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Abstract: In the first part of the talk we introduce a technique to compute large scale correlations in LQG and spinfoam models. Using this
formalism we cal cul ate some components of the graviton propagator and of the n-points function.

In the second part we apply the ideas suggested by L QG to the black hole interior . The result of the quantum analysisis that the classical singularity
disappears in loop quantum gravity. Solving the semiclassical Einstein equation of motion we obtain a metric regular and singularity free in contrast
to the classical one. By using the new metric we cal culate the Hawking temperature, entropy and we study the mass evaporation process.
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Emergence of 4-d world from causal quantum gravity,
J. Ambjormn, R. Loll

¥

Continuum spacetime as a condensed phase of a Group Field Theory,

Danzele Oriis

. = W
Non-commutative quantum field theory from gquantum gravity.
Laurent Freidel, Etera R. Livine.

e— _l:' :IEH J.? - &
Emergent space-time.

Fotini Markopoulou, Lee Smolin.

Master constraint program, coherent states, algebraic quanium grawvity,

B. Dittrich. K. Giesel, T. Thiemann.
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Particle .




Particle scattering in loop quantum gravity
Leonardo Modesto, Cario Roveils. Phys Rev_ Lett 95 (2005))

The n-point function
Wix;..... ::,.}:Z'"/Da otz,r...o{z,.}e"s""

In background mmdependent quantum field theory, if we assume to be well-defined
with general-covarant measure and action, the n-pomnt function 1s constant in spacetime

We can write Wiz, ... . x,) m the form :

omip = RV
We assume that the particle interaction s restricted to R. Than we approzzmate Sgp|o
wiﬂlthegnuuiunthms;'o.nmmmnrtphcew;.f with its free equivalent :

Wolo. 2 :f Donefl-.':‘ SN

.t -

RS R - OR \
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[ Diffeomorphism invariant theory ]
(i) because of diffeomorphism mvariance the boundary propagator W - X
15 independent from (local deformations of ) the surface ¥. W (. X) reads W 2|

(11) the geometry of the boundary surface X i1s not determined by a background geomeiry
(there 1sn’t any), but rather by the boundary gramtational field - itself.

We may erpect an erpression of the form :
Wi(z;..... B q}:Z'I/D; P(21)...0(2a) Polel Wiyl

¥, - ts the gaussian boundary state picked around the 3-geometry q of the boundary surface X

The potnits r, can be defined with respect to the boundary geometry q.
The localization of the arguments of the n-pomnt function can be defined unth
respect to the geometry over which the boundary state 15 pucked.
x; are then metric coordinaies: they refer to graviiational field values.
In this manner, we can give meaning to n-pomt functions m a background mdependent context.

[ n-point functions in loop quantum gravity J

(i )

Wixy,. .8 9)=& Zcr :,.,,{::; c - Pa(Zn) Tyl W s
\

f
Pirsa: 071% / / Page 13/83
sum over spin nctm-k>

(wnm apemmr\) C ndary propagator from G’@




n-points* on




( n — points function )

- 2 . Wis] h:b{zr}h:dltg}---h;""f.’:"} ¥,(s)
Zu Ws ¥,(s) ‘

The amplitude from spinfoams :
W s Z Hclml{jf] H AB(3.2..) (Hln i;;,:-'j:-) .
gdo—s [feo nes
o : are spinfoams with vertices v dual to a four-simplex, bounded the spin network s
f : are the faces of o
I - label the representations associated to the ten faces adjacent to the vertex v

where n #m — 1.....5
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Graviton operator ]

Fluctuation of the densitized metric operator over the flat metric -
h**(£) = (det g)g** () — 6™ = BE*(Z)E®(Z) — 6*.
The study the action of this operator on a boundary spin network state : E™(Z)E™(F) s).
We identify the point £ with one of the nodes n of the boundary spin network s.
4 links emerge from this vertex : e;. I — 1.2.3_4: dual to the faces of corresponding tetrahedron.
Let n: be the oriented normal to this face. defined as the vector product of two sides.
Then E(n)" — E*(Z)n! can be identified with the action of the SU(2) generator J' on the edge e;.

il

We have then iwmmediately that the diagonal terms define diagonal operators -
Ef(n)EBl(n)s) = (hG)* 13y + 1)|3)

where j; s the spmn of the link in the direction I.

