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Abstract:
Stephen Hawking made a number of memorable contributions to physics, but perhaps his greatest was a puzzle: is information
that falls into a black hole destroyed, in contradiction with the laws of quantum mechanics? The question sits squarely at the
overlap of the quantum world and gravitation, a frontier of physics where direct experimental input is hard to come by. Recent

progress has been revealing how subtle effects relate the radiation leaving a black hole to what happens inside. In this lecture,
we will dive into the black hole information puzzle: what it is, what we have learned about it, and where it all might lead.
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CAN ANYTHING EVER ESCAPE
FROM A

BLACK HOLE?
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WHAT IS A BLACK HOLE?
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WHAT IS A BLACK HOLE?

“A region from which nothing, not even light, can escape.”
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.. CAN ANYTHING EVER ESCAPE FROM A
BLACK HOLE?

Clearly, the answer is no!

Right?
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NOT SO QUICKLY...

It turns out...
If nothing ever escapes from a black hole
then information can be destroyed
and that means that a basic aspect of quantum mechanics
IS wrong.

And quantum mechanics has been tested
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NOT SO QUICKLY...

It turns out...
If nothing ever escapes from a black hole
then information can be destroyed
and that means that a basic aspect of quantum mechanics
IS wrong.

And quantum mechanics has been tested
again and again and again
and so far, it has not been wrong.
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T'HE Br.ack HOLE INFORMATION
PARADOX
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Black Hole Information Paradox

Einstein’s Theory of
General Relativity
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Black Hole Information Paradox

Einstein’s Theory of Quantum Mechanics
General Relativity
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The Black Hole Information Paradox is a

problem that confronts the quantum nature of

the universe with General Relativity.
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Theories of the Extreme

Quantum Mechanics: small

(associations: subatomic particles, quantum
computers, really weird movie plots)

General Relativity: large

(associations: stars, galaxies, black holes,
wormholes, really weird movie plots)
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Theories of the Extreme

Quantum Mechanics: small SIZE

(associations: subatomic particles, quantum
computers, really weird movie plots)

General Relativity: large MASS

(associations: stars, galaxies, black holes,
wormholes, really weird movie plots)
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Inside a black hole
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Particle accelerator

that's a whole lot bigger than what
we have now
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We don’t understand it well yet, but when we do,
we will be able to explain:

How did the universe start?

Does “before the big bang” make sense?

What happens when you jump into a black hole?
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Quantum Gravity is Hard

A strategy: gedankenexperiments.

Q: What would General Relativity do?

Q: What would quantum mechanics do?

If the two answers contradict, we've got
ourselves a paradox.
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Paradoxes!

We physicists love paradoxes.

They tell us when we're thinking
about something the wrong
way.

This particular paradox has
been around for 50 years.
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Black Hole Information
Paradox

What is it? A contradiction between the predictions of
General Relativity and Quantum Mechanics due to
behavior of black holes.
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(GGeneral Relativity

BAsic IDEA: MASS CURVES SPACE AND TIME.
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(GGeneral Relativity

BAsic 1DEA: MASS CURVES SPACE AND TIME.

A black hole concentrates so
much mass into so little room that
It curves space and time to the
point where nothing can escape it.

Some numbers: a black hole
which is 1,000 times the mass of
mount Everest would be the size
of a single coronavirus.
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Basic idea: nothing travels faster than light.
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Basic idea: nothing travels faster than light.
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Basic idea: nothing travels faster than light.
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Quantum Mechanics

Basic IDEA: OUTCOMES OF EXPERIMENTS ARE PROBABILISTIC.

“*Anyone who is not shocked by quantum theory has not
understood it.”

- Niels Bohr

“| think it is safe to say that no one understands it.”

- Paul Dirac
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A Classical Coin

You have a coin inside a box.

50% chance of Wy and 50% chance of |
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Suppose you open the chest and find heads (“a
measurement of the system”).

State of coin =
If you have 1,000 identical treasure chests prepared in

the exact same way, you will find that all 1,000 coins
are heads.

) & & &
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Suppose you open the chest and find heads (“a
measurement of the system”).

State of coin =
If you have 1,000 identical treasure chests prepared in

the exact same way, you will find that all 1,000 coins
are heads.

] & & &
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A Quantum Coin

State of coin = 50% (8
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A Quantum Coin

Now you have a gquantum coin in a chest.

But now the outcome of your measurement is
probabilistic.
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A quantum coin can be both heads and tails at the
same time.

A “loaded” quantum coi

State of coin = 80% i
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State of coin = 80%
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State of coin = 80%
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Basic Upshot

A single measurement doesn't tell you anything
about the state of a guantum coin.

