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We will discuss recent progress on
the black hole information problem
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Black hole entropy.

I The fine-grained gravitational entropy
formula.

Il Compute the entropy of radiation coming out
of black holes.

| Get a result consistent with information

conservation (as opposed to information
loss).
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I Black holes have a temperature. 1%I$15
| 1st Law, dM =TdS, -2 Entropy N"I"1<0"$1/%I$15
S B Areay
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| Area increase theorem = 2"9 Law. 1%I$15



Semiclassical gravity
(as an effective field theory)

I Treat the background geometry as classical.

I Quantum fields propagating on a classical
background. (Including perturbative gravitons).

| Backreaction due to Hawking radiation treated
using the semiclassical equations.
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These results have inspired a very
influential hypothesis:

A central dogma” in the study of
guantum aspects of black holes



The Central Dogma

($)*+,-.$,),6M&H"7,13/1#7/

A black hole seen from the outside can be described as a

quantum system with S degrees of freedom (qubits). S = Area/4
(I, =1)

* |t evolves according to unitary evolution, as seen from outside.
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The Central Dogma
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A black hole seen from the outside can be described as a

quantum system with S degrees of freedom (qubits). S = Area/4
(I, =1)

* |t evolves according to unitary evolution, seen from outside.
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The Central Dogma
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I These A/4G,, qubits, are not very manifest in
the gravity description.



It is only a statement about the black
hole as seen from the outside !

No statement has been made about
the inside (yet).
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| BFSS matrix model = describes 11
dimensional black hole formation and
evaporation. Gives us the S-matrix.
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Hawking 1976 :

This can’t possibly be true!



Geometry of an evaporating black
hole made from collapse
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The Hawking curve vs. the Page curve
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There were other apparent paradoxes
with the black hole entropy formula.
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We will see how to resolve these
confusions



| These confusions involve the black hole
iInterior.
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The rest of the paradoxes involve
understanding fine-grained entropy
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I Coarse grained entropy = thermodynamic entropy.
0%*8&$&,:%2(,EE&.2##*35&&H

S=maxg(—Tr[dlog!d) , TrI[AD = Tr[ A!]
1

SH"F<'#4 )/%G A47TH<"0'6C'6H<" #/H)"<-'YY<$*;)"6H<" #/HB "B- -GG



For the moment we will be talking about
the entropy of the black hole as seen from
the outside.

This is the entropy of the quantum system
that appeared in the “central dogma”.
The entropy of the piece of coal”.



The horizon area computes
thermodynamic entropy
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. Area(X)
S=minyx extx + Ssemicl (! )
4G N Follows from AdS/CFT rules:
Lewkowycz, JM , Faulkner,Dong,...

The final surface is called minimal quantum extremal surface.
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We should be surprised by the claim
that there is a formula for the fine-
grained entropy
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vanishing
surface\

region where Ssemi_cl is evaluated
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Thermodyanmic entropy
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...we get the Page curve for the black
hole

but

we really wanted the Page curve for
the radiation!



I The radiation lives in a region where quantum
gravity effects could be very small. (It could
have left the AdS space, or it could be
collected into a far away quantum computer).

| Since we obtained the state using gravity 2
we should apply the gravitational fine-grained
entropy formula!
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I If the initial matter state is pure, then the
guantum extremal surfaces are the same as

the ones we discussed before.
I Therefore we get the Page curve for radiation.
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Gravity’s accounting trick” ! “oracle

* |t can be derived from the gravitational

path integral. AB5/$4%$+.&)#5&EB8*+*.$
-/ @ (6*&*+9&3$)%&.5+5/*6SE*)$-+%F

* Oracle: It gives us the true fine-grained
entropy of the exact state, but using only
the semiclassical state.
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l It is conceptually similar to the derivation of

the black hole entropy using the Euclidean
black hole.
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Other states prepared by a Euclidean
functional integral.
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I In the same way that the Euclidean black hole
gives us the entropy, this replica trick gives us
the gravitational fine-grained entropy formula.



| If the state is prepared by a Euclidean path

integral and it has dynamical gravity only in
some regions. Then we should allow various

topologies in that region.

| Interiors connected by replica wormholes’
-2 island formula.
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The Hawking curve vs. the Page curve
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I The Renyi entropies are given by these other
non-trivial geometries. But the von Neuman
entropy is given by a computation in the
original semiclassical geometry.



So far, we only talked about entropy.

What is this telling us about the interior?
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I 1) All of the interior?
I 2) None of the interior?
| 3) Part of the interior? Which part?



before answering, let us introduce a
new concept
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| It is the causal domain of dependence of the
region that appears in the computation of the
entropy.
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Entanglement wedge reconstruction hypothesis
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We can recover the state of a (probe) qubit inside the
entanglement wedge.

