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SurveyLoop Quantum Gravity proposal on

e Ab Initio understanding of black hole entropy area law+ signature:
corrections

e Resolution of Big Bang singularity (simple models)
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A
Sph = = (kp = 1)
12,

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

Sy, o I»° = non-perturbative
Need to go beyond classical GR - compulsion, not aesthetics

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

Two Issues to be addressed:

e How is it that Sbh — Sbh(AhOT) while SthermO = Sthermo(v()l) ?
e \What degrees of freedom contribute toS;;, ?
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fﬁ[v |¢v> = 0
=3 (Z e, 11 14, 2) Ol exp —BH,, x,)
b ()
= Zbdy

Bulk states decouple! — Thermal holography ! v 2007, 2009

Weaker version of holography cf ‘Holographic Hypothesisof 1993; susskin

1995

Canonical Ensemble of (isolated) horizons (as sptm bdyateStcharac -
terized byA,, ~n 1%, n € Z (LQG)
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Criterion for Thermal Stabllity w2007
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Classical geom not used in derivation : QG origin
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e Horizon deg of freedom & dynamics Aniekar et. al. 1997-2000; Basu, Kaul, PM 20( 9,;
Kaul, PM 2010; Basu, Chatterjee, Ghosh 2010; Engel et. &192M

e Counting of horizon states A2ntekar et. al. 1997,2000; Kaul, PM 1998,2000; Das, KaMl 2001
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e Start w/ Schwarzschild metric : choose a tetrad basis anghataspir
connection coeff and curvature com, pm 2010

e Define Barbero-ImmirzbU (2) connection
e Pull back to horizon (sph fol) and compute curvature on sph
e Compute pull back of cross-product of tetrads to sph fol aofzom

e Result:

3
%Fab<A> — _Zab

wherek = # - (Apor/15) s k >> 1
e SU(2) Chern Simons gauge theory EoM

e Can gauge fix td/(1) CS with extra conditions on sources SU(2)
dynamiCSBasu, Kaul, PM 2009; Kaul, PM 2010

e Gravity-gauge theory (topol) link derived



Loop Quantum Gravity : background-indep, non-perturbativ e



Loop Quantum Gravity : background-indep, non-perturbativ e

SL(2,C) Variables el ,w!l/ — x1) = e[]aebj] , RIS = c‘?[aw[f]‘]w[[a[(wg][(



Loop Quantum Gravity : background-indep, non-perturbativ e

SL(2,C) Variables ¢} ,wl/ — 21/ = [ bj], Rl =0, w[]Jer[]K bJ]K

Sle,w| = Sgp + SNy
1 b lJ

160G

1 abed I L1
— D D — > Y R
2 M€ [( aeb)( cedl) o~ ab cdl.J



Loop Quantum Gravity : background-indep, non-perturbativ e

SL(2,C) Variables el ,w!l/ — x1) = [ bj], Rl =a, w[]‘]er[]K bJ]K

Sle,w| = Sgp + SNy

1 b IJ
Sup = T /M e X7 Ry
1 bed i lorg
SNy = > " [(Daeb) (Deeqr) — 5ah Fedl

Sny IS topological,y (Barbero-Immirzi) resembles,



Loop Quantum Gravity . background-indep, non-perturbativ e

SL(2,C) Variables ¢} ,wl/ — 21/ = e[faebj], Rl =0, w[]‘]er[]K bJ]K

Sle,w| = Sgp + SNy

1 b IJ
Sup = T /M e X7 Ry
1 bed i lorg
SNy = > " [(Daeb) (Deeqr) — 5ah Fedl

Sny IS topological,y (Barbero-Immirzi) resembles,

Hamiltonian formulation date, kaui, sengupta 209s. On spatial sliceM; local
Lorentz boosts gauge fixed to give Barbero-Imm¥K#zi(2) gauge theories

