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Classical black hole

» Black hole fully determined by mass M

» No hair outside!

1See e.g., P. Chrusciel, J. Costa, M. Heusler, Stationary Black Holes: Uniqueness and
Beyond, arXiv:1205.6112. 1
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Quantum effects |: entropy?

» Entropy
S=h"1tGM?

» Different microstates

# = exp(S)

» Black holes quantum-mechanically distinct

2 J. Bekenstein, Black holes and entropy, Phys. Rev. D 7 (1973).
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» Particle production by black holes

3s. Hawking, Particle Creation by Black Holes, Commun. Math. Phys. 43 (1975).
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Quantum effects Il: Hawking radiation®

» Particle production by black holes
» Semi-classical calculation: quantum fields in fixed metric
» Only dependent on mass

» No information in Hawking radiation

3s. Hawking, Particle Creation by Black Holes, Commun. Math. Phys. 43 (1975).
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» Not unitary: information about initial state lost*

4s. Hawking, Breakdown of predictability in gravitational collapse, Phys. Rev. D 14
(1976).



Full evolution

I

» Not unitary: information about initial state lost*
» Question: what has gone wrong?

4s. Hawking, Breakdown of predictability in gravitational collapse, Phys. Rev. D 14
(1976).



Black Holes and Quantum Information:

What Happens After Half Evaporation?

Sebastian Zell
UCLouvain

Work! with Gia Dvali, Lukas Eisemann and Marco Michel

7th December 2022

lG. D., L. E., M. M., S. Z., Black Hole Metamorphosis and Stabilization by Memory
Burden, Phys. Rev. D 102 (2020), arXiv:2006.00011.
M. M., S. Z., The Timescales of Quantum Breaking, to appear.
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[ What happens to a black hole after losing half of its mass? ]

@ Why it is an open question
© Connection to information storage
© A proposal: slowdown

@ Small primordial black holes as dark matter
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Scales of a black hole

» Single parameter: mass M

» Geometry
rg = GM
» Entropy?
S=hltrgM
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Breakdown of Hawking evaporation
@0000

Scales of a black hole

» Single parameter: mass M

» Geometry
rg = GM
» Entropy?
S=hltrgM
» Hawking particle production:3
1 h
r ~ — E ~ —
Ig Ig

» Naive timescale of (half) evaporation
1
t1/2 ~ EM = Sl’g

2 J. Bekenstein, Black holes and entropy, Phys. Rev. D 7 (1973).
3s. Hawking, Particle Creation by Black Holes, Commun. Math. Phys. 43 (1975).
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Semi-classical limit

» Hawking evaporation: quantum fields in fixed metric

» Exact only in semi-classical limit
G—0 M — oo rg = GM fixed

» No backreaction: particle production by eternal black hole

/ d

IBH; M) IBH; M) IBH; M)
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[e]e] Tele]

Finite mass black hole

» Extrapolate Hawking evaporation to finite mass
» Small correction after single emission

hrg_l :l
M S

v

/

IBH: M) ~ |BH (1—;>;M<1—;>>

%

%
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Breakdown of Hawking evaporation
[e]e]e] o]

Finite mass black hole

» Approximation can break down after ~ S emissions
» Equivalent to timescale of half evaporation
t1/2 ~ Srg
» Effect of cumulative backreaction (not large curvature)

» Final state not describable by GR?4

“D. Page, Is Black-Hole Evaporation Predictable?, Phys. Rev. Lett. 44 (1980).
11
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Breakdown of Hawking evaporation
0000e

No self-similarity?

Open question:
What happens to a black hole after losing half of its mass?

12
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Outline

[ What happens to a black hole after losing half of its mass? J

© Connection to information storage

13
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Information storage
[e] Tele]

Quantum information in black holes

» Entropy®
S=htryM

» Different microstates
# = exp(S)
» Hawking radiation insensitive to microstate

» How can black hole release information?

% J. Bekenstein, Black holes and entropy, Phys. Rev. D 7 (1973).
14
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Semi-classical limit

d

/

IBH; M) IBH; M) IBH; M)

» Semi-classical limit
M — o S —

» Information stays in black hole

15
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» If Hawking evaporation were always valid,
information would be lost.®

6s. Hawking, Breakdown of predictability in gravitational collapse, Phys. Rev. D 14
(1976).
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» Full deviation required after half lifetime’
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Information storage
[efe]e] )

Finite mass

/

|BH; M) ~ |7
» If Hawking evaporation were always valid,
information would be lost.®
» Full deviation required after half lifetime’
» Conservative option: no self-similarity
6s. Hawking, Breakdown of predictability in gravitational collapse, Phys. Rev. D 14

