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Spherical star collapsing to black holesddington-Finkelstein
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Collapsing spherical starpenrose-carter
SINGULARITY




Black holes ... are the most perfect macroscopic object® the In the
universe. The only elements in their construction are ouioms of spac:?
and time ... and because they appear as ... family of exaatiso$ of
Einstein’s equation, they are the simplest objects as welubramanian
Chandrasekhar

Yet Black hole sptms have

e Event horizon : boundary of domain of communication
e Singularities, where all known laws of physics break down

Laws of bh mechsgardeen, carter, Hawking 1972

5Ah07“ > 0
Khor = const
OM = EKpor 0Aper + POQper + -+



Gen. Sec. Law of thermo sekenstein, 1973:0 (Spt + Spp) > 0.

Black holes radiate like a black body with a temperature Ty = hxp,,
Hawking 1974

Bekenstein-Hawking entropy

A
Sph = T (kp = 1)
I

lp = (Gh/A)/? ~ 107%3em — quantum gravity

Need to go beyond classical GR - compulsion, not aesthetics
Sy ~ 1> — nonperturbative QG

Physics atl0~>% cm determines entropy of bh of sizé!! cm — Extreme:
Macro QM!



Issues to be addressed:

e HOw IS It that Spp, = Sbh<Ah0r) while Sthermo = Sthermo(v()l) ?

e Why do some black holes thermally radiate or accrete incessdly ?
(instability)

e \What degrees of freedom contribute toS;;, ?
e How do they lead to the B-H Entropy ?



Outline

e Thermal holography
e Quantum Isolated Horizon as equilibrium configuration

e Grand canonical and microcanonical entropy :interplay of quantur
spacetime and thermal fluctuations

e Thermal Stability Criterion

e |solated Horizon dof and dynamics

e LQG basics

e Quantum IH entropy

e Speculation : guantum origin of Chandrasekhar bound
e Pending Issues



Electrodynamics in Minkowski sptm: Define charge holographically

—

Q(V) = /SWE - h d*a

But, H, = (1/87)(E? + B?) — photons
Vac GR :no 7% s.t. V, 7% = 0 in bulk
S

~ Owhen H~0, P~0

= no analogue ofE? + B? in vac GR! Excitations ‘polymeric’



Grav energy globally defined

|
HKomar — o dQOabvaKb
T JSq
Classically, bulk = boundary entirely

Holography: 3 dim bulk info encoded on 2 dim bdy

Gravitons ?

Jop .+ h
Yab, , a.b ,
bkgd  graviton

Hy = (1/8m)[(°h)” + (°n)7]

Weak field approx,,;

As |h| /|, bkreactn /" approxn. invalid nonperturbatively



Quantum General Relativity
In general there are indep qu fluct on bdit .= H, ® H;,

Hamiltonian constraint (bulk)
Hy o) = [Hpg o+ Hypaxllte) =0

O=0,21+120,

QUWU> =0



New Hamiltonian constraint
H{JWU> =0

AN AN

ﬁ/{/} — H’U_(PQ’U

Grand Partition FunctioRajhi, pm 2011
Za = Tr exp —ﬁﬁT + 390
= e Ol @ (ol exp —BH'[0) @ |xp)
v.b

H' = Hp — Q

Observe

AN

H = (H,®1+1® H))
HQ/JWU> =0



26 = 26 ) )

Zapy = Tryexp —B(Hy — Q)
Bulk states decouple! Boundary states determine bh thermodynainics
completely— Thermal holography ! (em 2001, 2007; majhi, Pm 2011

Different from strong holography (t Hooft 1992; Susskind 1993; Bousso 2002)

Holographic Hypothesis (HH)

... Given any closed surface, we can represent all that hapgravita-

tionally) inside it by degrees of freedom on this surfacelfitsrhis ... sug-
gests that quantum gravity should be described bypalogical quantun

field theory in which all (gravitational) degrees of freedame projecte(
onto the boundary.

In contrast, ours underlines primacy of boundary stateblidhermodyn



What sort of boundary ? Not asymptotic bdy; not Event Horizeneleo-
logical, globally stationary, ..)

