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Black holes	are	“theoretical	laboratories”	

useful	to	test	any	theory	of	quantum gravity

Thermodynamic	properties
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4
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Black holes	are	“theoretical	laboratories”	

useful	to	test	any	theory	of	quantum gravity

Thermodynamic	properties

✤

Black holes and quantum gravity

Microscopic	statistical	derivation	?

Quantum	corrections	?

✤

✤
➜  quantum gravity

Entropy		➜  Bekenstein-Hawking	formula
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String theory and black hole entropy

A	major	success	of	string theory✤

➜ microstates	for	asymptotically	flat	supersymmetric black holes
Strominger, Vafa ’96 

supersymmetric	black	hole bound	state	of	many	D-branes
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This	is	in	the	microcanonical	ensemble	(fix	charges													and	count	degeneracy)
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characterization	of	individual	microstates	for

compute	corrections	when	
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Open	questions:

Sen, . . .
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Gravitational grand-canonical ensemble
Also	interesting	to	study	quantum	gravity	in	grand-canonical	ensemble

Black	hole	in	a	bath	with	temperature				,	angular	velocity				,	electric	potential			

																																											phase transitions?
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Anti de Sitter space (AdS)

													specified	by	metric	and	Maxwell	field	at	asymptotic	boundary	

in	Euclidean	signature.
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Gravitational phase transition

fix	the	boundary	conditions	➜	different	possible	fillings	
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Gravitational phases

Euclidean AdS

time	circle

shrinks
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Black hole

sphere	with	
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spatial	sphere	

shrinks	to	zero	size
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Gravitational phases

Hawking-Page ’83

Which	solution	dominates	the	ensemble?
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semiclassical	approx
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●
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Euclidean quantum gravity

This	is	made	precise	by	the	AdS/CFT correspondence.
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On-shell action satisfies

Gibbons-Hawking ’77

●

Suggests	an	interpretation	as:

degeneracy thermodynamic	limit
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But	we	don’t	know	the	Hilbert	space	of	quantum	gravity!

quantum	statistical	relation



AdS/CFT correspondence

AdS	gravity	boundary	conditions	⟺	CFT	background	fields
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semiclassical gravity & strongly coupled CFT

gravity	in	semiclassical	regime	(weakly	coupled	and	close	to	Einstein	gravity)

need	non-perturbative	QFT	methods:

AdS/CFT:	a	weak/strong	coupling	duality●

CFT	at	“large	N”	and	strong	coupling

supersymmetry



semiclassical gravity & strongly coupled CFT

gravity	in	semiclassical	regime	(weakly	coupled	and	close	to	Einstein	gravity)

need	non-perturbative	QFT	methods:

AdS/CFT:	a	weak/strong	coupling	duality●

CFT	at	“large	N”	and	strong	coupling

supersymmetry

supersymmetric	localization:	path	integral	“collapses”	to	ordinary	integral
Witten ’88, Nekrasov ’02, Pestun ’07,   . . .  

in	large	N	limit,	look	for	saddle	points	of	the	simplified	integral

➜  good	approximation	to	path	integral <latexit sha1_base64="v1AoOyy1yldzjx9HZVi8oqsgimw="></latexit>
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Strategy towards exact results

analyze	gravity	solution	➜	identify	suitable	generating	function	Z :  an	index

use	AdS/CFT	and	compute	Z	in	CFT,	rather	than	in	gravity

result	is	exact		➜		full Quantum Gravity	Z

take	semi-classical	limit,	check	Bekenstein-Hawking	entropy

go	beyond	semiclassical	gravity		➜ towards	full Quantum Entropy

●

●

●

●

●



AdS5 Black Hole 

minimal	AdS5	supergravity
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●

General	black	hole	solutions:● Chong, Cvetic, Lu, Pope ’05

4	conserved	charges

4	potentials � , ⌦1 , ⌦2 , �
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Supersymmetric AdS5 Black Hole

Gutowski, Reall ’04, 

Chong, Cvetic, Lu, Pope ’05, . . .2	supercharges,

Bekenstein-Hawking

entropy	

●

E, J1, J2, Q
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➜  confusion,	is	there	a	thermodynamics	left?

