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LQG Black Hole and Nariai Limit

m We propose a new model of the spherical symmetric LQG black
hole with infinitely many DOFSs and study the effective
dynamics of both interior and exterior of the black hole

m Classical limit is recovered in low curvature regime. The black
hole singularity is resolved and replaced by the non-singular
bounce

m After the bounce, the evolution stabilizes asymptotically to the
charged Nariai limit dS, X S?

m Dlack hole evaporation and the quantum tunneling proposes a
scenario of BH--WH transition on dS, X S?

m dS, X S? have infinite zero mode quantum degeneracy: an
example of Wheeler’s bag of gold




Reduced Phase Space Formulation

Couple gravity and standard matter fields to clock fields at classical level

Gaussian dust (GD) [Kuchar and Torre 90
[Giesel and Thiemann 15

Sap [pogian T.57, W) = = [ dyy/[det(g] (4 (40,70, + 1) + 90,7 (W;0,57)
M heat-conducting dust fluid

T,S7  clock fields
p, W7 Lagrange multipliers

Dirac observables = parametrizing gravity variables with values of dust fields

Tx) =1 Si(x) = o’
T physical time variable o7 physical space variable

[Rovelli, Dittrich, Thiemann...



Reduced Phase Space

Gravity Dirac observables
A(Ta U) = A(.CI:') |T(:L‘)=T,Sj (x)=07> E(T, 0) — E(.’L’) |T(x)=1-,3':i (z)=0c7
SU(2) Ashtekar-Barbero connection A = K + T Densitized triad

. 1 _
{E.(0,1), A3(c', 1)} = —5hB §5606°(0,0") Kk = 167G
Physical Hamiltonian:

Gaussian dust

1 E!EF
H :/d3aCcr COR = — [F8 — (B? +1) equc KI K} ] e —=—
0 s ( ) r [ ik ()8 )E d j k} € det(q)
_ 2 Fb EE;;CECJL

~ kBN Jdet(q)

GR
Ca

Classical EoMs:

%:{Ho,f}, HOZ/gdSUh
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+ —+/det(q)
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Black holes: symmetry reduction

Dust space with § ~ R x S? with coordinate o = (x,0, @)
[Chiou, Ni and Tang 2012

Gauss constraint is solved with gauge fixing s.t. E is diagonal: [Gambini, Olmedo, Pullin 2013
Ei(o) = E*(z)sin(9), FE3(0) = E¥(2)sin( 5 (
Aj(o) = 28K, (z), A3(0) = BKy(z), Aj(0) = BK,(z)sin(6),
Al(0) = cos(0), A3(0) = —sin(0) sy, A3(0) = Toms-
Symplectic structure

Q=—2 [ & [6A%0) A 6EI(0)] = 1?: dz [5K,(2) A 6B (z) + 6K, (x) A SE® (x)]

Canonical structure:

{Ka(2), B ()} = Go (z = 2"),  {Ky(2), E7 (2)} = Go (z — 2').

Metric is given by:

E‘P
ds® = —dt® + A(t,z)*dz” + R(t,z)* [d6° + sin®(0)dp®], A= R = +/|E®|.



Black holes: symmetry reduction

ELP
ds® = —dt? + A(t,x)%da® + R(t,x)? [d6° + sin®(0)de?], A= R=vIE"|.

VB
Physical Hamiltonian:
E* = 0,E*
Hy = /da: C(x),
47 sgn(E¥) QETETIE®!  ARETE* 4 T2 i i ,

The time evolution by H, has infinitely many conserved charges from spatial
diffeomorphisms,

V(N) = / doN(2)Colz) {Hy, V(N)} = 0
Co(z) = E*(2)K.(z) - Ko(o)E” ()

C(x) conserved charge when C.(x)=0

141 dim field theory which contain infinitely many DOFs.

different from homogeneous Kantowski-Sachs models



Black holes: symmetry reduction

%)
ds? = —df? + A(t, 2)%d2 + R(t, 2)? [A6% + sin®(0)dg?], A = —= R=vIE"|.