Work with Isolated Horizons (IH) as local, non-stationaaguilibrium gen
eralization of EHSashtekar et. al. 1997-2001)




e Nonstationary

e Null (lightlike) inner boundary of sptm with topdt @ S?
e Marginally Outer Trapped 9(1) =0, 0<n) <0

o A(S?) = const — isolation

e Zeroth law of IHMsurface grav; = const

e Possible to define mass on IR/ = M7 (A, Q)

o Mrrr = Mapar — 57?§d S.1. 5M[H = li5¢4h07n + ®5Qh07~ (Ist law of
IHM)

e |H is microcanonical ensembieith fixed A;,,-, Qpor
e Hawking radiation requires IH» Dynamical Hor



Grand Canonical Ensemble of IHs in rad bath: computeZ;, — S.un
e Assume equil. IH with fixedd; g, Qg andMpy = M (A, Qrp)-
e Keep Gaussian flucCtbas, Bhaduri, PM 2001; Chatterjee, PM 2003)

o Ay, ~ nl%, n>> 1 (justify later)

1
Scan(Arg) = Sra(Arg) + 3 log A(Arp)

J/

th fsz,E corr

Two Issues arise :

e ExpectS.q, + ve real = C > 0 (th stab). How/when violated (e.g.
Schwarzschild, RN)?

e How to computeS;; ? Need quantum theory of IH



Condition for thermal stability wajni, pm 2011)

Za =Y g(Am, Qn)exp —BIM(Am, Qn) — ®Q]

LQG i Ay ~mlp, m>>1, Ay >> 1%, Qn~n

[dAdQ
ze- |5 5" 914.Q) exp—AM(4.Q) - 00

_ / 1A dQ SA-BM(A.Q)+30Q

S(A) = log g assumed indep @p. Measure factors do not contribute.
Expansion around A, () = : Gaussian approx

=- conditions on Hessian matrix for convergence/gf



{BMAa(A,Q) — Saa(A)} BMoo(A, Q) — B°Mj(A,Q) > 0

Solve as Partial differential inequality

Ansatz:
M(A,Q) = pu(A)-x(@Q) , x(0)=1
Bo[HAA _ SAAl  XQ XQ
pa Lpra 5S4 X XQO




Solution :

X(@) = (1+CQ)
u(A) > (aS)rT

Choose constants > 1, (/cBoz)% = Mp =

SN
Mp ~ kp |kp(1+CQ)

_i_l—l— : [n o + >i
B kp I k—1 /fB<1—I—CQ) kp

e Checks out witht) = 0 caserm 2007, 2009

M S| S ]%1

¢ No classical metric used in derivation
e Necessary and sufficient condition for gbh to be thermally sible



Fiducial checkSwmajni, Pm 2011
Reissner Nordstrom

ANY? | 4nQ?]
Mpny = — 1
RN (47T> i A
Violates stability bound — thermally unstable
Anti-de Sitter Reissner Nordstrom

ANY? irQ? A
M = (= 1
ADSRN ( 47T> T T

Satisfies stability bound for A >> 4r(?
e Can distinguish ‘energy driven’ vs ‘entropy driven’ processes
e Criterion holds for all isolated horizons
e Corrections to area law crucial for nontriviality of bound



Canonical GR as gauge theory of realSU(2) connectionSsen 19s2; ashtek: r

1985, 1996; Barbero 1995:; Immirzi 1997

Spatial slicesS; : t(x) = const with congruenceg® = N+ Nn% , n% —
unit normal toS;

Phase space variables

(qapr Tap) — oSt (B = dete el , K, = qf w)')
__,canon transf (Ang — e”’%a i + KZ,L | EZ,L) >0

wheretime gaugeeg = —ng = —NOJ,t has been chosesn- local boost:;
frozen=- residual SU(2) gauge inv

Canonical PB
(AN @y, BY () pp =~ G 6L 6@ (z,y)



Canonical 1st Class constraints :
Dy(ANEY = ~ G~ 0
EYFyy = 7(Iy +7K;G;) ~ 0
H(A, E) = (det B) "V, EYEY FR 4 201 + A2 Bl BRI KT K] ~ 0

On IH null bdy = 3¢, dz%dzb = 0 = 3¢

3 dim gravity : Sy = [, v/ —39 >R impossible!
On IH only possibility : 3 dim Topological gauge theory !



