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We will discuss recent progress on 
the black hole information problem
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! Black hole entropy.
! The fine-grained gravitational entropy 

formula.
! 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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! Black holes have a temperature. 

! 1st Law,  dM = TdS,   à Entropy

! Area increase theorem à 2nd Law.
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Semiclassical gravity 
(as an effective field theory)

! Treat the background geometry as classical. 
! 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 
quantum aspects of black holes
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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       
(lp =1)

• It evolves according to unitary evolution, as seen from outside. 

=

The Central Dogma
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! These A/4GN 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 à describes 11 
dimensional black hole formation and 
evaporation. Gives us the S-matrix.

N/1I<-'V$<K+)",-'4+"1I", -'47<<I$1:
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Thermal state in a CFTGravity, 
Strings
Black hole

23
U7H<",-'W)"H/16#-'A6)F/I6#
X$00"1



I"#



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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Figure 2: Maximally extended Schwarzschild spacetime. There are two asymptotic regions.
The blue spatial slice contains the Einstein-Rosen bridge connecting the two regions.

not in causal contact and information cannot be transmitted across the bridge. This can

easily seen from the Penrose diagram, and is consistent with the fact that entanglement

does not imply non-local signal propagation.

(a)
(b)

Figure 3: (a) Another representation of the blue spatial slice of figure 2. It contains a neck
connecting two asymptotically flat regions. (b) Here we have two distant entangled black
holes in the same space. The horizons are identified as indicated. This is not an exact
solution of the equations but an approximate solution where we can ignore the small force
between the black holes.

All of this is well known, but what may be less familiar is a third interpretation of the

eternal Schwarzschild black hole. Instead of black holes on two disconnected sheets, we

can consider two very distant black holes in the same space. If the black holes were not

entangled we would not connect them by a Einstein-Rosen bridge. But if they are somehow

created at t = 0 in the entangled state (2.1), then the bridge between them represents the

entanglement. See figure 3(b). Of course, in this case, the dynamical decoupling is not
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We will see how to resolve these 
confusions



! These confusions involve the black hole 
interior. 
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Figure 2: Maximally extended Schwarzschild spacetime. There are two asymptotic regions.
The blue spatial slice contains the Einstein-Rosen bridge connecting the two regions.

not in causal contact and information cannot be transmitted across the bridge. This can

easily seen from the Penrose diagram, and is consistent with the fact that entanglement

does not imply non-local signal propagation.

(a) (b)

Figure 3: (a) Another representation of the blue spatial slice of Þgure 2. It contains a neck
connecting two asymptotically ßat regions. (b) Here we have two distant entangled black
holes in the same space. The horizons are identiÞed as indicated. This is not an exact
solution of the equations but an approximate solution where we can ignore the small force
between the black holes.

All of this is well known, but what may be less familiar is a third interpretation of the

eternal Schwarzschild black hole. Instead of black holes on two disconnected sheets, we

can consider two very distant black holes in the same space. If the black holes were not

entangled we would not connect them by a Einstein-Rosen bridge. But if they are somehow

created att = 0 in the entangled state (2.1), then the bridge between them represents the

entanglement. See Þgure 3(b). Of course, in this case, the dynamical decoupling is not
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<=,>,<?=



The rest of the paradoxes involve 
understanding fine-grained entropy



GK.,&.#%.&/,.O,'&#1.23,,

! Fine grained entropy. @9.&2,+/..$5,A23,B$"(/3,$3)%2#'C,
2%,D"/3)"(,$3)%2#'C,2%,EE$3)/34.$($3)FF,$3)%2#'G

! Coarse grained entropy = thermodynamic entropy. 
9%*&$&,:%2(,EE&.2##*3$&&H

47H<"0'6C'6H<",#/H)"<-'YY<$*;)"'6H<",#/H)"< -̂'"5G('_'B-`-GG

S = max ö! (�Tr[ö! log ö! ]) , Tr[ A ö! ] = Tr[ A! ]
<latexit sha1_base64="425K9PFKSvSlkZHYs/Mocvds/SE="></latexit>

