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Abstract: | will describe work aimed at understanding the dynamics of gravitational collapse in a fully quantum setting. Its emphasisis on the role
played by fundamental discreteness. The approach used suggests modifications of a black hol€\'s mass loss rate and thermodynamical properties.
Numerical simulations of collapse with quantum gravity corrections indicate that black holes form with a mass gap.
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Some basic questions

What is a quantum black hole?
How does it form?
What role is played by fundamental discreteness?

How does Hawing radiation show up in a suitable approximation?
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Some approaches

In classical theory: Metric g, and matter fields o.

Non-perturbative: background independent
g. o —(qg.7) (0.P,) H(g.7.¢6.P,) — H

— attempt to follow evolution of a matter-geometry initial state

* Perturbative: fix background
£=gmth =T
h — r;? =—r X
— compute (h(x)h(x’)....), (A(x)h(x"){(x")
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* AdS/CFT: so far no approach to bh formation — a first step is to
study gravitational collapse with qg corrections in asymptotically
AdS spacetimes.

* Other: g.o are "emergent” collective degrees of freedom and
shouldn't be quantized ... so a collective motion ansatz such as
cooper pairs, Laughlin wavefunction, BE condensate needed ... for
a "fundamental” QG Hamlitonian.

We use a canonical background independent approach with 3
notion of fundamental discreteness.
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A model

-

Gop =8n Ty
T&b — f;’gﬁi”br'} — 2(1"__)('7):@’3&
ds® = —f2(r, t)dt* + g%(r. t)dr* + r*dQ?

@ = 0 — flat space or Schwarzschild metric.

* o(r. t) is the source of local degrees of freedom.

X

complicated 2d field theory

- 4

no known analytic collapse solutions that are asymptotically flat

k4

solvable collapse models (Oppenheimer-Snyder, Vaidya, CGHS,
and variations) have only matter inflows
o scalar field model is much richer < )



PROBLEM

Find the quantum theory of this model
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Classical results

* There are two classes of initial data o(r. t = 0):
Weak data — no black hole formation in the long time limit.

Strong data — black holes form above threshold initial data
parameters.

— Result of hard analysis (Christdoulou 1976)
* Details of transition weak — strong done by numerical
simulation. (Choptuik 1993)

— with +=A (VH, M. Olivier, G. Kunstatter ... (2001))

Pirsa: 07110050 Page 10/49



Simulation procedure
* Specify o(r,t =0) = are \"=0)/o" pP.(r.t =0)=0.

* Geometry data (g.p. 73°) determined by constraints.

* Evolve data and check for trapped surface formation at each
time step: compute light expansions #+~ = D,/2 on spheres §°
embedded in time slice 2 ;.

f+(data on slice) = @.(r, t)

Normal: 6. >0,6_ <0
Marginally trapped: #. >0, §_ <0
Trapped: 6. <0

* Look for roots /. (r. t) = 0 as simulation proceeds. Search for
outermost root: this gives location of evolving horizon

ri(t)
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Results

d > ds
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ﬁ"j?Ef'f — 21"':-«_{':-3, o, J""_:-}

MBH 2 (a — a‘)*

critical solution — naked singular

- - no horizon forms.
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Results

ﬂf’f__.;H — 2;"?.{(31 (r. r:.}
a>a. Mgy~ (a—a.)
a = a.:. critical solution — naked singulant

a3 < a* : no horizon forms.

Classically black holes form without a mass gap
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Results

a>a.: Mgy~ (a—a.)
a = a.: cntical solution — naked singularit
a < a* : no horizon forms.

Classically black holes form without a mass gap
In QG we expect fundamental discreteness, and singularity

avoidance:
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Quantization

Use an ADM variables: phase space variables (g,p. 72°) for
geometry and (¢. P;) for matter.

5_/d3xdt g5+ Psd— NH - N°C,)

* Realize constraints as self-adjoint operators.
H is Hamiltonian constraint — H

-~

C, diffeomorphism constraint — G,

Fal

* Compute (¥|H|v), (| C,|w) for states |0) such that

. ~ § 73
H% = (Y|H|Y) = H:. '_;irr-}r_;tl(q- T, Q, P) ‘_( %) f(q . O, P)'—

* State |v) is peaked on the phase space point g.7.0. P,, and L
IS a scale in the state — its width.
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(semiclassical states for cosmology : VH, O. Winkler gr-qc )



Quantum corrected collapse:

Evolve initial data using H%€ and (;°
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Quantum corrected collapse:

Evolve initial data using H9% and C5°

Two types of corrections are present in H%, C3€ if the underlying
theory has a fundamental discreteness scale A ~ /.

* No momentum operators — these must be written using
translation operators T, = e*

p—sfp=-LTi— T
I A
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Quantum corrected collapse:

Evolve initial data using H9% and (;°
Two types of corrections are present in H%, (3¢ if the underlying
theory has a fundamental discreteness scale A ~ /.