: Agy)] — ,VWCI;+K[7 Ea . ]det C]‘Qab EaEb5[J



Loop Quantum Gravity : background-indep, non-perturbativ e

SL(2,C) Variables el ,w!l/ — x1) = [ bj], Rl =a, w[]‘]er[]K bJ]K

Sle,w| = Sgp + SNy

1 b IJ
Sup = T /M e X7 Ry
1 bed i lorg
SNy = > " [(Daeb) (Deeqr) — 5ah Fedl

Sny IS topological,y (Barbero-Immirzi) resembles,

Hamiltonian formulation date, kaui, sengupta 209s. On spatial sliceM; local
Lorentz boosts gauge fixed to give Barbero-Imm¥K#zi(2) gauge theories
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Global variables :

holonomies h(A) = P exp / A
C

fluxes £S5, f| = / ET €qpe dx® N dal f!
S

Cylindrical functionalszp[A] = ¢ (h¢,(A), hey(A),..he, (A))
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0,1/2,1,3/2,...

Vertices: invariantSU (2) tensors constructed out of spins on edges enter-
Ing or leaving vertex

Graphg consisting ofl edges with spingy, ..., j; andv vertices— ¢ =
[Liegny hiCA) - Hieqor Zk

A giveny — linear combination of spinnet graphs
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Area operator (also volume, length) have bded, discretetispe

a(ji, .- JN) = _VZPZ\/]p (Jp+1)

lim a(ji,...7n) < ACZ+O(ZP)

N—o0

Equispaced/j, = 1/2



‘Quantum’ Isolated Horizon — effective descriptioipshtekar, Baez, Corichi, Krasn v
1997)
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Need to compute; g = log dim Hog ptsources(jy,...j,) TOF fixed Arg +
O(Ip)

Witten (1986) :dim H g = #conf blocks of SU(2); WZW (CFT5) on
punctureds?

4 dim gravity— 2 dim CFT link

—> (Kaul, PM 1998)
n Jp
dim HCS+(]1,,]n> — H Z [5m1_|_...—|—mn,0

DO | — DO | }—\'ts






Arn
Al
Ny
(Ashtekar et. al. 1997)

A
log <41[2H> + const. + O(A[_}l[)

3
2 P

J/

N

(Kaul,PM 2000)



Arn
Al
Ny
(Ashtekar et. al. 1997)

3 Arn 1
_ 51og (4[%) + const. + O(A; )

J/

N

(Kaul,PM 2000)

Infinite series of corrections to semicl BHAL : characterisic signature
of LQG



Arn
Al
Ny
(Ashtekar et. al. 1997)

3 Arn 1
_ 51og (4[%) + const. + O(A; )

J/

N

(Kaul,PM 2000)

Infinite series of corrections to semicl BHAL : characterisic signature
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— Z N(”U)EIJK tr hvlthr]thH-J] h_l th V%j}(?v]
v,IJK

Symmetry Reduction Bojowald 2001; rev. Date 2010

Given 'H and symmetry groug; ,’H/G — space of orbits. Restrict 0
Hinw € H/G — space of trivial orbits

Strategy :Quantization after reduction : Reduce td’;,,, C I'/G and ther
guantize

Example: sph symm modelsls® = dr? — f*(r, R)dR? — r*(1, R) (df* +
sin® 6 d¢?) — f(r, R) , v(, R) only dynamical dof

Mini-superspace : homogeneous and isotropic spacetimesdl cos
mologies) described binitely many dof— quantum mech systeBajowai
2001
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Diagonal: g;; diagonal= &/ = ¢; Al | pt = p' AL (ns)

i, Plpp = STGy &

det(g;;)



SingUIarity Resolution Lectures by G. Date 2010



SingUIarity Resolution Lectures by G. Date 2010

Strategy : Couple (spatially flat) FRW backgd to masslesastiald ¢ —
‘emergent’ time and study classical and quantal dynamics