S = ! Tr[ ! log ! ]
<latexit sha1_base64="nshOPwU3RziYnRTlMuJIieB3S7Y=">AAACC3icbZDLSgMxFIYz9VbH26hLN9EiuLHMVEE3QtGNy4q9wcxQMmnahmaSIckIZejalY/iSlAQtz6BK9/GtJ2Ftv4Q+PjPOZycP0oYVdp1v63C0vLK6lpx3d7Y3NrecXb3mkqkEpMGFkzIdoQUYZSThqaakXYiCYojRlrR8GZSbz0QqajgdT1KSBijPqc9ipE2Vsc5vIdX8BRmgYxhXY59GMiBgAET/RmFsOOU3LI7FVwEL4cSyFXrOF9BV+A0JlxjhpTyPTfRYYakppiRsR2kiiQID1Gf+AY5iokKs+kpY3hsnC7sCWke13Dq/p7IUKzUKI5MZ4z0QM3XJuZ/NT/VvcswozxJNeF4tqiXMqgFnOQCu1QSrNnIAMKSmr9CPEASYW3Ss22Tgjd/8yI0K2XvrFy5Oy9Vr/M8iuAAHIET4IELUAW3oAYaAINH8AxewZv1ZL1Y79bHrLVg5TP74I+szx9WI5h/</latexit>

!"*/$1<'K61<0/10'71:",'71$0/,F'0$*"'"#6)70$61G

SH"F<'=nd )/%G



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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The final surface is called minimal quantum extremal surface. 
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Follows from AdS/CFT rules: 
Lewkowycz, JM , Faulkner,Dong,…
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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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…we get the Page curve for the black 
hole

but

we really wanted the Page curve for 
the radiation!



! 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 à
we should apply the gravitational fine-grained 
entropy formula!
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! If the initial matter state is pure, then the 
quantum extremal surfaces are the same as 
the ones we discussed before. 

! Therefore we get the Page curve for radiation. 
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Gravity’s accounting ``trick’’ ! ``oracle’’

• It can be derived from the gravitational 
path integral. AB5/$4$+.&)#5&C8(D"*0*8*+*.$
;-/@(6*&*+9&$)%&.5+5/*6$E*)$-+%F

• Oracle: It gives us the true fine-grained 
entropy of the exact state, but using only 
the semiclassical state.
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! It is conceptually similar to the derivation of 
the black hole entropy using the Euclidean 
black hole.
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<latexit sha1_base64="l5DBjyLde7A1vLMnH6VKR92VbJ8=">AAACA3icbVBLSwMxGMzWV11fq57ES7AInspuFfRY9OKxgn1AdynZbNqGZpOQZIWyFE/+FE+Cgnj1V3jy35i2e9DWgcBk5vtIZmLJqDa+/+2UVlbX1jfKm+7W9s7unrd/0NIiU5g0sWBCdWKkCaOcNA01jHSkIiiNGWnHo5up334gSlPB781YkihFA077FCNjpZ53FBrKEgJDNRQwlEpII+aXnlfxq/4McJkEBamAAo2e9xUmAmcp4QYzpHU38KWJcqQMxYxM3DDTRCI8QgPStZSjlOgon0WYwFOrJLAvlD3cwJn6eyNHqdbjNLaTKTJDvehNxf+8bmb6V1FOucwM4Xj+UD9j0Mac9gETqgg2bGwJworav0I8RAphY1tzXdtCsJh5mbRq1eC8Wru7qNSviz7K4BicgDMQgEtQB7egAZoAg0fwDF7Bm/PkvDjvzsd8tOQUO4fgD5zPHxjZlvE=</latexit>



Other states prepared by a Euclidean 
functional integral. 