<latexit sha1_base64="IcetzkETHon4hmYQkBiB7AnQ7/o="></latexit>

� = 1
<latexit sha1_base64="T5sGfTMFEiYJwD5iFaApXp72Nj0="></latexit>

⌦i = 1

<latexit sha1_base64="Rx9hU8uAaxgpw5baBi00QY83V5w="></latexit>

� =
3

2

Preserves:

with
<latexit sha1_base64="8yW5u+/a4BFhAIzPMu3uFN16+8A="></latexit>

{Q,Q} = E � J1 � J2 � 3
2
Q

<latexit sha1_base64="aVE7X02Z1tgMtIPrkzXrjppYlQA="></latexit>

0 =

Potentials:	 frozen!
extremal

●

<latexit sha1_base64="37cRz1WXWZxpZEmhqUe27IBUOR0="></latexit>

a =
⇡

8g3G

<latexit sha1_base64="LXs2bwOplbVojCf9oc7sBz7US5U="></latexit>

S =
Area

4G
= ⇡

q
3Q2 � 8a

�
J1 + J2

�



Reaching the index

Look	for	a	partition	fct	that	only	receives	contributions	from	susy	states

better	under	control

susy	black	hole	should	be	saddle

Cabo-Bizet, Murthy, DC, Martelli ’18 
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Reaching the index
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chemical	potentials	are	complex!

physical	meaning?
regularity	condition	ensuring	the	Killing	spinor	is

antiperiodic	along	the	shrinking	thermal	circle

⌧
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The CFT side
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elliptic	Gamma	fct.

d=4	CFT	with	supersymmetry,

													super	Yang-Mills,	or	one	of	the	many												examples	knownN = 4
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Kinney, Maldacena, Minwalla, Raju ’05
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<latexit sha1_base64="e0JCSPKHBVx5PINT3gdq7VlNgAo="></latexit><latexit sha1_base64="e0JCSPKHBVx5PINT3gdq7VlNgAo="></latexit><latexit sha1_base64="e0JCSPKHBVx5PINT3gdq7VlNgAo="></latexit><latexit sha1_base64="e0JCSPKHBVx5PINT3gdq7VlNgAo="></latexit>

For	real ➜● <latexit sha1_base64="vATUF3bcMRj1OYA0IehCvuZngEw="></latexit>

!1 � 2⇡i , !2

The CFT side

index	does	not	carry	enough	entropy

However,													really	are	complex	variables!1,!2
<latexit sha1_base64="8Mh5TPbaOmkPrwV7/G+7pWi7zi8="></latexit><latexit sha1_base64="8Mh5TPbaOmkPrwV7/G+7pWi7zi8="></latexit><latexit sha1_base64="8Mh5TPbaOmkPrwV7/G+7pWi7zi8="></latexit><latexit sha1_base64="8Mh5TPbaOmkPrwV7/G+7pWi7zi8="></latexit>

●
➜ search	for	complex	saddles



Many competing phases

● Large-N limit

Benini, Milan ’18, . . . 

Cabo-Bizet, Murthy ’19

“Bethe	ansatz”

“elliptic”	extension

Benini, Colombo, Soltani, Zaffaroni, Zhang ’20

Benini, Hristov, Zaffaroni ’15 in AdS4,

Cabo-Bizet, Murthy, DC, Martelli ’20 

Aharony, Benini, 

Mamroud, Milan ’21

black	hole

orbifolds	of	black	hole

.	.	.	and	more

pic	from	Cabo-Bizet,	Murthy	‘19



DC, Komargodski ’21

<latexit sha1_base64="T1hRbAzSaPUUvHGHporhZ/hheu0="></latexit>

ICFT =
16

27
(3c� 2a)

'3

!1!2
�

4

3
(a � c)'

2⇡i(!1 + !2) � !1!2

!1!2

lots of people, starting from 
Choi, J. Kim, S. Kim, Nahmgoong ’18

A	device	to	isolate	black	hole	saddle

. . .Small												,	<latexit sha1_base64="l81IxVxnpz6DCalD+WEuqNrbjaE="></latexit>!1, !2 with
<latexit sha1_base64="owZ9gXUW2m4U5zz9fq1FuKljHDo="></latexit>