Recovery is state dependent (subspace dependent) and
similar to quantum error correction.
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| After the Page time, the troublesome interior
mode is actually part of the radiation. It is in
the entanglement wedge of radiation.

Island HZ
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Don’t confuse the following two things

?Ll‘7/107*I:Il5’II|I<I6CIC’llll:6*IO+/OI/’|II1IIK|I<</’FIOGI:l|<K’$HIIIO+IIIH)/KII+6)lll
C’6*|O+lll67o<$:IIGI46*IIO$*II<I/)<6IK/))II:IYYH)/KII+6)I|I:l|5’IIII<I6CIC’IIII:6*ZZGI|IJ_|/))|
0+":6C6C'0+"YY;$"K"6C'K6/)ZZLG'

:LI‘7/107*I:ll5’IIII<I6CIC’||I|:6*I$1|O+I|IH)/KII+6 lll$10ll’$6’Gl()<6l<6*"0$*ll<lK/))II:I
H)/KI|+6)II|:l|5’|lll<l6CIC’llll:6*GIIIR60lO+III</*I|I <IO+III:ll5’IIII<I6CIC’|III:6*I$1<$:II|

0+";$"K"'6C'K6/)f
Island M:"/<'6C'O7/107*",,6,"K®6,,"KO$61-'
O7/107*'K6*;)"D$OF-"/,"1"K"<</,F'06"
"D))/$L'%+F/<$*)"6;" J0$BL'$1'0+"
/:$/0$61":6"<'16%'/CC"K0'/'O7H$0'$1'0-
$10",$6,G'

BC&78¥%%%.9)&&D,785*E$-%,C1*F-,C75*
B#443&7:5*G&.5*HHYABBGE6.$7=*,"9)-471>>




*A'&H



8+lllll10/15)ll*ll10|%ll:5lll$<l/l;’6;II’OFI6CIO+III<O/O|Il/0l<6*|ll0$*|llOG
.6,$a61<"";"1:'61'0+"./*$)061%$/1'/1:'61'%+/0'%$))'+/;;"1'$1'0+"'C707,"G'

47;;6<"%":"K6T;)"0+"0%6'<F<0"*<'/0'0+"K706CC'<7,C/K"/0'0$*"0G'NF "#6)#$1
H)/KI+6)™;/,0:$CC","10)F'%""K67):","K6#",'0+"$1C6,*/0$61'H"+$1:'0+"+6,$a61'0-
$1'0+'3, 1 "5561G'N70'%"K/1160',"K6#",'0+"$1C6,*/0$61'0+/0'$<'HL0+"5$6 151"
0+"$10",$6,G'B#"1'$C'%":"K67;)"0+"<F<0"*<-'0+"H)7"/1:'5,""1","5$6 1<'%667):'<C
K611"K0":'/0'0+"07/107*"DO0,"*/)'<7,C/K"G'

»

N)/KI'
Island

1/:$/0$61

71$+2"#.$



NN()5/,.0,P.$:Q

MC'0+","$<'/)60'6C"10,6;F $13$7* " 10/15) " 10°%6": 5" 6C 0+ H)/KI+6)""1:<’
1Il/,lo+lll1|lK|
X1))

g 0!
w82
“

M10",$6,'6C'0+"H/5'H")615<'06'<6*"H6:F™)<"E



()5,.0,5.%;,:/,.5;,19)*+,-.$

Island

8+"5"6*"0,F'/1:"'10,6;F'61'0+"'6,/15""'<)$K"$<'<6*"%+/0'<$*$)/,'06'0+"'H/5'6C'56) G



E.&*$"/%.&/

l 'We reviewed the gravitational fine-grained
entropy formula.

' We applied it to the computation of the
entropy of radiation and obtained results
consistent with unitarity.

| At late times, most of the interior is part of the
radiation. It is not part of the "black hole
degrees of freedom”.
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I Not to use the fine-grained entropy formula.



I A lot of what we discussed was derived by
thinking about aspects of AdS/CFT, which itself
involves string theory.

| But you only need gravity as an effective
theory to apply these formulas.
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Another aspect of the information
problem
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| A particular feature, the ramp”’, was
understood in terms of a wormhole geometry.

| Averages (over couplings) are important for
this result.
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Saad, Shenker, Stanford

JT gravity from random Hamiltonians

| JT gravity was interpreted as arising when we
average over Hamiltonians.

I A new view on the random matrix/string
theory connection. A new interpretation for

the matrix.
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Il 'What further lessons is this teaching us about
the interior? The singularity ?

I Implications for cosmology ?

Thank you !






