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Abstract: The black hole information paradox -- whether information escapes an evaporating black hole or not -- remains one of the greatest
unsolved mysteries of theoretical physics. The apparent conflict between validity of semiclassical gravity at low energies and unitarity of quantum
mechanics has long been expected to find its resolution in the deep quantum gravity regime. Recent devel opments in the holographic dictionary and
in particular its application to entanglement, however, have shown that a semiclassical analysis of gravitational physics has a hallmark feature of
unitary evolution. | will describe this recent progress and discuss some potential new avenues for working towards a resolution of the information
paradox.
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The Black Hole Information Paradox

1. What is it?

2. Why study it?

3. How to make progress on it?
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The Information Paradox: the what

e ‘semiclassical gravity”: weakly coupled limit of quantum gravity
e Should be valid near event horizons of (large) black holes.

e [he information paradox: semiclassical gravity prediction contradicts QM.
Fixing it requires large modifications to semiclassical gravity at at the
event horizon of a black hole.

L

Image credit: Event Horizon Telescope
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Information Paradox: the what

Semiclassical gravity predicts that black holes evaporate

:\\1//

... and along the way violate unitary evolution of closed quantum systems.
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The Information Paradox: the why

e Information loss = loss of determinism

e Black holes exist tans ico, enm, so nature has a definitive answer. And
furthermore, without an answer to this question, our description of physical
phenomena in the universe is incomplete.
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The Information Paradox: Then and Now
Then:

e Quantum gravity is necessary to see information conservation.

e Basic idea: semiclassical gravity is inconsistent with unitary evaporation.

=

Now:

e A purely semiclassical analysis consistent with unitary evaporation. auwmnei,

Engelhardt, Marolf, Maxfield; Penington
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BH Entropy: Wheeler's Gedankenexperiment

“No Hair Theorem”: black holes in classical gravity have no microstates.

“Teacup Experiment”

No microstates = no entropy. Throw a hot teacup into the black hole — and
decrease the entropy of the universe.
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Second Law of Thermodynamics

If your theory is found to be against the second law of thermodynamics |
can give you no hope; there is nothing for it but to collapse in deepest
humiliation.

— Sir Arthur Eddington
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Black Hole Entropy

Bekenstein: Black holes are thermal: they have temperature and entropy
due to quantum gravity microstates:

Area| event horizon |
SBH = 4Gh '

For a black hole close to equilibrium, we expect a temperature T oc M1,

This is due to quantum corrections: black holes in classical gravity are
perfect absorbers.
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Evaporating Black Holes

Temperature = radiation. If

TBH = Tsurroundings

radiation = mass decreases
Toc M1

BH evaporates until it “explodes”.
Some numbers:

Sagittarius A*, T~ 10714K

Solar mass black hole, T~ 108K
Lunar mass black hole, T ~ Tepp

Coronavirus-sized black hole, T ~ room temperature.
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Collapsing Black Holes
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Evaporating Black Holes
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Evaporating Black Holes

The paradox: semiclassical gravity = information loss during evaporation.
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What Quantity can Diagnose (Non)Unitarity?

Define the von Neumann entropy

Sunlpl = —tr(plogp)

Properties of S, :

e It is invariant under unitary evolution.

e It vanishes for a pure state (and only for a pure state): S n[|P)]] =0

e It is bounded from above by the thermal entropy (also called the
coarse-grained entropy)

Pirsa: 22030037

Page 16/49




Pirsa: 22030037

Information Loss

Rough intuition: the information in p can be quantified in terms of

Sthermal . SVN‘

The thermal state has essentially no information content. If a system
evolves to larger S, y, information is lost.

This happens all the time in open systems!