I

|
' Dual
n
ni 8y
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The vacuum state ¥, s

q ts the metric of a boundary X .
We assume for ssmplicity that ¥, s|

depends only on the graph and the spins of s. and not on the intertwmmers.
We consider the state ¥, s for the spinnetworks s = (I' j,,,.1,) defined on a graph I'.
dual to 3d triangulations A.
The areas A,,, of the triangles t,,, of A determine background values j.”' of the spins. via
AL = (kG)* ;9062 +1).

We want a state ¥, s — ¥, (I jum ) peaked on the background values it

We choose a Gausstan p&nked on these values:

P, s —-exp{—ax [Jm“ J"m] +1L S0 o) }

a 15 a constant

AA A 1 o Ai 1 [a
A 7 Vai® ' P "\ 3@

For large j representations :

The phase factor determines where the state is peaked on the variables conjugate to the spins j,..,.
We recall the form of the Regge action - S = Z: B e [ i)

P, Jmn | are dihedral angles at the triangles . Uf 9 P
“lnm
The angles code the extrinsic geometry of the 3-d boundary.
The vacuum state is peaked in the extrinsic curvature of the boundary

P TRl NP PSR S L] I LT I T e D el WP RS rRgily 1 NI SELPCNSCT o e
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2-points function (graviion propagator)

ki)

) -
n. n,

| Gy**(z.y) na’'n
G{L.*;:j:hi: - 1 y. >

n '

1 Y, Wis| (87hG)2%j;;(is + 1) — [n|*)((87hG) juliu + 1) — |7a|?) ¥,[s

N gthjg - E# Wis @,s :
"R s e
' I
. A 1 1 o Ly " i N
W s 51 ( H 'Ih"“.}lﬂm’) H‘Jnm) *q 5 e BL £imom i oy on ) (py) |\ Jeen ~IL | Ty —JL ' —-u---uj""'"l
m=Tn
For large j and introducing the varables 03;; — (3i; — ) :
T-q P hna B . 3 iace ; X s 3 oy ‘MdJ““l:“h
. ‘ Lol ﬂJ‘J O Tkl {JL nJumj e L
LI{LIHJ_ () — T : —ad g i +iDS
- D s BUL + 0Jnm) € ™ e pu) T Ole TNE ] o I
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For large representations. B(jum.J1) 18 :

ijnmj - Z P(o) E&w dass gFR E'_""hﬂm"'T ht%. —-—:ijnm_: :
D(jnm-.Jn) does not oscillate (from numerical calculation).
o labels the distinct §-simplices wnth trangles having the same area.
P(c) is a slowly varying factor, that grows as A\~ *'* when scaling the spins by \.

Around jJpm = JL -

. Y - I - s — . *‘}zsnpg_{l_‘lj!‘l}
Sﬁcgn[.?nm! — ﬁ%‘.‘l‘lﬂﬂ"ﬂ = EG"H! H;jjmdjn Srees g G mm) o f)j,m ij

Jo=JE

Palis) Tnenlt§ Gt sy TSIy h.e. - D'Jm -"-e_i"llm_ “’Fihahfﬁiz_h{

—— o ——

(:[L}:u ki) :JE = W *q: R ;r
: rapidly nscilhtinghl'_‘-
Y T i Rt R S
— T | O —+ IG]
jf Je -l
22xhG | . = t]
lg;'sg:gﬁz’(ﬁéh!ﬂf = /1 L2 (” -iV3/4 K) 3 : Sfﬁaagﬁzm
v 4 L 4 (g Grm:;m' — Lz ‘nm ) pg) -






L = Ohoh - G, dhdhh + Gy dhdhhh + GL dhohhhh + . ..

— prq-r—min—1I . . m

S ﬁ i | 32-";| .-'C!ﬁ‘.' hnymhp ;w.hq;‘;ﬂlhr Té r F r r _
N 16_. G_\r 2":’“”" / . /é L I ! / \ TT g T o
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Regge action beyond second order in 0j),m