(1976).
D. Page, Information in black hole radiation, arXiv:hep-th/9306083. 16
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e A proposal: slowdown
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Possible evolutions

t1/2 ~ rgS

|

half evaporation

— |

2
tajp ~ rgS ta ~ rgS tayp ~ Ig

slowdown Hawking classical
continues instability
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—
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Analogue model: slowdown
[ee]e] o]

System with large memory capacity

» Key property of black hole: large entropy S
» Strategy

@ Construct system with same entropy
(and information-processing properties)

@ Compute exact numerical solution®®

exp(—iHt)|in)
© Transfer result to black hole
» First model:!! slowdown at the latest after half evaporation

0, Michel, S. Zell, TimeEvolver: A Program for Time Evolution With Improved Error
Bound, arXiv:2205.15346.

ng. Dvali, L. Eisemann, M. Michel, S. Zell, Black Hole Metamorphosis and Stabilization

by Memory Burden, arXiv:2006.00011.
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Analogue model: slowdown
[ee]e]e] ]

Black hole metamorphosis

t1/2 ~ rgS

!

half evaporation

2
t2/2 ~ rgS t2/2 ~ rgS t2/2 ~ g

slowdown Hawking classical
continues instability

21
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[ What happens to a black hole after losing half of its mass? J

@ Small primordial black holes as dark matter

22
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Primordial black holes!?

» Black holes formed in early Universe

2g Hawking, Gravitationally collapsed objects of very low mass, Mon. Not. Roy. Astron.
Soc. 152 (1971).
B. Carr, S. Hawking, Black holes in the early Universe, Mon. Not. Roy. Astron. Soc.
168 (1974).
G. Chapline, Cosmological effects of primordial black holes, Nature 253 (1975).
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Small primordial black holes
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Primordial black holes!?

» Black holes formed in early Universe

» Dark matter candidate

» Requirement: lifetime > age of Universe

» If Hawking evaporation valid throughout: M > 105 g

» Small primordial black holes as window on quantum gravity

2g Hawking, Gravitationally collapsed objects of very low mass, Mon. Not. Roy. Astron.
Soc. 152 (1971).
B. Carr, S. Hawking, Black holes in the early Universe, Mon. Not. Roy. Astron. Soc.
168 (1974).
G. Chapline, Cosmological effects of primordial black holes, Nature 253 (1975).
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Summary

» After losing half of mass:
classical description of black hole can break down

» Open questions
> How long is Hawking evaporation valid?*3
> What happens afterwards?

» Analogue model: indications for slowdown

» Small primordial black holes as dark matter candidates

13M. Michel, S. Zell, The Timescales of Quantum Breaking, to appear.
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Constructing the model
@00

Prototype model**
» Use S modes 211[, ?;E
7:1 ~ S
j:ho+f5(1—”50>2hk
Ie k=1

» Effective energy gaps

pe v (1 )

» 2° microstates:
(3) ()7 .. (3) " o)

» Dictionary Ng: carries mass
(np) = S: black hole state
Ny carry entropy

4G, Dvali, Critically excited states with enhanced memory and pattern recognition ca-
pacities in quantum brain networks: Lesson from black holes, arXiv:1711.09079. 26
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Constructing the model
oeo

Time evolution

0
0 ~S Iy

Memory burden:!®> entropy prevents evaporation

1G. Dvali, A Microscopic Model of Holography: Survival by the Burden of Memory,
arXiv:1810.02336. 27
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Full mode

H= s, + o+ ¢ (34h+he)

16 G. Dvali, L. Eisemann, M. Michel, S. Zell, Black Hole Metamorphosis and Stabilization
by Memory Burden, arXiv:2006.00011.
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Full model*®

~ N 1 ~ N
H="Hs. +hp+ S (égb + h.c.) + Hs_ + interactions

» Exact time evolution:17 transition suppressed dynamically

» Slowdown at the latest after half evaporation

18 G. Dvali, L. Eisemann, M. Michel, S. Zell, Black Hole Metamorphosis and Stabilization
by Memory Burden, arXiv:2006.00011.

7M. Michel, S. Zell, TimeEvolver: A Program for Time Evolution With Improved Error
Bound, arXiv:2205.15346. 28
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Phenomenology of small primoridial black holes
o

Example: Big Bang nucleosynthesis (BBN)

» Assumption of Hawking evaporation:
PBHs around 10'° g evaporate during BBN

» Effect of slowdown on constraints
> M > 10'%g: unchanged
> M~ 101%g: alleviated

> M < 101%g: new bounds
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