Physical Hamiltonian:

x! __ T
H, = /da:C(a:), EY = 0.E
47 sgn(E¥) QETET Ee  ARTET 4 B2 i . ,
C(z) /1B (— = Yo —8E"K,K, — 2E° [K,” +1] |.

[Geisel, Tambornino, Thiemann 10’

General solutions of EoMs 97 {f, Hy} Lemaitre-Tolman-Bondi (LTB) spacetime.

dt
2 _ [33;R(t,:17)]2 . F(x) F gravitation mass
A(m) - 1 + g(x) 3 8tR(tj :L.) - :|: 5(:6) + R(t’ QL’) £ unit mass energy of dust
Lemaitre-type coordinates, t, x
Schwarzschild solution is given when arbitrary function (can be taken as x )
3 2/3
E(x)=0: R(t,x) = [5 F(x) f(:::)—t)] : F =R, =2GM

f(x) =t classical singularity



Improved Hamiltonian

A fi-scheme regularization from fixed-edge-length holonomies ha(A}), ha(A3), ha(43)

T 'lEmlsin VA T T L sin \/z” |27 T

s.t. they give the fixed area A to every plaquette

[Chiou, et al 2012,

The effective Physical Hamiltonian:
Y [Bojowald and Swiderski 2005,

00 [Gambini, Olemedo, Pullin,
HA — ] dx Ca(T)
.
_ 4msgn(E¥) 2E*E* E¥’  AETE®" 4 E='?
Calz) = e ] ( — o aF o

AEE? | VA/E® | VA 2E%|E?| VA
A sin E‘P‘ |2,6K1.(x)] sml \E$|6K¢($) _BQ—ASIHZ —W,BK@(.’,C)] —2E"").
8 vV E=E®
Boundary term: Hyqy = —% ( — 2\/E1‘)
z=L>0

0 at x = 400 if we impose asymptotically flatness (Schwarzschild bdy condition)
0 at x > —oo we impose the Neumann boundary condition £ ~0 as 2 - -

V(N*) are still conserved Ca(z) does not

V(N®) = f drN*(2)Co(z) {Ha, VIM}=0  with Cu(x) not modiied




Etfective dynamics

EoMs from physical Hamiltonian:
Nonlinear PDEs for Ky (t, x), K, (t, x), Ex(t, x), E,(t, x)

EoMs for E, > 0 and Ez < 0 are related by spacetime inversion ¥ - —x,t - —t and

K;:(t,%) = K,(t,7), Kz(t,%) = —K,(t,z), E*(t,%) = —E*(t,x), E®(t,%) = E¥(t, )

z parametrizes the spatial slice when fixing ¢,
parametrizes the time evolution when fixing z.

Introducing z = x —t, <€—— Stationary solutions

E* T(E*, E¥, Ky, Ks)
) d E¢ | | f°(E* E¥ K1, K>) "
Nonlinear PDEs —> & | Ky | T | h(E B Ky Ky) |0 Forder ODEs
K> f2(E*,E¥, Ky, K>)

Initial values at z = zy > 0: Schwarzschild spacetime
4/3
E%(20) = ( \/720) , E¥(20) = \/7( \/720) ;

9y 1/3
2 . /RS
Rs o K{P(ZO) = (3) TE
3 x 22/331/3 (\/RSZO) (\/ Zo)

z= 0 singularity

Km(zﬂ) -

Recall Schwarzschild solution in Lemaitre coordinate with f(x) = x
(E?)?

3 —2/3 3 2/3
e ot M LV ER) - B B /o)




Numerical evaluation

Evaluation with very tiny initial dust energy density K
Numerical evaluation with zyp =3 x 103, A =0.1,8=1, R, = 10®

6000 |-

5000 -
e The spacetime curvature is finite on the entire range

* Two local maxima for 0oy
* Asymptotically Schwarzschild and dS2 3000
}C IC 2004 b
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~600 —400 ~200 7\ 2007 000!