* No momentum operators — these must be written using
translation operators T, = e’P

: | B ~
p—=px=—(I—1,)
I A

* Inverse configuration operators written using

1 ( I = _J5Y
— : .T:. T.
) - (G[en]7)

\ A
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Quantum corrected collapse:

Evolve initial data using H% and (3%

Two types of corrections are present in H%, CJ¢ if the underlying
theory has a fundamental discreteness scale A ~ /.

* No momentum operators — these must be written using
translation operators T, = e’P*

p—pr=—(Ta—-T))
I A

* Inverse configuration operators written using

-

e -1 v

1 1 = :
— | - T; T. )
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Classical —1/x and the eigenvalue of —1/x operator for A = 0.1.
“Force changes sign — repulsion near the origin due to fundamental
Pis orgfpgcreteness: QG " Fermi” pressure.
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Quantum corrected collapse:

Evolve initial data using H% and (5*

Two types of corrections are present in H%, (3¢ if the underlying
theory has a fundamental discreteness scale A ~ /.

* No momentum operators — these must be written using
translation operators T = eP*

p—pr=—(Ta-T,)

(3?) 8 ( j\ i::—? T': L )h

- |
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Classical —1/x and the eigenvalue of —1/x operator for A = 0.1.
“Force changes sign — repulsion near the origin due to fundamental
Fis orefpgcreteness: QG " Fermi” pressure.
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Quantum corrected collapse:

Evolve initial data using H% and C:®

Two types of corrections are present in H%, CJ¢ if the underlying
theory has a fundamental discreteness scale A ~ /.

* No momentum operators — these must be written using
translation operators T, = e’P*

p—opr=—(Th-T

1 1= _1..Y
— W T.J
(q)L (,f,\ | VI8 TA) Sy
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Classical —1/x and the eigenvalue of —1/x operator for A = 0.1.
“Force changes sign — repulsion near the origin due to fundamental
rreorgicreteness: QG " Fermi” pressure. R



Quantum corrected collapse:

Evolve initial data using H% and C;*

Two types of corrections are present in H9%, C3J¢ if the underlying
theory has a fundamental discreteness scale A ~ /.

* No momentum operators — these must be written using
translation operators T, = e

g 1, =2 1
“ Inverse configuration operators written using

(¢),~ GIn] )

Pirsa: 0711&0Jhi‘5m3ﬂﬂ-ilk{:" trick ] Page 26/49



Classical —1/x and the eigenvalue of —1/x operator for A = 0.1.
“Force changes sign — repulsion near the origin due to fundamental
risz: o reteness: QG " Fermi” pressure. AR



Details

* In spherical symmetry the 3-metric is
ds® = N(r. t)dr® + R*(r, t)dQ°

so the geometry phase space variables are the pairs (R. Pg) and
(A. Pp), and the matter variables are (0. P, ).

* Basic operators

-

R(rg.t)la1.a2.---a,) = aglar--- an,

e

E;--”Df.:ir,.zj 2.d, ~-dp) = |d1. """k T _\_,..3”

"~

Similar definitions of the other fields — LQG-like representation
(VH, O. Winkler, gr-qc )
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Numerical simulation

* A code to evolve equations implemented with quantum corrected
constraints, and a choice of lapse and shift — (modification of a code
used with G. Kunstater (2003))

* Only one type of qg correction used: occurences of 1/R(r. t)
factors in classical equations replaced by eigenvalues of the
corresponding operators.
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Details

* In spherical symmetry the 3-metric is
ds® = N(r. t)dr® + R*(r, t)dQ°

so the geometry phase space variables are the pairs (R. Pg) and
(A. Pp), and the matter variables are (0. P, ).

* Basic operators

i,

R(ri.t)lay.az,---anp) = aklar---an,

S

el'."'Pl:*.rﬂ.:_.l al-a..}.,.,ar? Se— al'-aﬂ B "\".'a_r'r

Similar definitions of the other fields — LQG-like representation
(VH, O. Winkler, gr-qc )
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Numerical ssmulation

* A code to evolve equations implemented with quantum corrected
constraints, and a choice of lapse and shift — (modification of a code
used with G. Kunstater (2003))

* Only one type of qg correction used: occurences of 1/R(r. t)
factors in classical equations replaced by eigenvalues of the
corresponding operators.
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Numerical simulation

* A code to evolve equations implemented with quantum corrected
constraints, and a choice of lapse and shift — (modification of a code
used with G. Kunstater (2003))

* Only one type of qg correction used: occurences of 1/R(r. t)
factors in classical equations replaced by eigenvalues of the
corresponding operators.

* Horizon detection using same procedure: compute /. at each
time step of simulation.