Measurements about many identical copies tell a
lot about the state of the quantum coin.

You can get the information you want about the
guantum coin with enough measurements.
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Two quantum coins in the treasure chest.

Possibilities: Coin 1 Coin 2
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“Spooky Action at a Distance”

State of some “loaded” pair of quantum coins:

If we open the treasure chest and find that the first coin
is heads, the other coin immediately stops being
“heads and tails™ and becomes just heads. There is
entanglement between the two coins.
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Entanglement

Entanglement is a relation between the two coins.

If you just measure coin 1 or just measure coin 2 without
knowing how they are entangled, you miss out on
crucial information about the two-coin system.
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Entanglement

State = 77% ¥

When two particles
are entangled,
making
measurements
about just one of
the two particles
misses
information.
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Entanglement

Two entangled coins:

If you measure coin 1 and get heads, coin 2 is now
definitely heads.

Another pair of entangled coins:

If you measure coin 1 and get heads, coin 2 is now
definitely tails.
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Entanglement

Suppose we don't know the state of the two coins.

Measuring coin 1 puts coin 2 in a ‘definite state’, but we don’t know which
state that is!

When two particles are entangled, having access to just
one of the two particles misses information.
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We have a thousand identical chests with two pairs of
coins, all prepared in the same state. We just don’t know
what that state is.

o o & e o)

We look at coin 1 in each of the 1,000 chests. We find

heads each time.

Pirsa: 25060062 Page 43/76




All we can rule out are the last two possibilities:
Coin1 Coin 2
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That is, we don’t know if the state of the 2 coins is now

We are missing all the information about the state of coin
2, even though it is completely determined by our
measurement of coin 1.

When two particles are entangled, having access to just
one of the two particles misses information.
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Fact: pairs of entangled particles are “popping
iIn and out of existence” all the time.

Including across event horizons of black holes.
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The outgoing coin (particle) carries away energy .
(radiation).

The black hole loses energy and shrinks.
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The outgoing coin (particle) carries away energy .
(radiation).

The black hole loses energy and shrinks.

Eventually evaporating altogether.
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Let's now look at the coin that flew away.
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Entanglement

Remember this?

State = 77%

When two particles are entangled, having access
to just one of the two particles misses information.
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To determine full information about the two-coin
system, we need to measure coin 2.
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To determine full information about the two-coin
system, we need to measure coin 2.

There is no observer in the universe who can measure coin
2 - because coin 2 went into a black hole that evaporated
and disappeared!
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Stephen Hawking, 1976: because of quantum
entanglement, the disappearance of coin 2 from
the universe is a net loss of information.
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The Paradox

Black holes can evaporate.




The Paradox

General Relativity: due to evaporation, information
about coin 2 is irrevocably lost.

State = 77% §

Quantum mechanics: no process in the universe
can ever lose information.
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PARADOX

Remember, paradoxes give us a hint of how to modify our
theories so they describe nature properly.

In this case:
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The Black Hole Information
Paradox
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The Black Hole Information
Paradox

WHERE ARE WE NOW?
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What is missing”

What do we need for a resolution?

UNDERSTANDING OF GRAVITY WITH BLACK HOLE
QUANTUM GRAVITY ENTANGLEMENT EVAPORATION
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Entanglement wedge reconstruction and the
information paradox

Geoffrey Penington'

! Stanford Tnatitute for Thearstical Physics, Stanford University, Stanford CA 94305 USA
December 13, 2024

Abstract

Whien absorbing boundary conditions are used to evaporate a black hole in AdS/CFT
we show that there is a phase transition in the location of the quantum Ryuw-Takaysnagi
surface, at |w9r|=ety the Page time. The new HT surface lies slightly inside the svent horizon,
at an infalling time spproximately the s mmblmg time 3/27 log Spu into the past, We can
nmmdm(ch dcnw the Page curve, using the Ryu-Taksyanagi formuls, and the Heyden-
Preskill decoding eriterion, using entanglement »\edge reconstruction. Because part of the
interior is now encoded in the early Hawking radiation, the decreasing entanglement entropy
of the black hole is exactly conxstent with the semiclussical bulk cotanglement of the late-
: Hawking modes, despite the absenee of s frewall,
By studying the entanglement wedge of high!| states, we can understand the state
existence of tiny,
not-perturbitive ors wedge reconstruction. Dircetly sfter the Poge time,
interior operators can only be reconstructed from the [lawking radiation if the initial state
of the black hole is known. As the black hole continues to evaporate, reconstructions hecome
possible that simultaneously vork for o large class of initial states. Using similar technieques:
we geacralise Hayden-Preskill to show how the mmount of Howking radistion required to
v, thrown into the bl u(k hole, depends on both the energy and the
he e»aporltwu begins, & single, state-
¥ crostates with entropy
2 cnstein-Hawking entropy, o ut this is sufficient state
dependence to avoid the AMPSS typical-state firewsll parador