S = (1� n@n)Tr[⇢̃
n]|n=1 = (1� n@n) logZn|n=1

<latexit sha1_base64="gCISN7QEwHAwq5E/muqfkSZUo7U="></latexit>

÷! / !
<latexit sha1_base64="l5DBjyLde7A1vLMnH6VKR92VbJ8=">AAACA3icbVBLSwMxGMzWV11fq57ES7AInspuFfRY9OKxgn1AdynZbNqGZpOQZIWyFE/+FE+Cgnj1V3jy35i2e9DWgcBk5vtIZmLJqDa+/+2UVlbX1jfKm+7W9s7unrd/0NIiU5g0sWBCdWKkCaOcNA01jHSkIiiNGWnHo5up334gSlPB781YkihFA077FCNjpZ53FBrKEgJDNRQwlEpII+aXnlfxq/4McJkEBamAAo2e9xUmAmcp4QYzpHU38KWJcqQMxYxM3DDTRCI8QgPStZSjlOgon0WYwFOrJLAvlD3cwJn6eyNHqdbjNLaTKTJDvehNxf+8bmb6V1FOucwM4Xj+UD9j0Mac9gETqgg2bGwJworav0I8RAphY1tzXdtCsJh5mbRq1eC8Wru7qNSviz7K4BicgDMQgEtQB7egAZoAg0fwDF7Bm/PkvDjvzsd8tOQUO4fgD5zPHxjZlvE=</latexit>

Tr[!̃ 3]
<latexit sha1_base64="uol4KJjWia2YByoUiTyaK+PXqAA=">AAACBnicbVDLSsNAFJ34rPEVdamLwSK4Kkkr6LLoxmWFviCJZTKZtENnJmFmIpTQjSs/xZWgIG79B1f+jdPHQlsPXDiccy/33hNljCrtut/Wyura+sZmacve3tnd23cODtsqzSUmLZyyVHYjpAijgrQ01Yx0M0kQjxjpRMObid95IFLRVDT1KCMhR31BE4qRNlLPOSkCyWFTjqEPA01ZTGAgB+l9DYYQ9pyyW3GngMvEm5MymKPRc76COMU5J0JjhpTyPTfTYYGkppiRsR3kimQID1Gf+IYKxIkKi+kXY3hmlBgmqTQlNJyqvycKxJUa8ch0cqQHatGbiP95fq6Tq7CgIss1EXi2KMkZ1CmcRAJjKgnWbGQIwpKaWyEeIImwNsHZtknBW/x5mbSrFa9Wqd5dlOvX8zxK4BicgnPggUtQB7egAVoAg0fwDF7Bm/VkvVjv1sesdcWazxyBP7A+fwCY8ZcM</latexit> Z@2symmetry

\"%I6%FKa-'23
V/7)I1",-' \"%I6%FKa-'23
T615-'\"%I6%FKa-'!/15/*/1$
T615-'\"%I6%FKa

c3 C$D":';6$10

=  fine grained entropy formula S = min
!

ext
"

Area(X)
4GN

+ Ssemi! cl (! )
#$

<latexit sha1_base64="3M+i03nXnnXWt0z8yaUMt224Cn4="></latexit>



! 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’’ 
à island formula. 

A"1$15061-'4+"1I", -'40/1C6,:-'d/15
()*+"$,$-'./,0*/1-'23-' 4+/5+67)$/1-'8/9:$1$



46)70$61'0+/0'5$#"<'
./%I$15Z<',"<7)0

!";)$K/'%6,*+6)"-'5$#$15'0+"'
A/5"'/1<%",'%+"1'$0':6*$1/0"<
/0')/0"'0$*"<G'

S'2$%*),K.17-.$'/9,&X>



The Hawking curve vs. the Page curve

8$*"

B10,6;F'6C'
67056$15'
,/:$/0$61

)!"#$

./%I$15'K7,#"'#<'A/5"'K7,#"'0,/1<$0$61'à
(,$<"<'C,6*'/'./%I$15eA/5"'0,/1<$0$61'C6,'0+"'
,";)$K/'5"6*"0,$"<

U"0<'<*660+":'670'HF'K61<$:",$15'0+"'<7*'6#",'161P,";)$K/'<F**"0,$K'5"6*"0,$"<

A"1$15061-'4+"1I", -'40/1C6,:-'d/15b'T615-'.G'X/15b'3/,6)C-'4G'X/15-'cG'X/15'



! 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?