Consider e.g. Schwarzschild ki, pm 2011

ds® = — f(u,v) dudv — r°(u, v)(d0? + sin® 0d¢?)
3

flu,v) = 4°0 exp——
r 0
() oo
w = — | ——1| exp—
0 0
Tetrads :
! = f1/2(u, V) (E dv + = du)
i
el = fl/Q(u,v) (— dv — — du)
Q v

e = rdf : 3 = rsin 0dg

Spin connections computed from

Daebzvaeg—wC]LKegsz



DefineSU (2) connection (in time gauge)
. 1 .. .
Ay = ?”k Waik — 7 wgz
Compute explicitly Curvaturé” = dA’+ €% A; A A, and solder 2-forr
Vi = ik € N €}
Pull back both forms to Event Horizon (null inner boundaty)

Chern Simons EoM on IH

LS R

2T




Event (Isolated) horizon described BY/(2) Chern Simons theory

[k
S]H [A] — tT/ Eabc (_> (Aa@bAC _|_ AaAbAc> _|_ AaEbC
IH \ 27
Sap + Sy — variational principle OK, provided

k
(2—ch+ Z) =0, k= (A;g/4mG) >> 1
7

G2

SU(2) Chern Simons theory can be gauge fixed on IH td/(1) Chern
Simons theoryprovidedappropriate restrictions on sourcegsomp on |+
are accounted fafasu kaul, PM 2010; Kaul,PM 2011

Loop Quantum Gravity/Canonical QGR (bkgd-indep, nonpert)

SL(2,C) inv self-dual gravity— complex config. space» gauge fix tc
Barbero-ImmirziSU (2) inv formlation



For A, E' canonical quantizatios>

Ayfw), ENy)| = ih ol o7 09(z,y)
To avoid singularity of CCR use Global variables : clas$ycal

holonomies h; = P exp / A
[
Fluxes q)f,S = SWGV/SCZQO'ab €be fiEci

Class config spacA = {A}/(gauge)
QuantConfig Spacel € A — non-smooth (distributional) fields

SampleA by finitely many probes : graph = (n. edges , n, vertices)
embedded in spatial slice

RestrictA — A toa = A — A,



ne-tuples of holonomiede, [Aq, ..., hey [Aq]
Wave functionals

Edgese; , I = 1,...,ne carry spinj; = 0,1/2, 1, ...; vertices carrySU(2)
Invariant tensors, depending upon valence

LQG : promote holomies, fluxes to operatorg(A) , £ g —
CCR among these, assuming edgrtersectsS at vertexwv,

{he[A] . Prg nlE]| = %k(e) he T - f if v source e

1
— _§k(6) 7 - f he if v target e






On Wave functionals, any functiaii( A) acts by multiplication
O(A) = O Wo[A] = O(A)W,[A
Action of @5 /[ E]
Og ([E] Vo = [Pg ([E], UalA]

=53 1 - ] e

where,

S\ U

J(U>Z — J(%)’U + J(if)’v + -+ J(i% for edges above S

S,’U — Cu+1,V Cu+2,V Cu+drV
J(d)z‘ = J(d)z‘ + J(d)z‘ + - J(d)z‘ for edges below S

= $g|f - X] acts through spin operators

Spinnet states diagonalize spin operatersobservables expressible In
terms of spin operators have exactly determined spectroea,(aolume:

)



Spin network : Quantum Space



Area operator (also volume, length) have bounded, disspatetrum

b
0
]

A lim Z/ detl/2
St

N—o0

2

N—o0

As¥ = a(j1, ..., jn)¥
N

a1, dn) = 8TH Y\ iplip + 1
p=1

lim Z \/@S](T E)bg, (7 - E)
=1




‘Quantum’ Isolated Horizon — effective descriptioshtekar, Baez, Corichi, Krasn( v
1997)



Need to compute;y = log dim Hog ptsources(jy,...j,) TOF fixed Arg +
O(Ip)

Witten (1986) : dim Heg = dim [Inv (®p[j,])| where,[5,] — conf cur-
rent block ofSU(2);, WZW on pth puncture of57;

4 dim gravity — 2 dim CFT link

—> (Kaul, PM 1998)

n
dim Hes gy = 11 Z GOm0
p=lmp=—
1

1
- §5m1+---+mn,ﬂ

Term 1 :my,+ = 0 — overcounting sincé;,; = 1,2, .. also haven;,; = 0;
terms 2,3 subtract;,; = +1 states






