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Event Horizon

Event Horizon Telescope
Apr. 10, 2019

Space-like singularity

Classical Black Hole:
only seen at infinite future.
Singularity is unphysical.
What is a black hole?



General Relativity
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Classical Energy Condition

| 3
Classical Matter Z Tﬂykﬂk” > ()
p,v=0

» Weak Energy Condition k 3 Z g, k'k" <0
U,U

» Null Energy Condition k> Z g, k'k" =0
U,U

“Energy 1s non-negative.”



Quantum Energy Conditions

Quantum Fields l, - <Tﬂy>

* Average Weak/Null Energy Condition
(weak but violated)

D (T, )kkdr > 0
V' u,v

* Quantum Inequalities [Ford, Roman, Fewester]
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Energy Conditions and Geometry

ANEC broken — Traversable Wormholes. [Morris-Thorne 88]

Traversable Wormholes can be used as time machines.
[Morris-Thorne-Yurtsever 88]

Paradoxes — Consistency condition
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Grandfather Paradox

Inconsistency!



Bootstrap Paradox

Information?
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Time Travel

© Q32O ®  [1648

Time Warper

e Simplest way to time travel

TIME WARP THE SCIENCE

* Faster than light (Special Relativity) bt = Lo A T

 Wormhole (General Relativity) B T
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Consistency?

p AN SARAR
v-\h b\ 0K AYL(

PREDESTINATION

10 SAVE
IHE FUTURE
HE MUST PROTECT
HIS PAST

A

[Wheeler]




Spacetime theory
Paradoxes

<

Consistency Conditions
on Matter

Not always




Paradoxes in Special Relativity

e Twin Paradox
e Barn and Ladder Paradox
e Ehrenfest Paradox

()
)

Properties of matter are restricted
by consistency in Relativity




Information Loss Paradox

What kind of paradox is this?



Dumb Hole

Horizon

[Unruh]



Hawking Radiation

Schwarzschild radius a = 2GyM/c?




Conventional Model

Based on Einstein equations and
quantum field theories in curved spacetime.

Hawking radiation outside horizon at distance ~ a.

Negative ingoing energy flux.

Collapsing matter in free fall. (Nothing happens.)
Total mass decreases.

Schwarzschild radius shrinks.

The “singularity” at the origin is irrelevant.

Accumulation of macroscopic negative energy!




Information Loss Paradox

Where is the information of the matter?
e Hawking radiation?
e Remnant?

* | ow-energy effective theory (Einstein equations and
quantum field theories) invalid around horizon?



Why Is It Important?

 Qur physics is low-energy effective theory.

Can we trust physics?

 Holography for QG? ['t Hooft, Susskind]
AdS/CFT duality, ... [Maldacena]
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To Solve Information Paradox

* Does the low-energy effective theory break down
around the horizon?

e High-energy event around the horizon?

* Look for “large” quantum corrections.



Spherically Symmetric Metrics

* Generic spherically symmetric metric

ds® = — f(t, 2)dt* + dz°

e Example of a wormhole

r2(t, 7)(dO?

sin? 0dg?)

\( Areal radius )

ds® = — dt* + dz* + r’(t, 7)dQ?,

r’(t,7) = a* + z°




Static Black Holes

The energy-momentum operator (7,,) in curved
spacetime 1s different for different QFTs.

2D massless field [Davies-Fulling-Unruh 1976][PMH-Matsuo 17 (1)]
[PMH-Matsuo 17 (2)]

4D conformal matter [Christensen-Fulling 1977][PMH-Kawai-
Matsuo-Yokokura 18]

Literature [Solodukhin 04, 06; Fabbri-Farese-Navarro-Salas-Olmo-Sanchis-
Alepuz 05 (1), 05 (2)]



3 Classes of Geometries

[Ho-Kawai-Matsuo-Yokokura, JHEP1811]

g )
e Wormhole-likeneck | g <0
_ y

Local minimum inroccursat r > a (No event horizon.)

* Event horizon g=20

Equivalent to a shift of Schwarzschild radius a. (fine tuning)

e No neck, nohorizon g >0

Perturbation theory breaks down when r—a <K< k|g|a



Negative Energy

“Defocusing”

“Bigger on the inside”

[Ho-Kawai-Matsuo-Yokokura 18]



Dynamical Black Holes

-
e Conventional Model

.

g <0
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e Kawai-Matsuo-Yokokura (KMY) Model

qg=>0



Black-Hole Geometry

[Ho-Matsuo, JHEP 1807]

Wheeler’s Bag of Gold as Remnant




Firewall

[AImheiri-Marolf-Polchinski-Sully, 13]

Postulate 1: unitary evolution from infalling
matter to Hawking radiation

Postulate 2: semi-classical field equations

Postulate 3: ™) where S(M) x A isthe «—1°

Bekenstein entropy

Postulate 4: A freely falling observer
experiences nothing out of the ordinary when
crossing the horizon.

Postulates 1,2, 4 are incompatible.

Conventional model violated Postulate 3.




Effect of “Observation”

[Almheiri-Marolf-Polchinski-Sully, 13]

decoherence

early Hawking radiation + late Hawking radiation

={F-Te] @l g [o][<] early Hawking radiation

High-energy events?

infalling matter




What is “Vacuum”?

* For a different vacuum, the notion of particles is
different.

 Reason for Hawking radiation:

vacuum for free-falling observers #
vacuum for distant observers.

e But vacuum for free-falling observers cannot interact
with free-falling matter. = No high-energy event.



Vacuum and Particle for Fish

http://wallpaperstate.oqg
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Schrodinger



Schrodinger’s cat

A cat is put in a box with a bottle of poisonous gas.

If the radioactive substance decays (50% change),
Geiger counter detects it and triggers a hammer to
break the bottle.

| decay) + | no decay) — |dead) + | alive)?

Decoherence (Everett interpretation)

(|dead) + |alive)) ® | environ.)

— |dead) ® |d) + |alive) ® |a)



What we know is not “The cat

"YET R ol A B is always either dead of alive”,
| w ANTE“ B but “Whenever we see the cat
ool e i dead/alive, we do not see
LA y el anything suggesting that it is
| alive/dead at the same time”,
or that “There is no

Interference pattern between
the dead/alive states”.

| | DEAD & ALIVE Decoherence explains why the
SCHRODINGER’S CAT interference pattern is

diminished.




Hawking radiation as Schrodinger’s cat

 Why is the cat either dead or alive? Why not
| dead) + | alive) ?

e |nteractions naturally carries out observations.

e What is the “pointer basis” for Hawking radiation?



We might need a better answer to
Schrodinger’s cat for a better answer to
the black-hole information paradox,
which may be related to how to
understand the wave fx of the universe.



Thank you.’



Classical Black Hole

|

event horizon
singularity
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Schwarzschild radius a = 2GyM/c?




Classical Black Hole

Different observers have different observations.

For observers outside the horizon:

e Everything falls ever slower as it approaches the horizon.

* Everything takes an infinite time to fall into the horizon.

e |t takes an infinite time to see the horizon appear.

For observers in free fall:
e |t takes only a finite time to cross the horizon.
* Nothing special at the horizon.

e Everything falls to the singularity within a finite proper
time after passing the horizon.



What’s wrong with
haive perturbation

Conventional model assumes perturbative expansion
around horizon.

Perturbative expansion 1n k 1s different when
r~a+ Ola)

G, = K(YA’W)

U

d2
ds? = — (1—ﬁ>dt2+1 ra + dQ*

r

r

Perturbative approx. good only for r> a + O(K/a).



