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Classical black holes

are featureless objects — pure spacetime curvature



In quantum gravity,
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Where is this quantum information?

How is it encoded?

How does it escape when a black hole evaporates?



Black hole evaporation

 Hawking radiation is a process of entanglement production between the black 
hole interior and the radiation. 

The “paradox” is that at the end, there is nothing for the radiation to be entangled with — QIS.



The Island Effect

[Penington, '19]
[Almheiri, Engelhardt, Marolf, Maxfield '19]



The Island Effect

S(⇢rad) = minIextI


Area(@I)

4
+ SQFT(I [ rad)

�
Entropy formula:

[Penington, '19]
[Almheiri, Engelhardt, Marolf, Maxfield '19]

radiation

island I



Replica wormholes

A “replica wormhole” is a gravitational instanton supported by matter entanglement.

Consider the "purity"

Z2 := tr (⇢2)

pure:

mixed:

Z2 = 1

Z2 < 1

              island effect

[Almheiri, TH, Maldacena, Shaghoulian, Tajdini ’19]
[Penington, Shenker, Stanford, Yang ’19]

[Lewkowycz, Maldacena ’13], [Dong, Lewkowycz, 
Rangamani ’16][Dong, Lewkowycz ’17]building on:
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Calculate the purity of the Hawking radiation by a gravitational path integral:

tr(⇢2) ⇡

Hawking radiation 
is highly mixed

+ + · · ·

Island appears;  
Hawking radiation re-purifies



Status of the information problem

Page Curve

Microstates

Singularity
Infall

S-matrix

Some corners have been solved; but the problem is now BIGGER than before!



More wormholes

Double black holes
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Z(�1)Z(�2)

[Cotler et al ’16] [Saad, Shenker, Stanford ’18-’19] 
[Cotler and Jensen ’19-’21]

“Spectral form factor”

Traversable wormholes

[17] argued that the quantum extremal surface should always be spacelike to its corresponding CFT
region. In a sense this continues to be true, since E1 is spacelike to all the boundary points prior to turning
on the interaction, while E2 is spacelike to all the points after the interaction is turned off. But neither
one is spacelike to the entire boundary for all time. For example, a unitary operator applied to the right
boundary at sufficiently early times might affect the value of Sgen(E2), and hence the right CFT entropy
after the interaction. But that does not contradict any of the properties of the right CFT, since it does not
have unitary time evolution (independent of the left CFT) during the period of the interaction.

Note that, if we assume that our holographic entropy prescription is correct when the CFT’s are not
coupled, it must necessarily also be correct when the CFT’s are coupled. Before the interaction is turned
on, we can simply consider the Hartle-Hawking spacetime as if there were no interaction. Similarly, after the
interaction is over, we can consider a new spacetime which is dual to extrapolating the final state backwards
in time, without any interaction. Neither of these spacetimes corresponds to a traversable wormhole, but
they can be used for purposes of calculating SEE before or after the interaction is turned on. It is only when
these two spacetimes are patched together, that they are seen to be a traversable wormhole geometry.

Figure 4.1: The throat size is ∆V ∼ h. The red thick interval on the boundary is the duration of the
deformation beginning at t0 and ending at tf . The metric in the light yellow region is unchanged and only
that of the white region will have a nonzero backreaction correction. The orange thick curve is the future
event horizon and the grey thick curve is the past event horizon. E1 is the original bifurcation surface. E2

is the location where the right and left future horizons cross. The magenta curve is a null ray that passes
through wormhole, deviating to right boundary.

5 Discussion

We have demonstrated that the Einstein-Rosen bridge of a BTZ black hole becomes slightly traversable
after the addition of a two-boundary coupling. (We expect that a similar effect also occurs in D > 3 bulk
spacetime dimensions, although it is harder to calculate the exact form of the stress-tensor.)

From (3.18), we see that the integral
´

dUTUU , giving the deviation of null rays from the horizon, is
proportional to h, which implies that the wormhole opens up by an amount (in units where ! = 1)

∆V ∼
hGN

RD−2
(5.1)

where ∆V is the difference of V coordinate between the future horizon and the first lightray which can get

12
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[Gao Jafferis Wall ’16] [Maldacena Stanford Yang ’17]
[Maldacena Qi ’18] [Horowitz Marolf Santos Wang ’19]



More wormholes

Bra-ket wormholes
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h | States prepared by a gravitational path 
integral are not always as they seem.