L.K,;.,K',;'/*1%I',#-',%&#'1%.1Y

! L1$,+$3)%/.,524(/,*3M2.M$&,5$4%$$&,2:,:%$$52(,)1/),,
5$&+%*-$,)1$,-./+0,12.$,:%2(,)1$,2")&*5$;

! N1/),#/%),2:,)1$,*3)$%*2%,52,)1$&$,5$4%$$&,2:,
:%$$52(,5$&+%*-$K
! 1) All of the interior?
! 2) None of the interior?
! 3) Part of the interior? Which part?



before answering, let us introduce a 
new concept



0&#)&5$'7'&#,K';5'

! It is the causal domain of dependence of the 
region that appears in the computation of the 
entropy.

[a"K+-'W/,Ka*/,"I -'R657"$,/-'Q/1'!//*<:61I -'
X/))-'."/:,$KI-' .7H"1F-'\/%,"1K"-' !/15/*/1$



0@)72$'/
B10/15)"*"10'%":5"'6C'0+"'H)/KI'+6)"'$1'5,""1>**!?%$@3*9,%)*A*"#$7'#.*:)8-))4*,+*+-)):,.*:)4@-&?)*
'9)*?%$@3*9,%)*+-,.*'9)*,#'4&:)/

B10/15)"*"10'%":5"'6C',/:$/0$61'$1'H)7"G'
LGD26&D02D*30H12*D2*(;6#C0H2K&7D2:R2DB02/6&;'2B:602*(D07*:7N



8.K,#-',)&/K'19



Entanglement wedge reconstruction hypothesis

! L1$,D"/3)"(,&'&)$(,5$&+%*-$&,$M$%')1*34,)1/),*&,
*3+."5$5,*3,*)&,$3)/34.$($3),J$54$;,

" 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. 

[a"K+-'''W/,Ka*/,"I -''R657"$,/-'Q/1'!//*<:61I -''X/))-'."/:,$KI-' .7H"1F-'\/%,"1K"-
!/15/*/1$ -''()*+"$,$-'T615-'./,)6%-'2/CC",$<-'\"%I6%FKa-'2G3G-'47+-''X/))-'V/7)I1",EG'



!/:$/0$61

N)/KI'
+6)"

A/,0'6C'0+"'$10",$6,'H")615<'06'0+"'H)/KI'+6)"':"5,""<'6C'C,"":6*/1:'
;/,0'06'0+"',/:$/0$61

W'/*1%I%&5,#-',%&#'1%.1



! O',#$%:2%(*34,@/,+2(#.*+/)$5G,2#$%/)*23,23,)1$,
%/5*/)*23,! J$,+/3,$P)%/+),*3:2%(/)*23,:%2(,)1$,
*3)$%*2%;,

! I2J,52$&,)1*&,1/##$3K,

! L1$,+2(#.*+/)$5,2#$%/)*23,+%$/)$&,/,J2%(12.$,
+233$+)*23,)1/),+233$+)&,)2,)1$,*3)$%*2%,/35,#"..&,
)1$,*3:2%(/)*23,:%2(,)1$%$;,

! Q&$,)1$,(25"./%,I/(*.)23*/3C,J1*+1,+/3,-$,3238
.2+/.,*3,)1$,-".0;,

U/6'2/CC",$<X/))
A"0a*/;&' ()*+"$,$-'T615-'./,)6%b'[60)",-'./F:"1-' A"1$15061-'4/)061-'4%$15)"-'X/)0",b'
[+"1-' A"1$15061-'4/)061b''A"1$15061-'40/1C6,:-'4+"1I", -'d/15