' =
!1 + !2

2
� ⇡i

superconformal anomaly	coeff.<latexit sha1_base64="i52FvUVL/PdJ4hvwWuQZXaAF3r8="></latexit>a , c

<latexit sha1_base64="XvPwv5dzyh3zhZZfYdY2Hx+4slo="></latexit>

ICFT =
16

27

'3

!1!2
aHolographic	SCFT	at	large-N			➜ <latexit sha1_base64="Yf4Ld4S054q5QmnrTf3QsgqjnTk="></latexit>a = c ➜

Cardy-like limit

reproduces 2-derivative black-hole on-shell action!

✤

✤

For	general								,	this	is	a	prediction for Quantum Gravity<latexit sha1_base64="i52FvUVL/PdJ4hvwWuQZXaAF3r8="></latexit>a , c



Microcanonical entropy

<latexit sha1_base64="qkbel/TUWX6Yrip/Qlv33dNcjjY="></latexit>

S = ext{!1,!2,',⇤} [�I � !1J1 � !2J2 �'Q�⇤(!1 + !2 � 2'� 2⇡i)]

<latexit sha1_base64="ZfVlvCF29dJ8ZeqlgPssXPqZcnE="></latexit>

S = ⇡

s

3Q2 � 8a(J1 + J2) � 16a(a � c)
(J1 � J2)2

Q2 � 2a(J1 + J2)

<latexit sha1_base64="eexTxsb7VueOvfzZYzzajNF66rM="></latexit>

+O((a � c)2)

also Bobev, Dimitrov, Reys, Vekemans

DC, Ruipérez, Turettalinearizing	in									<latexit sha1_base64="xEpVXOlHyLPufzjp9wBcy8sszkU="></latexit>a � c

Corrected entropy



Higher-derivative corrections
4-derivative	corrected	supergravity

DC, Ruipérez, Turetta ’22●

●
➜   does match CFT result! 

<latexit sha1_base64="aHd90i+szWyLVD5Cq+dpFci/lO8="></latexit>

I

<latexit sha1_base64="BfTqIsZvHuqxzaM1tZ13pbTpYAM="></latexit>

L = c0R+ 12c1g
2 � 1

4
c2F 2 � 1

12
p

3
c3 ✏µ⌫⇢��Fµ⌫F⇢�A�

<latexit sha1_base64="q3kdDta//stz5s/BHP5FE0qcKig="></latexit>

+�1
1
g2

h
XGB � 1

2
Cµ⌫⇢�Fµ⌫F ⇢� + 1

8
F 4 � 1

2
p

3
✏µ⌫⇢��Rµ⌫↵�R⇢�

↵�A�

i

Gauss-Bonnet
<latexit sha1_base64="7yhrJQ1X1xzlJ+N1IoI0fjmHpv8="></latexit>

XGB = Rµ⌫⇢�R
µ⌫⇢� � 4Rµ⌫R

µ⌫ +R2

<latexit sha1_base64="er2G0m/6Q6XB/Z6jh3Ozz8puhMM="></latexit>

c0 = 1+ 4�2 , c1 = 1� 10�1 + 4�2 , c2 = 1+ 4�1 + 4�2 , c3 = 1� 12�1 + 4�2

<latexit sha1_base64="HgbSSdTheUzewHCIQwdsbbasZO8="></latexit>

a =
⇡

8Gg3
(1 + 4�2) , c =

⇡

8Gg3
(1 + 8�1 + 4�2)

Holographic	anomaly	matching	➜ dictionary	:●

using	“susy first, extremal later”	prescription
on-shell	action			



Outlook

CFT	index	counts	states	➜	microscopic	derivation

Recast	a	black	hole	microstate	counting	problem	into	a	CFT	computation●
reproduced	Bekenstein-Hawking	entropy
computed	corrections	and	reproduced	them	in	gravity