Quantum cosmology revisited?

[Page ’86] [Anous Kruthoff Mahajan ’20]
[Chen Gorbenko Maldacena ’20]

Et cetera.

cf. 1980’s work by Giddings, 
Strominger, Polchinski, etc. 

[Marolf Maxfield ’20-’21] [Giddings Turiaci ’20]



Three questions for 2032

(This is just a representative sample; see white papers for more)



Question #1:
How much does low energy gravity know about the UV?

Black hole entropy
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=) ⇢(E)

Island effect
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=) S(⇢radiation)

Double black holes
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=) ⇢(E)⇢(E0) ??

What else?



Question #2:
What is the role of averaging in d > 2 gravity and in QFT?

2d gravity is holographically dual to random matrix theory

This is not ordinary quantum mechanics! 

Factorization puzzles:

[Saad, Shenker, Stanford ’19]

What about d > 2? There are many hints that averaging is useful.

Double cone geometry

Toy models in 3d gravity

Spectral analysis in SYM

[Saad, Shenker, Stanford ’18] etc.

[Maloney Witten ’20] [Afkhami-Jeddi Cohn Hartman Tajdini ’20]

[Collier Perlmutter ’22]



Presumably, UV-complete theories of gravity do not have any intrinsic averaging.

Averaging and the conformal bootstrap

There is a mini-industry of matching gravity to bootstrap calculations, most of it pre-2018. 

Where are the wormholes???  
Statistics of CFT Data?

e.g. [Heemskerk, Penedones, Polchinski, Sully ’09]
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<latexit sha1_base64="r3RhxPibzptum5p4iWVmnNh7d98=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMhM7PLPISw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFKWfa+P63V1pb39jcKm9Xdnb39g+qh0dtnVhFaIskPFHdCGvKmaQtwwyn3VRRLCJOO9HkLvc7T1RplshHM01pKPBIspgRbHKpr60YVGt+3Z8DrZKgIDUo0BxUv/rDhFhBpSEca90L/NSEGVaGEU5nlb7VNMVkgke056jEguowm986Q2dOGaI4Ua6kQXP190SGhdZTEblOgc1YL3u5+J/Xsya+CTMmU2uoJItFseXIJCh/HA2ZosTwqSOYKOZuRWSMFSbGxVNxIQTLL6+S9kU9uKoHD5e1xm0RRxlO4BTOIYBraMA9NKEFBMbwDK/w5gnvxXv3PhatJa+YOYY/8D5/ADPjjlk=</latexit>X Bulk 

topologies
<latexit sha1_base64="feYJlqRAt9N6RJRnwkNptAVwjek=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIehGKXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7qZ+6wmV5rF8MOME/YgOJA85o8ZK9ZteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa89jMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1nx6hfl6m0eRwGO4QTOwIMrqMI91KABDBCe4RXenEfnxXl3PuatK04+cwR/4Hz+AI7FjMc=</latexit>= <latexit sha1_base64="QpzS8T37yEsShVqHjrt5AqG4dNw=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxWsB/QLiWbZtvQbBKSrFiW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEw1oU0iudSdCBvKmaBNyyynHaUpTiJO29H4dua3H6k2TIoHO1E0TPBQsJgRbJ3U7mGltHzqlyt+1Z8DrZIgJxXI0eiXv3oDSdKECks4NqYb+MqGGdaWEU6npV5qqMJkjIe066jACTVhNj93is6cMkCx1K6ERXP190SGE2MmSeQ6E2xHZtmbif953dTG12HGhEotFWSxKE45shLNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDWrV4P6yUr/J4yjCCZzCOQRwBXW4gwY0gcAYnuEV3jzlvXjv3seiteDlM8fwB97nD5Vaj7w=</latexit>⇡

A tentative picture is that in realistic theories of gravity,

Cf. [Eberhardt ’20-21]

Is this correct?



Question #3:

What is the role of quantum information and higher 
topology in cosmology?

de Sitter



White papers

“Quantum aspects of black holes and emergent spacetime,” with Bousso, 
Dong, Engelhardt, Faulkner, Shenker, and Stanford.

“The analytic conformal bootstrap,” with Mazac, Simmons-Duffin, and 
Zhiboedov.

“Quantum information in QFT and quantum gravity,” with Faulkner, 
Headrick, Rangamani, and Swingle.

TF01

TF03

TF10

Thank you.