2/CC",$<-'\"%I6%FKa-'23-'47+b'()*+"$,$-'(167<-'\"%I6%FKabE-'dG'[+"1



G-',B?ZC,2)1);.@

! "#5&GHIJ&>*/*9-K&$+4-6459&)#5&,5+)/*6&9-.@*&L&
-+5&;(/)#5/&$@>6$,$)&#8>-)#5%$%:&

! "#5&$+)5/$-/&->5/*)-/%&*,)&-+&)#5&M$6<5/)&%>*,5&-;&
)#5&<6*,0&#-65=&)#5&%*@5&M$6<5/)&%>*,5&)#*)&
*>>5*/%&$+&)#5&,5+)/*6&9-.@*?&

3/0+7,b'3/,6)C-'X/))b''()*+"$,$-'3/,6)C-'A6)K+$1<I$-'47))F



G-',B?ZC,2)1);.@

! "#5&GHIJ&>*/*9-K&$+4-6459&)#5&,5+)/*6&9-.@*&L&
-+5&;(/)#5/&$@>6$,$)&#8>-)#5%$%:&

! "#5&$+)5/$-/&->5/*)-/%&*,)&-+&)#5&M$6<5/)&%>*,5&-;&
)#5&<6*,0&#-65=&)#5&%*@5&M$6<5/)&%>*,5&)#*)&
*>>5*/%&$+&)#5&,5+)/*6&9-.@*?&

3/0+7,b'3/,6)C-'X/))b''()*+"$,$-'3/,6)C-'A6)K+$1<I$-'47))F

NO!



G-',B?ZC,2)1);.@

! After the Page time, the troublesome interior 
mode is actually part of the radiation. It is in 
the entanglement wedge of radiation.

H

HZ

/_HZ

/

HZ



Don’t confuse the following two things
! ?L'`7/107*':"5,""<'6C'C,"":6*'0+/0'/,"'1"K"<</,F'06':"<K,$H"'0+"'H)/KI'+6)"'

C,6*'0+"'670<$:"G'46*"0$*"<'/)<6'K/))":'YYH)/KI'+6)"':"5,""<'6C'C,"":6*ZZG'''J_'/))'
0+"':6C6C'0+"'YY;$"K"'6C'K6/)ZZLG'

! =L'`7/107*':"5,""<'6C'C,"":6*'$1'0+"'H)/KI'+6)"'$10",$6,G'()<6'<6*"0$*"<'K/))":'
H)/KI'+6)"':"5,""<'6C'C,"":6*G'''R60'0+"'</*"'/<'0+"':"5,""<'6C'C,"":6*'$1<$:"'
0+"';$"K"'6C'K6/)f

=

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

BC&78%)1**2%.9)&-&5*D,785*E$-%,C1*F-,C75*
B#443&7:5*G&.5*H$785*;-)43&%%5*I*.$7=*,'9)-4J>>



*.77'&#



!/:$/0$61

N)/KI'
+6)"

8+"'"10/15)"*"10'%":5"'$<'/';,6;",0F'6C'0+"'<0/0"'/0'<6*"'0$*"'0G

.6,$a61<':";"1:'61'0+"'./*$)061$/1'/1:'61'%+/0'%$))'+/;;"1'$1'0+"'C707,"G'