But the entire universe is not an open system.
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A Toy Model

-

Alice falling down the ralsiit black hole

¥,

L e

V2

Bob by himself is in a density matrix:

) =

prat = 5 (4 + 1)) = 31

obtained by tracing out Alice.
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Information Loss in Hawking Radiation

In toy model of the EPR pair, the initial state of the pair is pure:
Sinitial = 0.
After the black hole has finished evaporating,
Stinal = Spob = l0g2# 0

The entropy has increased: the system was not evolving unitarily.
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Information Loss in Hawking Radiation

In toy model of the EPR pair, the initial state of the pair is pure:
Sinitial = 0.
After the black hole has finished evaporating,
Sfinal = Spob = l0g2 =0

The entropy has increased: the system was not evolving unitarily.
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Hawking's Calculation

More accurately:

i

Universe is in some pure quantum state [i).

2. Form a black hole in this universe.

3. Compute S,n[BH exterior]

¥,

Hawking

Pirsa: 22030037

Page 21/49



Hawking's Calculation

7

Hawking
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before

Computing S,N|exterior(t)]

™

Lafter . '
Maximally mixed

i
2%

tduring

tbefore
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Post-Evaporation

Semiclassical Gravity: Post-evaporation state is mixed

Syn[exterior] >0

Standard Quantum: Evolution of the entire universe — a closed system — is

unitary:
[p(t)) = ™" )

So:
Syn|entire universe| = Syn[[4p(t))] = Syn[l$)] =0

Conflict: Post-evaporation exterior = entire universe.

Syn[universe] should vanish.
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The Page Curve

What we should get vs what we actually get:

Slexterior] iy
7
< Hawking

unitary

Which is the correct curve for QG? How do we compute it?
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Preview: the New Developments

Hard to see where Hawking's analysis goes wrong.

Need input from QG to figure this out?

New developments: a completely semiclassical calculation of the Page
curve — with indirect input from QG.

Specifically, from holography.

¥,
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Holography

AdS/CFT aka Holography

Quantum gravity “in a box” (with Anti-de Sitter boundary conditions) is dual
to a lower-dimensional nongravitational QFT.

AdS (d+1)-dims

Colloquially, we call the AdS quantum gravity the bulk, and the QFT the
boundary.
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Holography: a Black Hole is just another Quantum
System

= a black hole in AdS is just an ordinary, nongravitational quantum system.

image credit: ESI Programme on AdS Holography and the Quark-Gluon Plasma

Pirsa: 22030037 Page 28/49




Unitary BH Evaporation

Black hole =ordinary nongrav closed quantum system

And nongrav isolated quantum systems evolve unitarily.
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The ldea

But this isn't satisfactory! How does quantum gravity preserve unitarity??

Know: the usual formula in the bulk:

S Chalk et PR Poal

glveS "HaWk'lng CUI’VG”S lnfO rmat'lon ',OSS (here ppuik is the density matrix describing the quantum fields in the

bulk portion outside of the black hole).
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Meanwhile, on the back of the soupcan...

after — pbdy (tafter)

tduring 1 pbdy (tduring)

bcfore)

tbefore . pbdv (t

Also know: in the CFT via the usual formula:

Sun|Pbdy] = —trppdy N pody

gives a unitary result: information is conserved.
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The Idea

So: there's a nongrav computation of a unitary entropy and a grav
computation of a non-unitary entropy.

So what if instead of using

—trppuik [N Ppulk

We use the holographic prescription for computing

—trppqy N puay

This could give a gravitational calculation of a unitary entropy!

Remarkably, it does!
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The Different Angles

Option 1: Geometric, Non-Unitary Option 2: Non-geometric, Unitary

t;ll'lm S p‘)ll\(llilhl'l)
ti]wiug T p[,‘\\(l’ilmi,,g)

t

before S 0, . (flmw)

P (1 b oo

OR...

Option 3: use holographic dictionary! Do the calculation in option 2 in the
geometric lanqguage of the bulk.
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The Idea

Compute

using the gravitational language of
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Holographic Prescription for Computing SVN[Pbdy]

Arealyx
SVN[Pbdy] = 4—(];]' w SVN[Pout[x]] = Sgen[?(]

where y is a distinguished type of surface we called “quantum extremal”.