(2 1 v o i L (m} s o
Snanthn) = 3 Ot it .-+ 5 Ky oy - B

n-points function |

= 5 - ) i 4 2 ] ‘I"'l' r"lﬂ
—2)" i X.5; 005y, - - - O3 s e 9’ (i6 )42

- tndn " (3171).-(Tnin) -
G(L)Tirjrt ) =  _yom : a _ __:_ -T ) 1 . =
nj T (1G* 45, "a) s
f'!J
(—=2)"% _(n) 1
= — I K ' - ik e |
n'jf (3¢ 33 ). Jm[{ )r:,;;]tn.nl { }“n.h”lani' T - ] s L2n-2
[ Perturbative quantum grawvity
3 oy
G . . "hﬁr.lu"'zfr"'h'p. ,”.l--.[.'zl'l-r int ﬂ'. ¢ds) n;::_h; "';,h..: an_JI” 1 .- .
Thydg U du VEH 4 oo Ln | ' - e = z.r'l,ﬂj ..... g )
L L
Iy
N ,""T i ) =
& o<
o -_"‘-—\_‘_‘_\_-
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Two and three- Area correlations in Spin-foams and
perturbative quantum Regge calculus

YT = e 5 ; "ijmn 1 :
Amn = 8TGCGNYV (30 +00mn)(30 +0)ma + 1) = 87CGuvJo [1 + — 4+ — + ...
i " ( Jo 230 )
- .I_g z Jr I_l dﬁjﬂﬂl Wn;jﬂ‘ ' "Urnn Jﬁ‘ T 'U'm w) - ilIJI.|:||_--_:1,.-r I-jﬂ T 'ijnm )

i J' [1 d’uﬂm eldo ~ *'-'1an ¥, :Ju"l 0 + Jmmn)

Unng the stationary phaac nppﬂrnnmhﬂn for the Bamtt-Cmnc verter

 : .. 5 | b i
ww't.i'ﬂ = 0dmn ) = N “u“’]mnj e ol"hm) RIJH t Ovan | -

i o P .. K mn) - HJ o .
Fio (3dmm) = 90 ) _ (3o + Sdmm) + L 3. T L » 3 3 2 Odmndpy0dee + 005 /3g

m<n m-npq M p<q r<s ”

_Am,q = 8rGunv30(1 + O(1/30))
K —.-I:',I :

Apn Apg)g — (Amn)q(Apg)q = (8xGNA :'Ejff( julmnl-n; - Ol th)

Am qu Au-.-q = !:Amu qu,-'q'~:“‘r-:q + perm.) FE'TAM-:'?'::AH-'?-AH:# ==

1 - 1 - 1 - 1 -3y’

I - |j ‘3 = | | } | 4 ] - { J . :
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Two and three Area correlations
in quantum area Regge calculus

_ [ d3ASAG ... eiShamldorid) g, (5A)

0A :
gk - E'SRE'W‘ AgFﬂA]Qﬂ(dA)
S(Ao+5Am) = o— (,.-ﬂ 7 R TIRER S ol ol R
G h<k<l e s Ao =
I (rst){rst) - - ."i ¢
=Y > S TS A A A ) O =y
A
h k<l r<s<tu<wv<z 0
GESHL"—‘.E'-‘ 3 0JSHL+E‘
KhH.‘:ml: = SHGNAQ 544;.31"34";!‘4”} . IhH"mtf uez) — 8 GJ‘U AﬂaAhHJAruf}Auﬂ1 A{H-

i\ r i W I \ i 'ji-
(AA)Bc = (AA)Regze - (AAA)pc = (AA)Regye - fOr jo — < and —J < 1.
Jo

provided that Jo = -
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General relativity action

Gravitational fluctuation : og,, = ly (6l5, ~ dls; —0l,,)-0g,., = h,,.

where : il; = Z Yieoionatle ; 3= Ly 5 and V is a constant matric
Kkl

B D> .. Wis| At (21) Rh*2(22) ... ht=~"=(2a) W,l5]

Guu.«l}Izl-fz...uqb'n{:r!_zz ..... I“] - .
. Y . Wis ¥, s
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Conclusions

[ Amplitedes m

We mntroduced a techn:que to r:ﬂrnpute the n- p(nnts ﬁxﬂctmn.

[ Graviton propagator m

We obtained the graviton propagator (or the Newton law)
ﬁ’c)m a qptﬂfﬂﬂm model.

We want to compute the full tensorial structure of the propagator and
the ﬁrst coﬁ'ectmﬂs to the g-rumtntu}nai potenttai :

1111111111111111111111111111111111111111111111111111111111111
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propagator and to deduce the effective dimensiton. .






n-points function
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Avoiding black hole
singularitys,







Loop Guantum black hole







The Schwarzschild solution inside the horizon

dT=> ZMGy .
ds® = — = —( = = - I)dr‘*—rfqﬁinzedoz:—daz)
(25— 1)
T cl0.2MGy| . rc| —oc,+oxl.