-

—_

* Initial data is scalar field profile o(r.t = 0) = ar2e—(r—m)’/o
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\ = 0: this is the known classical result Mz, = k(a — a=)'
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“ A # 0: mass gaps evident at threshold of bh formation

" points converge to classical case for large amplitude data
P tnass gaps increase with increasing A ol



Summary

» A procedure for computing quantum gravity corrections to

Pirsa: 07110050

gravitational collapse.

Mass gap at the onset of black hole formation, critical solution for
A # 0 is not a naked singularity — quantum gravity corrections to
Choptuik behaviour.

(Mass gap known in the homogeneous case of Oppenheimer-Snyder
model (Bojowald, Maartens, Singh), but no critical behaviour)

Long to do list: put in P, corrections, continue evolution beyond
horizon formation (do horizons begin to shrink?), derive qg
corrected KG equation in a similar way, - --.
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A comment on holography
— For the spatial metric ds® = A*(r. t)dt* + R*(r. t)d?, in gauge

)

A=1, volume V ~ [ R

U

(r'.t)dr'.

— This becomes an operator V=1L Sg f?:(r___ ), where L is a
coordinate length interval in the chosen gauge.

— Its eigenvalues are proportional to L I,%, (rather than ig had there
been no gauge fixing.)
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A comment on holography
— For the spatial metric ds® = A*(r. t)dt* + R*(r. t)dQ?, in gauge

A =1, volume V ~ [/

10

R%(F.t)dr .

— This becomes an operator V = L > R(r. ), where L is a
coordinate length interval in the chosen gauge.

— Its eigenvalues are proportional to L fz, (rather than l‘f, had there
been no gauge fixing.)
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A comment on holography
— For the spatial metric ds® = A*(r. t)dt* + R*(r. t)dQ?, in gauge
A =1, volume V ~ [ R*(F.t)dr.

0

3 2

— This becomes an operator V=1L E;ﬁ fi"z(rﬁ_ ), where L is a
coordinate length interval in the chosen gauge.

— Its eigenvalues are proportional to L .’2, (rather than !fi, had there
been no gauge fixing.)

— For a fixed coordinate length L, the unit quantum volume is
kLI3, so the number of such units in a sphere is
43 &

g

- 3kLBE 13
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A comment on holography

— For the spatial metric ds* = A*(r. t)dt* + R*(r.t)dQ2*, in gauge
A =1, volume V ~ [ R*(F t)dr.

— This becomes an operator V=L ) Fr?:(r_;). where L is a
coordinate length interval in the chosen gauge.

— Its eigenvalues are proportional to L E (rather than Ig had there
been no gauge fixing.)

— For a fixed coordinate length L, the unit quantum volume is
kLI3, so the number of such units in a sphere is

a3 [2
N -

REDT N

*This is the essence of the argument made by Gambini & Pullin for
holography from LQG. It applies to other cases beyond spherical
P orgnmetry provided gauge fixing reduces the number of dynamical gl
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A comment on holography
— For the spatial metric ds* = A*(r. t)dt* + R*(r. t)dQ2?, in gauge

# 2
— —

A =1, volume V ~ [ R*(r,t)dr'.

— This becomes an operator V = L ) R?(r.), where L is a
coordinate length interval in the chosen gauge.

— Its eigenvalues are proportional to L E. (rather than if_-‘, had there
been no gauge fixing.)

— For a fixed coordinate length L, the unit quantum volume is
kLI3, so the number of such units in a sphere is
473 |4

BEV TN
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A comment on holography

— For the spatial metric ds* = A*(r. t)dt + R?(r.t)d)?, in gauge
A =1, volume V ~ [ R*(r, t)dr'.

— This becomes an operator V = L ¥ ,E?Z(r_.-*). where L is a
coordinate length interval in the chosen gauge.

— Its eigenvalues are proportional to L E (rather than 1',3_3, had there
been no gauge fixing.)

— For a fixed coordinate length L, the unit quantum volume is
kLI3, so the number of such units in a sphere is

. S
- 3kLE 13

“This is the essence of the argument made by Gambini & Pullin for
holography from LQG. It applies to other cases beyond spherical
P orsfnmetry provided gauge fixing reduces the number of dynamical HLAES
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Summary

» A procedure for computing quantum gravity corrections to
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gravitational collapse.

Mass gap at the onset of black hole formation, critical solution for
A # 0 is not a naked singulanty — quantum gravity corrections to
Choptuik behaviour.

(Mass gap known in the homogeneous case of Oppenheimer-Snyder
model (Bojowald, Maartens, Singh), but no critical behaviour)

Long to do list: put in P, corrections, continue evolution beyond
horizon formation (do horizons begin to shrink?), derive qg
corrected KG equation in a similar way, - --
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