Energy density grow and peaks here i
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Numerical evaluation

Null expansions

sgn(Oy)
1.0
0.5 .
Black hole horizon
I | I I | I I | I I I |
4x107 6x107 8x107 1x108
_0.5,
4-0
sgn(0;)

Quantum correction at the black hole horizon are negligible



Two local curvature maxima

,Cmaa:,O ICmaa:,<
5x10° [ 5x10° [
1>(105’ 1X1O5’
5x10% - 5x104 |
1x10% | 1x10% |

5000 | 5000 [

‘ A/0.01 ‘ A/0.01
1 2 5 10 1 2 5 1
1 k< (Rs)

]Cma:c,o |5=1 = Pkﬂ (Rs)a ]Cma:c,< |ﬁ=1 = A2 [1 + ";< (Rs) log(A)}




dS, X S* region (z » —o0)

The solution approaches z - —o

E?(z _
E*(z) ~ ’rg, A(z) = # ~ o1 lz’ .
vV E®(2)
S?Radius
L t
A dS, x 82 metric:  ds? ~ —dt? 4 e72 220 (7D g2 4 12 (462 + sin® fdp?)
ds, P:adius Quantum charged Nariai geometry

7o, g does not depend on Ry, and they are Planckian — stable under perturbation

ro~ L11724AY?, ag ~ 2.6937T1AY?,  (at B =1) fc~4(%+%):2-64325

2
oy TH A
To (67

----------
----------

" ro = LIITVA y “ g = 2.694VA

A/0.01 R,/107

a; nonlinearly depend on both R, and A

Quantum states |1y, ag; @;) also depend also on a@; —» infinite degeneracy



dS, X S* region (z - —»)

The solution approaches z - —o
E¥ (Z) 1

E®(2) ~12, Az)= —S ~ve ™ % 2 55 o
S?Radius
I f
A dS, x S? metric: ds® ~ —dt* + e_2a1+20‘; E=2)dz? 4 2 (d¢92 + sin® Qdcpz)
dS; Radius Quantum charged Nariai geometry

Similar geometries are found in Kantowski-Sachs black hole interior models
[Boehmer & Vandersloot 07’ 08’

* Their fi-scheme model of black [Dadhich, Joe & Singh 15’
hole interior produce large
quantum effect near the event Quantum correction at the black
horizon which is of low curvature hole horizon are negligible

e The area of S? becomes smaller We are free of these problems

than the minimal area gap A at
certain stage of the time evolution, ‘/SZ | ! o A
inconsistent with the f-scheme area always larger than

treatment of holonomies
[Ashtekar, Olmedo & Singh 20’



Etfective spacetime diagram

Quantum region: Planckian curvature

complete future infinity 4S, x §2

classical singularity

Black Hole

SDAIGIEL B0 S0, 1005 i st Classical region: quantum effect negligible

Linear perturbations are bounded from above:
dS, X S? is stable classically but may be unstable quantum mechanically

Average null energy condition
from classical effective energy momentum tensor is violated by LQG effect




Black hole evaporation

last ray

Taking into account the back-
reaction from Hawking radiation

-

Region () N\

"Ha'\gkl.ng Slowly shrinking horizon
" Radiation i
c=t|" .7 ~

Black Hole

Each constant t, surface can
be solved by effective EoMs

-

The dynamical black hole can be
approximated by a large number of
spatial slices carrying different
solutions with different horizon radii
R which is monotonically decrease
as t growing.

Schwarzschild

1_
trapping dynamical horizon (T-DH)
®k = O, G)l <0



Black hole evaporation

Kretschmann scalar of F\’S='IO5 Kretschmann scalar of RS=1O3
6000
5004 -
500
40004
400
300q-
300
200 200
10 A{J 100|
0 a0 20 0 < 0 0 0 . ; 0
Kretschmann scalar of Rs=10 Kretschmann scalar of R¢=0.19
40001}
4000}
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3000}
200§ -
20008
10 2 1000 -
A dSe x S | Schwarzschild
Z60 “40 20 N LN 20 = 0 w0 0 20 .
<70 Ny = N
A totic dS- X S? is i iant Domain wall?
symptotic ad, X 1S 1nvarian