Engelhardt, Wall; without quantum corrections: Ryu-Takayanagi, Hubeny-Rangamani-Takayanagi, and Faulkner-Lewkowycz-Maldacena

%
Poul) <>

If there are multiple quantum extremal surfaces, use the minimal one.
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Evaporating Black Holes

The neXt few Sl.‘ldes are baSEd ON Almheiri, Engelhardt, Marolf, Maxfield; Penington.
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Quantum Extremal Surfaces

Initially, the QES is the empty set.

Area|®
Sunlpbdy] = 46;1 ] + Synlpan] = Synlpanl

With time Syn[pai] grows.
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Quantum Extremal Surfaces

About halfway through evaporation, a new quantum extremal surface:

w - ()
o

AVAVAVAV/
As we evolve forward in time, Sg.,[x] decreases.
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The Page Curve

Slexterior|

Hawking

unitary

The Page curve for unitary evolution is obtained using only semiclassical
physics!
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Taking a Step Back

What happened here?

Arealy
Sunlpoay] = 222 1 5 lpoul

The contribution from xy — the quantum extremal surface — saves the day.

The only place where quantum gravity appeared is in the interpretation of
Sgenlx] a@s the entropy of the radiation.
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Why does this work?

Why does quantum gravity repackage entropy in this way?

What microscopic Planckian physics is responsible for the
success of the quantum extremal surface prescription?
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Some Progress on this Front

How do we generally compute entropies?

The Replica Trick
. d n
Sunlp] = —trplnp = —rl,[lﬂl(% log Tr[p"])

where p" is the state p on n independent copies (“replicas”) of this nongrav-
itational theory.
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Some Progress on this Front

The Replica Trick in Holography:

e In AdS/CFT, we know how to relate Tr(p") to the “gravitational path

lnteg ra l": Lewkowycz, Maldacena
j D geS

e Doing this, peningion et at: Amnevi et al justify the new QES that leads to unitarity. But
at cost of these n replicas having nontrivial correlations.

@
A
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Some Progress on this Front

The Replica Trick in Holography:

e In AdS/CFT, we know how to relate Tr(p") to the “gravitational path

lnteg ra l": Lewkowycz, Maldacena
j D geS

e Doing this, penington et at: Amnevi et al justify the new QES that leads to unitarity. But
at cost of these n replicas having nontrivial correlations.

-
-

e But these are n-independent copies of a single quantum theory! How can
they be correlated?
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Comparing Semiclassical Calculations

We have two different calculations that use the tools of semiclassical
gravity:
1. Hawking's calculation: inconsistent with a pure out state.

2. QES calculation: consistent with a pure out state.
How do we bridge the gap between the two?

One perspective: Hawking's calculation corresponds to using the empty
set: the wrong QES.

Another perspective: Even if the radiation purifies itself, it takes an
exponentially (in GK,l)powerful quantum computer to detect that: if you
threw a diary into the black hole, and the information in the diary
eventually gets radiated out, you would need an extremely powerful
quantum computer to read the diary contents from the radiation tarow, Hayden.
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A Hypothesis

If you were an observer computationally restricted to sub-exponentially
complicated tasks, you would never know that the radiation purifies itself!

A Hypothesis

Hawking's calculation coarse-grains over exponential complexity.

How does this mesh with comparing the QES calculation to Hawking's
calculation?

Complexity and QESs

The holographic avatar of exponential complexity is nonminimal QESSs srown et
a. Using the “wrong” QES is equivalent to coarse-graining over exponential
CompleXLtg NE, Penington, Shahbazi-Moghaddam
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Current State of the Information Paradox

Spoiler: we haven’t solved it yet.

What entropy is the quantum extremal surface/gravitational path integral
calculating? How do we compute it directly from the formula —trplnp?

What does an observer outside the black hole actually measure?
Is the path integral doing an averaging of some sort?
What are the internal dynamics of an evaporating black hole?

If the bridge between the unitary calculation and Hawking's calculation is
computational complexity, how do we understand it in the language of
Hawking’s original computation?
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