Plaquettes havel,;) ~ 15, : Ay /Ay = Ny >> 1

Each Plag has a binary BIT (e.g., spin 1/2 state) count tota
dim{net spin = 0 states} = N

N — Nppp! Nrpp!
(Nppn/21?  (Nppn/2 + DN(Nppp/2 — 1)

Use Stirling approximation foiN;;;, >> 1 and Sy, = log N with units
chosen such thadtp = 1




Arn
Al%
N
(Ashtekar et. al. 1997)

3 Arn 1

— =1 IS t. + O(A

5 log ( 4@3) + const. + O(A; )
(Kaul,PM 2000)

J/

e Infinite series of finite, calculable corrections to semicl BIAL :
characteristic signature of LQG

e Tightening of Bekenstein bound on maximal entropybas, Kaul, PM 2001
e Modified Hawking temperature 3 = 3g(1 — 61%/A) Majni, PM 2011



Speculation : quantum origin of Chandrasekhar bound
Chandrasekhar’s Nobel Lecture December 1983 : (adapteegto@utror
cores)

Hydrost equil betweet.,,. due to gravity and”;,, the Fermi pressure f
relativistic degenerate neutrons

hc 3/2 _
Meore > & (E) mn2

Mcore )‘C’n .
() e (52)

Planck scalel p appears nonperturbatively : rhs " asip ™\,

Reminiscent of black hole entropy :

A
Sph, = 4?20 L + quantum corr.

P

RIS




e |s the mass bound linked to quantum gravity ? Derivation uses GIR
+ Sp Rel QM

e Are the mass bound andSy,, related ?

Does derivation use a consistent formalism ? No.

e Sp Rel QM not ok fol€ >> my,c> — SRQFT

e But P, computed using GR : consisteney use GRQFT (semicl) 10
computeFy !

e Are QG effects guaranteed to be small ? No

Right answer using ‘invalid’ theory:
E.g. Mitchell’s (1784) derivation of Schwarzschild rdty = 2GM/c?
before GR; or Bohr’s derivation of Bohr radiug = 7?/me* before QM.

‘Pointers’ to the right theory : GR and QM.
What theory does Chandrasekhar’s bound point towards ?



Reexpress bound

Mcm“e )‘C’n 2 B ACn
(i) > () =<5
= cond for instability wrt formation ohorizon (spacelike/null trappin)
hypersurface)

Suggest : existence of bound relatedStability of horizon wrt Hawkin J
radiation (Thermal Stability)

Mhor(Ahor) ~ S<Ah07“)

Mp kp
whereS(A;,,,.) — microcan entropy of equil (isolated) hor
Assume small energy loss during collapse to black hole




= Meore > Mhor — M<Ah0fr) =
Mcore Ahor
>
Mp = 4%

Hidden (‘Trapping’ or Dynamical) horizon of collapsing esr- dynamica
hypersurface inside core s.t. spatial foliation is outapping




SINGULARITY




Core Collapse pushes energy into Hidden Horizo;,; 1 hor ./~
Stops Whe ;g nor ./~ Anor = Anor > Ahid hor

ExpectAcy, ~ Apid hor < Anor (?)
= Chandrasekhar mass bound
Mcore >€ (A0n>
Mp Ap

Does such a hypersurface actually form in stellar collaps®®, e.g., i
Oppenheimer-Snyder model of pressureless dust collapse




Summary
e Weaker version of holography derived from QGR, albeit hstiari

e Can bh entropy receives positive log (area) correctionstduberma
fluct

e Thermal stability: prelim non-semicl understanding whyngoblack
holes decay and others may not

e Microcan bh entropy understood for macro bhs; BH area lawivee
Infinite series of finite corrections — signature of LOG

e Bekenstein entropy bound tightened due to LQG corrections
e Possible connection with origin of Chandrasekhar massdboun



Pending Issues

e |[H — Dynamical Hor unclear: Hawking radiation ?

e Info Loss Puzzle: can lowest area quantum be a remnant ? byao\s
do we get back lost info ?

e How does LQG resolve black hole singularities ?
e Gauge-gravity connection : relation between Chern Simgnauahics '
e Detailed check of speculated origin of Chandrasekhar bound