SingUIarity Resolution Lectures by G. Date 2010

Strategy : Couple (spatially flat) FRW backgd to masslesastiald ¢ —
‘emergent’ time and study classical and quantal dynamics

Connection and triads: = ~va , |p| = @



SingUIarity Resolution Lectures by G. Date 2010

Strategy : Couple (spatially flat) FRW backgd to masslesastiald ¢ —
‘emergent’ time and study classical and quantal dynamics

Connection and triads: = ~va , |p| = @

3 1
0o— ( ~2 2 ) L 3/2
0= "5 \7 pl) +5lpl " P



SingUIarity Resolution Lectures by G. Date 2010

Strategy : Couple (spatially flat) FRW backgd to masslesastiald ¢ —
‘emergent’ time and study classical and quantal dynamics

Connection and triads: = ~va , |p| = @

3 1
0o— ( ~2 2 ) L 3/2
0= "5 \7 pl) +5lpl " P

Solve H; = 0 for ¢ in terms ofp andp, and then solve Hamilton’s eqr a-
tions foro(t) , p(t) , py(t)



SingUIarity Resolution Lectures by G. Date 2010

Strategy : Couple (spatially flat) FRW backgd to masslesastiald ¢ —
‘emergent’ time and study classical and quantal dynamics

Connection and triads: = ~va , |p| = @

3 1
o2 ( ~2 2 ) L 3/2
0= "5 \7 pl) +5lpl " P

Solve H; = 0 for ¢ in terms ofp andp, and then solve Hamilton’s eqr a-
tions foro(t) , p(t) , py(t)

N 12
) = 96" e () (0=

py(P) = const.
where,¢(t) > 0 = ¢ — emergent time



SingUIarity Resolution Lectures by G. Date 2010

Strategy : Couple (spatially flat) FRW backgd to masslesastiald ¢ —
‘emergent’ time and study classical and quantal dynamics

Connection and triads: = ~va , |p| = @

3 1
0o— ( ~2 2 ) L 3/2
0= "5 \7 pl) +5lpl " P

Solve H; = 0 for ¢ in terms ofp andp, and then solve Hamilton’s eqr a-
tions foro(t) , p(t) , py(t)

TG\ V2
) = 96" e () (0=
py(P) = const.
where,¢(t) > 0 = ¢ — emergent time

As¢p — too, p—0,E=p " pé/Q — 0o = Big Bang singularity !
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Loop Quantization
Algebra of observables- algebra okxpiic, A € R

Explicit holonomy-flux rep.

N
pluy = = Tp plp) s (uli'y = 6y,
hylp) = expipclp) = lp+v), pveR

e p has discrete spectrum; volurire= |p|3/?
e Matrix elements ofy, not continuous in’ = ¢ — cannot be defined
e 5! or its positive powers cannot exist since spectrum ioicludes 0

Need ‘regularizedp usingh;(c) = exp pocAlry, 25 € Z
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Eigenvalues bounded aboves- matter densities remain bounded ove-
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— singularity-causing~ |p|=3/2 term in Hamiltonian remains finite-
seed for singularity-resolution



Quantum gravitational Hamiltonian



Quantum gravitational Hamiltonian

A 3
ngav,sym‘ﬂ> - 9 (‘V,quS,uO — V,IL-I—,LL()H:u T 4UO>
1oYlp

+ !Vu—uo i Vu—?)uoH# — 4#0>
B UVM+3/~LO B V/HMO’ T WM—MO I VM—3M0H ’m)



Quantum gravitational Hamiltonian

A 3
ngav,sym‘ﬂ> - 9 (‘V,quS,uO — V,IL-I—,LL()H:u T 4UO>
1oYlp

+ !Vu—uo i Vu—?)uoH# — 4#0>
B UVM+3/~LO B V/HMO’ T WM—MO I VM—3M0H ’m)