Almheiri, Engelhardt
Marolf, Maxfield

21 May 2019
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The entropy of bulk quantum fields and the
entanglement wedge of an evaporating black
hole

Netta Engelhardt,’ Donald Marolf,” Henry Maxfield®
e for Advanced Study, Princeton, NJ 08540, USA
b Department of Physics, Princeton. Universily, Princeton, NJ 08548, ['SA
ive, Prineeton University, Peinceton NJ 08544, US.
A Physics Department, University of Oaléfornsa, Sawte Barbara, CA 99015
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ARsTRACT: Bulk quantum fields are often said to contribube to the generalized en-
i
((1/0x) gradients in Sy can arse due to large mmla introducing a quentum ex-
tremal surface far rom any elassical extremal sucface, sopanine Lhe eflecy of such
bulk quantum effeets on quantum extremal surfaces LQEb_J wud the resulting enten-
glement wedge in a simple twe-boundary 2d bulk system defined by Jackiw-Teitelboim
gravity coupled to a 1+1 CFT. Turning on a coupling between one boundary and a
further external auxiliary system which functions as a hear sink allows a two-sided
otherwise-eternal black hole to evaporate on one side. We find the generalized en-
tropy of the QES to behave as expected from general considerstions of uniterity, a

in partieular that ingoing ement wedge after
a scambling time [ log AS urd w joms Tor hulographic imple-

tropy + St only at (1), Nonetheless, in the conbext. of evaporating black holes,

he Hayden-Proskill protocol. We alse find an interesting (E:
transition at what one might call the Page time for our process,
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Gravity contributes to entanglement.

The way in which gravity impacts entanglement
in a black hole that evaporates
is just exactly enough to offset the loss of information

due to the evaporation.
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Gravity contributes to entanglement.

The way in which gravity impacts entanglement
in a black hole that evaporates
is just exactly enough to offset the loss of information

due to the evaporation.
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So it is clear the information gets out, and there is a way in

which gravity manages to get it out of the black hole.

And yet, nothing travels faster than light...

And light cannot escape from a black hole.

So... HOW does the information get out?
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Quantum gravity can transport
information faster than light?

But if so... shouldn’t we have
already seen such a mechanism?

Why have we never seen information being transported
faster than light?
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TowARrDS A RESOLUTION...

Even though the information has been transported
outside of the black hole...

It has been scrambled in the process...

So it is incredibly difficult to tell that information about
what went into the black hole ended up in the
radiation.

Could that be why we haven’t “seen” faster than light
information travel?
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TowARDS A RESOLUTION...
Just how difficult is “difficult”?

The information comes out in some quantum state:

If there are n coins in a box, there are 2" possible
combinations of coins.
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TowARDS A RESOLUTION...
Just how difficult is “difficult”?

The information comes out in some quantum state:

If there are n coins in a box, there are 2" possible
combinations of coins.

If you want an algorithm that figures out which
combination you actually have, it has to sift through 2"
possibilities.
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TowARDS A RESOLUTION...

For a solar mass black hole, 7 ~ 107°. The best

algc7)0rithm has to find a needle in a haystack of size
2107
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TowARDS A RESOLUTION...

For a solar mass black hole, 7 ~ 107°. The best

algc7)0rithm has to find a needle in a haystack of size
2107

Maybe a quantum computer can do better than just
sifting through all the options?
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TowARDS A RESOLUTION...

As it turns out, even a quantum computer can’t speed
up the process very much.

To see that faster than light travel happened
requires unscrambling - which is incredibly
difficult to do!
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SO... DOES ANYTHING ESCAPE FROM A
BLACK HOLE?

YES! EVERYTHING that falls into a black hole can
escape from it if the black hole evaporates.

But it escapes in an extremely mangled way!

It takes a very, very, VERY long time to rearrange
the mangled up stuff into its original form.
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Is this the final resolution of the black hole information
paradox?

What is the basic mechanism in
quantum gravity that mangles up the
information in the black hole?

And what really happens to coin 1 in
the black hole interior?
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Resolving the Black Hole Information Paradox is a stepping stone
to understanding fundamental building blocks of the cosmos,

the big bang, and black holes.

And to answering the question that has fascinated humanity for

as long as human thought has existed:

WHERE DID IT ALL COME FROM?
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