new flux operators We with gquantum group structures in spec
* emergence of non-abelian CS own horizown
* for S2 topology seems fully equivalent to [Engle et al]
. {or nowntrivial topology: 2 DOF per nowntrivial cycle -> ISU(R)?
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Outlook

A nunber of things to chLfﬁ, and to think about:

1) Do we have a rep in the SU(2) case?

2) Nature of horizow theory In SU(2) case: SU(R) vs. ISU(R)
3) Entropy counting whew H s not a boundary

4) Now-spherically sywmmetric case

& DHwamLcs of horizown

)
)
5) Creation/avnthilation Dfpuwctur'es
)
)

z

We, Buflo, and quantum groups
Q) Branes in LRG
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A nunber of things to cLarim, and to think about:

1) Do we have a rep in the SU(2) case?

2) Nature of horizow theory In SU(2) case: SU(R) vs. ISU(2)
2) Entropy counting when H s not a boundary

4) Now-spherically sywmmetric case

& DHVL&IWLLCS of horizown

)
)
5) Creation/avnihilation Dfpuwctur'es
)
)

Z

W, Buflo, and quantum groups
g) Branes in LRG
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outlook

A nunber of things to clarify, and to think about:
1) Do we have a rep in the SU(2) case?

2) Entropy counting when H s not a bouwdarﬂ
4) Now-spherically sywmmetric case
o <

)

2) Nature of hortzow theorg In SU(R) case: SUR) vs. ISU(R)
)
)

)

5) Creation/annihtlation of punctures
&) Dynamics of horizown

)

Q) Branes in LRG

W, Buflo, and quantum groups

12 Thanks for your attention! If
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Jownes polynomial trom Wq

MSLVL@

Tk e 9
e

I =F, 1cl‘;c\,.f\:
caw replace holonowmies under the CS path mt&gral, bq W,
obtaining

rn

(Ltrp(has)) = [ LIAltrp(hog)[Ale*SeslA du[A]

M‘A
r

 LIA]trp(Ws)e*SesiAl qulA]

(trp(W=s)L)[Ale tSeslAl qulA]

Enough to define linear functional tn cases.
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