The Kantowski-Sachs space-time (R x R x S§%) :

ds® = —N?(t)dt® + a®(t)dr® +b*(t)(sin® 0do® + d6?)

R_;;:.*;H*R:;.;E:. - 48‘:{?&14
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Classical theory ]

Invariant 1-form connection A, :
A=A (t)73dr + (Ay(t) 7 +~ As(t)r2)df - (As(t) 72 —As(t)Ty)sinfdo + 73 cosfdo
Invariant densitized triad -

0 d . : = d
E, = E"(t)7y sind — + (EB'(t) + E2(t)71s) sin@ — +~(EB'(t) 72 — B%(t)r;)—

ar o6 dod

(Gauss consiramt and Hama:iionian constramns -
G Mg B® - Al

sgndet E r ' 2 . 2 2 1,2 , g\t
Hy = T g TF [2A-E"(A1B' + AeB (A + (An)* - 1)(B")* + (B*)?|

L.

[ For the Kantowski-Sachs space-time we fir the gauge E* = E' and so A; = A, ]

-
@ . |

sgn E) . oy
The Hamitonian constraint becomes Hg = ﬁ 2AEA . E' +(2(A,) - 1)(B")*|
v )

Volume of the spatial section V—/drdﬂdﬁyﬂ—iﬂvi'ﬂv'?sl

o I _ - s
Background triad and co-triad: ‘e — diagi1.1 _sin " #8) <, = diag(1.1.sinf)
a®(t) 0 (B 0 0
{ 0 \ f S
Gs = 0 b3(t) 0 = 0 E| 0
Pirsa] 07120034 ge 43/83
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Classical phase space

Canonical pairs : (A.E) and (A;. E")
N A

Symplectic structure: (A E} = e {A,.E"} =
Ip 4lp

Holonomaies
Ko
hy e_-xp/A' T, dA
h, = :‘.\:p/ A 7id\ = exp Auglp s g T
2
hs “?‘EI‘/ oTidA = exp A g (Te ~ 7y) .
\fr#u

by .-xp/ Ay7rid\ = exp/Aspo (T2 — 71)

_ _ ) hihyh, "h, " h;; — 1
[ Curvature F,, mn terms of holonomaes P t; = u*i u#: [ i | “J J-” I J
eL X Je( S )

Hamiltonian constramnmt

a b

det( E)

E*E> ,
HE(N) ;fdsz_i‘—’f‘f-‘,,F;. HE(N) :]dﬂ N 5, F5, (AL V
N
X X

!
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Hﬁﬂm . HE HEJ' s L |[ El:ﬁf:
Basis in the Hilbert space :

; s L il bagp A f U - =
um pgt) = ) ® [pgt) — (Alug) ® (Aslug:) = €2 ge 7 (npmlve.ve) =8 by, .,

Representation of the momentum operators :

d & o
Rt . i
FdA { dA,
2
: g lp pg: lp
.Er ;l;.jlsr;' ”E'“E' b jls..ua_ll' 'I‘E-PE"
< r iVvZ2
[ Inverse volume operator ]
gniE) 512 5 ' :, :
’wv 31 — e 3<% T T"‘i" e, V7| Tr|Phy' he, V]| Tr 7 hy' b, V7
v pHi) LK 4 . - -
. -
[ Spectrum of V and 1|V ]
L )
i .{n’!i —
Vive.pg:) = Vi pe! lpe lue. nes)
sgn[E] 5 x i t L L t\?
Pirsa: onignu HE-BE:) — ? HE * |pE:|*® (:PE: T~ Hal* — |[BE — Heo ‘) (#st T He|* — KEpr — Heo ’F;gemgg'-#ﬂ".
vV =iplig



Spectr he
inverse vol Jperator

—




{ Plot of the mnverse volume operator spectrum J

HE!

8 - s .