47;;6<"'%"':"K67;)"'0+"'0%6'<F<0"*<'/0'0+"'K706CC'<7,C/K"'/0'0$*"'0G'NF'"#6)#$15'0+"'
H)/KI'+6)"';/,0':$CC","10)F'%"'K67):',"K6#",'0+"'$1C6,*/0$61'H"+$1:'0+"'+6,$a61'0+/0'$<'
$1'0+"'5,""1',"5$61G'N70'%"'K/1160',"K6#",'0+"'$1C6,*/0$61'0+/0'$<'$1'0+"'H)7"',"5$61'$1'
0+"'$10",$6,G'B#"1'$C'%"':"K67;)"'0+"'<F<0"*<-'0+"'H)7"'/1:'5,""1',"5$61<'%67):'<0$))'H"'
K611"K0":'/0'0+"'O7/107*'"D0,"*/)'<7,C/K"G'

7$+2"#.$



NN()5/,.O,P.$;Q
MC'0+","'$<'/')60'6C'"10,6;F'$1<$:"'à 0+"'"10/15)"*"10'%":5"'6C'0+"'H)/KI'+6)""1:<'
1"/,'0+"'1"KI

X/))

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



()5,.O,5.$;,:/,.$;,I$)*+,-.$'

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



E.&*$"/%.&/

! 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’’.  



R-)#,K)/,L)K+%&5J/,7%/#)+'Y

! Not to use the fine-grained entropy formula. 



! 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.

L1$%$,*&,/3,/(/R*34.',5$$#,+233$+)*23,
-$)J$$3,4%/M*)',/35,D"/3)"(,($+1/3*+&S



V/,#-',%&O.17)#%.&,2"MM$',/.$:';Y

! !"#$%&'#()*$(+,'-)."/$)0#$#")1+'23$2#&4

! 5"+)0#1$%&'#()*$6"7#1&)%"7."/$80%)$)0#$&)%)#$.&3$"+4$

! 9#':.(%$8+1,0+:#&$(+,'-)#$)0#$#")1+'23$;-)$7+$"+)$
)#::$-&$80%)$)0#$%()-%:$&)%)#$.&4$$

! 5&$8.)0$;:%(<$0+:#$#")1+'23$.)$.&$%"$%((+-")."/$
==+1%(:#>>4$?0#$#@':.(.)$/1%A.)%).+"%:$1#'1#&#")%).+"$+B$
)0#$&)%)#&$.&$&).::$,2&)#1.+-&4$C-)$)0#$&#,.(:%&&.(%:$
&+:-).+"$.&$1#'1#&#")."/$&+,#$%&'#()&$+B$)0#$&)%)#4$



Another aspect of the information 
problem

! "#5/5&$%&*&;-/@&-;&)#5&$+;-/@*)$-+&>*/*9-K&)#*)&
$+4-645%&,-//5,)$-+%&)-&)#5&6-+.&)$@5&<5#*4$-/&-;&
,-//56*)-/%?&

! N-//5,)$-+%&9(5&)-&)#5&9$%,/5)5+5%%&-;&)#5&5+5/.8&
5$.5+4*6(5%&*+9&)#5&;$+$)5+5%%&-;&)#5&5+)/->8?&



[.&5,#%7'/
! A particular feature, ``the ramp’’, was 

understood in terms of a wormhole geometry.
! Averages (over couplings) are important for 

this result.  

Saad, Shenker, Stanford



JT gravity from random Hamiltonians

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

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

Saad, Shenker, Stanford



S)&;.7,*."2$%&5/

! "#5&$95*&)#*)&/*+9-@&,-(>6$+.%&.$45&/$%5&)-&
.5-@5)/$,&,-++5,)$-+%&*+9&7-/@#-65%&7*%&
%(..5%)59&$+&)#5&>*%)?&

! "#5%5&$95*%&*/5&<5$+.&/54$%$)59?&

! O#*)&/-65&9-&)#58&&>6*8&$+&G9JPNQ"&R

[6)"*/1b'U$::$15<-'40,6*$15",
A6)K+$1<I$-'40,6*$15",

3/,6)C-'3/DC$"):b'U$::$15<-'87,$/K$b'E



F"#"1'

! What further lessons is this teaching us about 
the interior?  The singularity ? 

! Implications for cosmology ?

Thank you !