4

Two neighborhoods N., Ny become closer as Ry decreasing




Black hole evaporation

sgn(Oy)
1.0 -
0.5~ _ _ Transition
UG trapped surface
| I I | I I I | I | I I |
-1.8 -1.6 -1. -1.2 -1.0
_0.5]-
ds, x 2
2 X sgn(©;)
-1.0

small fluctuations of geometry

A4nE* > A, 2rE? > A

Trapping dynamical horizon

f

disappears

self-consistent with f scheme

Kretschmann scalar of Rg=0.19
4000 |

3000 -

2000

1009 ~

I I I .
-60 -40 -20 20

N0:N<

Domain wall?

Strong quantum effect
Hawking’s derivation of
evaporation fails

l

Full theory of LQG needed



Black hole to white hole transition

# T should be extended beyond The extension is derived using
T~ effective dynamics

* The quantum dynamics in Region (I)
near the spatial infinity iy can be well
‘ﬁtsi('nl geometry approximated by the quantum field
N theory on classical background
i\ spacetime. The dynamical effect is

Region (I)

v .
*" ,Hawking Radiation

|
|
7= 1| N | . weak near i.
ek ke 7 NQ | St _.7  For all spatial slices Region (I), their
Schwarggchilds, asymptotic (internal and external)

|

|

i geometries near the spatial infinity i,

} are classical and asymptotically flat.

| Their geometries are continuous

J extensions from geometries in the past.

St,, S, asymptotic geometries coincide with each
other, their ADM mass are approximately the same: Ju—
remnant blackhole mass before Hawking
radiation stops

Backreaction from
Hawking radiation
are ignored

[Haggard 14, Rovelli...



Black hole to white hole transition

New foliation need to be
introduced (t, 2,6, %)
by time reflection symmetry

t - —t, X = —Xx
e
E*(p) = —E"(Z'(), ~
P = B@te) 0T
e

New boundary conditions by
classical EoMs




Black hole to white hole transition

New foliation need to be
introduced (t,Z,0,p)
by time reflection symmetry

t - —t, X = —X
e
T . T —1
WH-EH E~(p) = —EZ0), K : S — S;
| B () = B*(# ()
dS, x 5 0 =

Black Hole .l
- New boundary conditions by

classical EoMs

White hole solution: anti-trapped region

i /

EoMs can be solved by reflection dSg X G2 et S, x S§2
symmetry given before

—> Same EC{ but opposite K/*

Non-classical transition allowed: quantum tunnelling?



Evidence of guantum tunneling

Improved Hamiltonian density at dS, X S% and dS, X S2 Reflection symmetry of K — —K
Ca | sin (28VAK: ) sin (BVAK,)  sin? (BVAK, )
P= " Hedmr 2B T B2A T 2mA

double-well effective potential of p

\ . . {t‘: - - X
Possible quantum tunneling' "~ W
K, fluctuations are large since E, is small —




Infinitely many infrared states

p=Ha/+v/det(qg) =0 in dS, x S?

In terms of sates |’F0, Qp; CV1> S HdSQ x 52
(r0, ag; o1 |p|ro, ap; o) =0
All states are infrared states, soft modes, and they are infinitely many

An example of Wheeler’s bag of gold

/ / Action of diffeomorphisms

—

rizon

. ) ,
S2 area Planckian est(N)h«O, g, al) = |7°07 Qs 041>u

o) () = a1 (z) + eag ' N(x) + €0, N(x)

A representation space of the
Has, xs2 group of 1-dimensional
diffeomorphisms

e.g. Witt algebra

Volume is very/ large |
[Lns L) = (M — n)Lonin, Lnp = —ie™ —



Outlook

From black hole to the Nariai limit
— Thermalization predicted from Hp

- Relation with Hawking radiation

Near the Nariai limit
— Detailed analysis of quantum tunneling

— Detailed analysis of infrared modes

From the Nariai limit to white hole. Quantization of Hy

- Quantum chaos and transition beyond effective theory

Large dust energy /momentum density and dynamical
collapse



Thank you