V= (2915 |u))*? — eigenvalues of/



Quantum gravitational Hamiltonian
3
ol

+ |V,u—,uo - V,u—?),uoH,u — 4#O>
- [|VM+3M0 — Vieruol + Vo — VM—3M0|] 1)
V= (2915 |u))*? — eigenvalues of/

ﬁgmv,sym‘m — (WquSuO - Vuﬂeo\ |M + 4MO>

Wavefunction|V) = > (¢, u)|p) gives the Wheeler-Dewitt equation
(with symmetric factor-ordering)



Quantum gravitational Hamiltonian
3
ol

+ |V,u—,u0 - V,u—?),uoH,u — 4#O>
- [|VM+3M0 — Vierpol + Wiy — Vu—?wo” 1)
V= (2415 |u))*? — eigenvalues of/

lﬁ[grav,symm> — (‘V,quS,uO — V,LL—I—,LL()‘ |M + 4MO>

Wavefunction|V) = > (¢, u)|p) gives the Wheeler-Dewitt equation
(with symmetric factor-ordering)

fr ()W (@, u+dpg) + folp)W(o, ) + f—1 (6M>\P(¢, i — 4pip)



Quantum gravitational Hamiltonian

. 3
Hgmv,sym‘,u> - 9 (‘V,quS,uO I V,LL-I-,LL()HM + 4MO>
HoYlp

+ |V,u—,u0 - V,u—?),uoH,u — 4NO>
N [|Vu+3uo - Vu+uo| T |VM—M0 — Vu—i’wo” 1))

V= (2415 |u))*? — eigenvalues of/

Wavefunction|V) = > (¢, u)|p) gives the Wheeler-Dewitt equation
(with symmetric factor- orderlng)

fr ()W (@, u+dpg) + folp)W(o, ) + f—1(6 )W (@, 1 — 4pup)

— —gﬂG”)/ ,u%lp Hmat<ﬂ>qj<¢7u>

2nd order Difference eq on lattic@ = 1 = ¢/ + 4pgn , n € Z
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Effective Hamiltonian
WDW differential eq : assumé& (¢, 1) is slowly varying wrty

WKB approximation for, >> pg = Herf = Hgrav+Hmat Where,Hgpq,
has received corrections due to use loop quantization Usa@nomies,

and H,,,; has received corrections due to use of regularized
Modified FRW : takep >> pg

3 [a 2_ 87TG’}/,LL%
0\ g = Peff = Pel 1 — 3 P Pcl

wherep = 1a? | py = Hinat [p) 3/

Solution has a bounce in the region of classical singularity

Is the universe before the ‘Big Bounce’ identical to the presnt universe
?
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Summary : Black hole entropy

e \Weaker version of holography derived from QGR, albeit hetiari

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

e Gravity-Gauge theory link explicit SU(2) CS Topol gauge theory ¢n
IH

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

e Bekenstein entropy bound tightened due to LQG corrections
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Summary : Singularity Resolution

e FRW In terms of holonomy/flux=- big bang singularity moved awiy
from boundary (cf ADM big bang associated with ‘beginningquiring
boundary cond)

e Holonomy corrections adequate to resolve big bang througjealé
De Witt Difference Eg but inverse volume corrections also do the job

e Big Bang— ‘Big Bounce’ although not clear if earlier universe is id 2n-
tical to ours

e Natural prediction of an inflationary phas@exar et. al. 2009: Bojowald et. al. 2009
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Pending Issues

e Beyond effective quantum horizon : horizon formation dgraollapse:

Basu, Chakraborty, PM in prep.

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 @cHs: Ashtekar, Varadarajan 2007, ...

e Resolution of black hole singularity : midi-superspacentar, sojowald 200:
Pullin 2008; Modesto et. al. 20009, ...

e Relation between LQC and LQG ?
¢ Relation with pheno data : CMB fluctuations, non-Gaussyanit
e Dark matter and dark energy within LQC ?