HE
IHE
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Spectmthe
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spatial C dture




Spatial curvature

-
L=
b

1 3 S N1
E BE. UB,) = — — — E k (\,, LE VvV uE — 2k ) LE.J[E,).
71 vED 1;:;:;-1:-.23-1.-*__]_ ]
1
AR
1 |
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Spatial curvature

ol
[
b

[

1 3 - i
HE-HE,) — ¥ = P : kv ue Vv ug — 2kd } MHE.[LE, -
EJ ' v%d lpj(3 + 1)(2 -I.-k__J- ( i :

1
B:| .
i
[
1t
. i - B . B o B B b N e B - B N = N T - i HE
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[ Hamailtonian constramni J

The solutions of the Hamiltonian constraint are in C”
dual of the dense subspace C of the kinematical space Hy;,.
A generic element of this space i1s: (v = Z (pp, pet ) (pE. pgt |

Bt

The constraint equation Hg v) = 0 gives a relation for the coefficients up.vp: ) :

—a({pug — 2ug.pp — 2pg) vy — 2ug. gy — 2ug) (g + 2p0.upr — 2p9) V{pg + 2. ppr — 29)
+olup — 2ug. pigs + 2ug)wipg — 2ug.pugs + 2pu9) —alpe + 2ue. pgr + 2pe) vipe ~ 2po.ug: + 2u0)

I | f i 2
sin{ug/2) — cos{ug/2) - )
Ha Ll (Jf,ut:.,usr 4po) U pe.pgr — 4p0) — pp. pp ) viug. pge)

2

+3(pg-pe: + 4po) vipp - npr — "#ni)

- :-'-in[pﬁ;'ﬂ}(.j[_pg.pg. - 2ug)wlpg.per — 2p0)+Hpg.ppr + 2p9 ) pg. pgr + 2“9_5) =

|
alpe.pg:) = |pe * ((pg: + po| — ppr — po|)

Hpp.pg:) = |pg: (FE*PE $ ps—.un-i)
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Semaclassical analysis

A =ecrgdx - bradf — brysinfdo + 73 cos8do.

B .o J - b3 o)
= PTzSIDH#— — Tesinl— — pp17y —.
Pe?3sin ox Py7z S0 o po Ir)o

4 A 2b ab ab ob
h, = CO8 Eﬂ T 27_9 sin Ec h, = COS E = 2-‘, sin E h-; = COS E T 2-‘1 sin E

!’Id ‘2’:1:;[} Z;'*h." hj'l h.! ]ht! {hk‘ l_ V} L 2‘ Erizrl.’hi.u {h'._, IL V}
ik
1 ) . ~ 252
H?® = —2_-C+~{25i11L1C Pe T (hiuﬂb—_qi“.ﬂib)pb}‘

7V |pe sgnip.)s*

- L Hamilton e.m. — g,
16=Gy sindb S

Regular solution —
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Semicl
Schwarzschi




f(r) !

ds® = —f(r)dt® - f(r) 1dr® - h*(r)(dB* + sinfdo®)

L
..
L

h2(r)
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Temperature

Entropy

Evaporation process. Lummnosity and mass decreasing.

Lim

dm(v

dv

L m(v
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Quantum € tions

s




Inverse volume operator modifications

276%\/ Pe — m3(\/|Pe — 73] — V/|Pe — 79))

pﬂ g T | —
\5' p'__ ~0 . ‘h‘ pl': — =~ ()
1
m > =
v 2
e v - . .
1
m s —
v 2
l'_l.'
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Quantum € tions

Ly




Temperature

Entropy
u"‘. 2 B | -"1 T | { ;:_-_ dlff}
412 16\ 413 16 16A

Evaporation process. Lumwmnosity and mass decreasing.

Lim)

607 (64m* +~ ~=5%)4

dm(v
dv

L mv
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Quantum €




Inverse volume operator modifications

- o ; J .
- 2 S \l._l p{- 17 d 1 ‘\v p': - rﬁ '\'..' pt -'_. N _:I
pf‘ — —_———— ——————
V IPe =70 — v/ |Pe — 70
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V2
pe(t)
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1
"n 5 = pe(t)
v 2
'.!.'::-
.6}
.
0. t-f
T 0.4 0.6 o0.8 1 1.2
i 1 |
sl 100 1 000
|
“ I | t i J
0 ~ 429} (108 (=)
Pe 3 clm)
Jor p. — 0
a0
). 44
_ 0. 2 a.3 ). &
3.5+ 18
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Temperature
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CONCLUSIONS

The classical black hole singularity in r = 0
disappears from the quantum theory.

Classical divergent quantities are bounded in the gquantum theory.

_ ' _ 48M3G?% — . 48MCEL
e Curvature invariant: R, R*" =" 5% — R, Rv) = ——5—u

is bounded for the Kantowski-Sachs model
e The inverse volume operator 1 /v 'V is bounded.

The Hamazaltonian constraint gives a difference equation for
the coefficients of the physical states and we can evolve across the singularity.
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