➜  a	step	towards	full Quantum Entropy

example	of	PRECISION HOLOGRAPHY

Extends	to	multiple	charges	and	different	d●
asymptotics charges BPS entropy “log grand-

canonical partition 
function”M,  AdS4 x S7 

IIB,  AdS5 x S5 

IIA, AdS6 xw S4 

M,  AdS7 x S4 

J1, J2, Q1,Q2,Q3
<latexit sha1_base64="KXgP/2IrAJcr+Ipat+/mjD46p2U="></latexit><latexit sha1_base64="KXgP/2IrAJcr+Ipat+/mjD46p2U="></latexit><latexit sha1_base64="KXgP/2IrAJcr+Ipat+/mjD46p2U="></latexit><latexit sha1_base64="KXgP/2IrAJcr+Ipat+/mjD46p2U="></latexit>

J1, J2, J3, Q1,Q2
<latexit sha1_base64="sy0RsH/51AX6DZGfYAI1FJF89jA="></latexit><latexit sha1_base64="sy0RsH/51AX6DZGfYAI1FJF89jA="></latexit><latexit sha1_base64="sy0RsH/51AX6DZGfYAI1FJF89jA="></latexit><latexit sha1_base64="sy0RsH/51AX6DZGfYAI1FJF89jA="></latexit>

J, Q1,Q2,Q3,Q4
<latexit sha1_base64="KQIH4+QMZi7dDI7j4OvY3hc7nzk="></latexit><latexit sha1_base64="KQIH4+QMZi7dDI7j4OvY3hc7nzk="></latexit><latexit sha1_base64="KQIH4+QMZi7dDI7j4OvY3hc7nzk="></latexit><latexit sha1_base64="KQIH4+QMZi7dDI7j4OvY3hc7nzk="></latexit>

J1, J2, Q
<latexit sha1_base64="p47Edes11tFnnbBl9mme9V02zjY="></latexit><latexit sha1_base64="p47Edes11tFnnbBl9mme9V02zjY="></latexit><latexit sha1_base64="p47Edes11tFnnbBl9mme9V02zjY="></latexit><latexit sha1_base64="p47Edes11tFnnbBl9mme9V02zjY="></latexit>

I =
⇡ i

3G

'3

!1 !2
<latexit sha1_base64="WO/fzA3R8NtWBZHnVKDoQ0M8uKM="></latexit><latexit sha1_base64="WO/fzA3R8NtWBZHnVKDoQ0M8uKM="></latexit><latexit sha1_base64="WO/fzA3R8NtWBZHnVKDoQ0M8uKM="></latexit><latexit sha1_base64="WO/fzA3R8NtWBZHnVKDoQ0M8uKM="></latexit>

S = S(Ji,QI)
<latexit sha1_base64="w0+XFB++l2x8zeXjGL1UPN9Dn3c="></latexit><latexit sha1_base64="w0+XFB++l2x8zeXjGL1UPN9Dn3c="></latexit><latexit sha1_base64="w0+XFB++l2x8zeXjGL1UPN9Dn3c="></latexit><latexit sha1_base64="w0+XFB++l2x8zeXjGL1UPN9Dn3c="></latexit>

I = �
⇡3

128G

'2
1'

2
2

!1!2!3
<latexit sha1_base64="v6T7ycRMUfinq5czskym17d3DYk="></latexit><latexit sha1_base64="v6T7ycRMUfinq5czskym17d3DYk="></latexit><latexit sha1_base64="v6T7ycRMUfinq5czskym17d3DYk="></latexit><latexit sha1_base64="v6T7ycRMUfinq5czskym17d3DYk="></latexit>

I =
⇡

4G

'1'2'3

!1!2
<latexit sha1_base64="fiIdxoeYqMcJt7NMeCZRgbU9mdc="></latexit><latexit sha1_base64="fiIdxoeYqMcJt7NMeCZRgbU9mdc="></latexit><latexit sha1_base64="fiIdxoeYqMcJt7NMeCZRgbU9mdc="></latexit><latexit sha1_base64="fiIdxoeYqMcJt7NMeCZRgbU9mdc="></latexit>

I = �
i

2G

p
'1'2'3'4

!
<latexit sha1_base64="CC7mcRhwBOxUnEbHxuz6XiFI2Zw="></latexit><latexit sha1_base64="CC7mcRhwBOxUnEbHxuz6XiFI2Zw="></latexit><latexit sha1_base64="CC7mcRhwBOxUnEbHxuz6XiFI2Zw="></latexit><latexit sha1_base64="CC7mcRhwBOxUnEbHxuz6XiFI2Zw="></latexit>



thank you !



Euclidean Quantum Gravity

on-shell	action

●
<latexit sha1_base64="2FJZrUeLnTV6RgszndnzAz4TBnM="></latexit>

' e�I(�,⌦i,�)

✔

 Z  should	also	be thermal	partition	fct.	in	grand-canonical	ensemble

I(�,⌦i,�) = �E � S � �⌦iJi � ��Q
<latexit sha1_base64="jUhbG3wFri6HT6FLhvvHaxWEhlw="></latexit><latexit sha1_base64="jUhbG3wFri6HT6FLhvvHaxWEhlw="></latexit><latexit sha1_base64="jUhbG3wFri6HT6FLhvvHaxWEhlw="></latexit><latexit sha1_base64="jUhbG3wFri6HT6FLhvvHaxWEhlw="></latexit>

quantum	statistical	relation

●
<latexit sha1_base64="3UGPCMSwCasyqiNmykUZqeCs64M="></latexit>

Z(�,⌦i,�) = “Tr” e��(E�⌦iJi��Q)

S3

S1
�

<latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit><latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit><latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit><latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit>

Euclidean	time	circle					,	S1
�

<latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit><latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit><latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit><latexit sha1_base64="miciH7q069FJfmlpimEx//vyK6g="></latexit>

Boundary	conditions:

S3 with	twist	parameters	 <latexit sha1_base64="4Q3imqwP9hTjDUVE2ebjCg8aEGQ="></latexit>

⌦1,⌦2 +	gauge	field		
<latexit sha1_base64="dzyJX/hBd0ynav6LGZ+IVdE7xv4="></latexit>

A⌧ ⇠ �

<latexit sha1_base64="ZArp63kvUKcn0NCCGkEqOHZHuXw="></latexit>

Z(�,⌦i,�) =

ZZZ
Dgµ⌫DAµD µ e�Action[gµ⌫ , Aµ, µ]



Hawking-Page is “large-N deconfinement”

Euclidean AdS

<latexit sha1_base64="UrWaW8ImiE4OrHRQOm7GrggMG60="></latexit>

S1
�

<latexit sha1_base64="do/XJXsP4Lr2/hg2Q6sfv+6W+T8="></latexit>

Sd�2

<latexit sha1_base64="UrWaW8ImiE4OrHRQOm7GrggMG60="></latexit>

S1
�

<latexit sha1_base64="do/XJXsP4Lr2/hg2Q6sfv+6W+T8="></latexit>

Sd�2
Black hole

Can	also	use	the	correspondence	to	shed	light	on	QFT	at	strong	coupling

Witten ‘98
Hawking-Page														confinement/deconfinement	phase	transition

CFT	

confined

CFT	

deconfined



2	der.	 4	der.	

<latexit sha1_base64="QWz3cBzS/BCsTSpu80IE5TgoGMk="></latexit>

Lgrav � (5a� 3c) ✏µ⌫⇢��Fµ⌫F⇢�A� + 9
8
(c� a) ✏µ⌫⇢��Rµ⌫↵�R⇢�

↵�A�

<latexit sha1_base64="i52FvUVL/PdJ4hvwWuQZXaAF3r8="></latexit>a , c● corrections	to										

<latexit sha1_base64="WpavKMRH4R773Pzt5Srzu9M0I7g="></latexit>

a = c =
⇡

8g3G
+ . . .

2 	supergravity																						large	&	equal∂

~ 	N2	+	.	.	.			

● <latexit sha1_base64="i52FvUVL/PdJ4hvwWuQZXaAF3r8="></latexit>a , c

in	many	SU(N)	examples

4 	susy	invariants	!∂
(in	particular,	to	 	=	0	+	…)	<latexit sha1_base64="xEpVXOlHyLPufzjp9wBcy8sszkU="></latexit>a � c

R-current	anomalies	are	matched	by	Chern-Simons	terms	in	the	bulk

Holographic anomaly matching


