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Black holes and quantum gravity

%> Black holes are “theoretical laboratories”

useful to test any theory of quantum gravity

Thermodynamic properties
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o Mlicroscopic statistical derivation ?

= quantum gravity
o (Quantum corrections ?



String theory and black hole entropy

¢ A major success of string theory ’@, C‘:P J'r )

=»> microstates for asymptotically flat supersymmetric black holes
Strominger, Vafa ‘96

Macroscopic MICroSCopIC

GN — 0
supersymmetric black hole bound state of many D-branes
Area
S = 1 -+ S = log (#f degenerate bound states)

thermodynamic limit
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¢ A major success of string theory ’@, CY:P J'r )

=»> microstates for asymptotically flat supersymmetric black holes
Strominger, Vafa ‘96

Macroscopic MICroSCopIC

GN — 0
supersymmetric black hole bound state of many D-branes
Area
S = 1 -+ S = log (#f degenerate bound states)

thermodynamic limit

This is in the microcanonical ensemble (fix charges E, J, Q and count degeneracy)

. ¢ characterization of individual microstates for Gn # 0
Open guestions:

€ compute corrections when Gn # 0 Sen, . ..



Gravitational grand-canonical ensemble

¢ Also interesting to study quantum gravity in grand-canonical ensemble

Black hole in a bath with temperature T, angular velocity Q2 , electric potential ®
- phase transitions?



Gravitational grand-canonical ensemble

¢ Also interesting to study quantum gravity in grand-canonical ensemble

Black hole in a bath with temperature T, angular velocity Q , electric potential ®
- phase transitions?

Grand-canonical ensemble well-defined in Anti de Sitter space (AdS)

T, Q, ® specified by metric and Maxwell field at asymptotic boundary

in Euclidean signature. E.g. 8 =T"" = length of Euclidean time circle

end of bulk boundary

Euclidean AdSy




Gravitational phase transition

fix the boundary conditions =¥ different possible fillings




Gravitational phases

Euclidean AdS

spatial sphere —»
shrinks to zero size
=» entropy = 0

time circle
shrinks

Black hole ,
sphere with
finite area, —» .
entropy # 0 -




Gravitational phases

Which solution dominates the ensemble?

® Partition function

Z(B) = / Dg,,,, e~ Actionlgur]  with fixed boundary fields

semiclassical approx ~ ~ g—Taas(B) 4 o—Ibtack nole(B) 4

? ?

dominates at large (3 dominates at small 3

Hawking-Page ‘83



Euclidean quantum gravity

® On-shell action satisfies I(3) = 8F — S  quantum statistical relation

- (B X free energy Gibbons-Hawking ‘77

Suggests an interpretation as:

Z(,B) —  “Ty” e—,BE — Zd(E) e—,BE ~ eS—,E}E — e—I(,B)

degeneracy  thermodynamic mit

\4

But we don't know the Hilbert space of quantum gravity!

This is made precise by the AdS/CFT correspondence.



AdS/CFT correspondence

Non-perturbative definition of Quantum Gravity in asymptotically AdS space

CFT

.

gravity

Zgravity = ZCFT

AdS gravity boundary conditions — CFT background fields




semiclassical gravity & strongly coupled CFT

® AdS/CFT: a weak/strong coupling duality

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

}

CFT at “large N” and strong coupling

'

need non-perturbative QFT methods:

supersymmetry
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® AdS/CFT: a weak/strong coupling duality

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

CFT at “large N” and strong coupling

need non-perturbative QFT methods:

supersymmetry

¢ supersymmetric localization: path integral “collapses” to ordinary integral

Witten ‘88, Nekrasov ‘02, Pestun ‘07,

¢ inlarge N Imit, look for saddle points of the simplified integral
=» good approximation to path integral Zcrr = Zgravity



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 Z2

take semi-classical limit, check Bekenstein-Hawking entropy

go beyond semiclassical gravity =» towards full Quantum Entropy



AdSs Black Hole

® minimal AdSs supergravity

12 1 v 2 _A\uvpo .
L =R+ 5% —3FF" — """ A\F ., Fps + fermions

® General black hole solutions: Chong, Cvetic, Lu, Pope ‘05
angular
energy . smenta R-charge
AVERRAR
4 conserved charges E,J ., Jx, Q
4 potentials B, 2,0,
SN A N
inverse angular  electrostatic potential

temperature  velocities



Supersymmetric AdSs Black Hole

® Preserves: Gutowski, Reall ‘04,

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

B, Jy, J23,Q  with  0={Q,Q}=E—Ji—J>—3Q

Bekenstein-Hawking Area

S = :71'\/3Q2—8a(J1—|—J2)

entropy 4G ‘= 8g3G

® Potentials: (B = 2, =1 b = S

5 frozen!
extremal

=» confusion, is there a thermodynamics left?



Reaching the index

Cabo-Bizet, Murthy, DC, Martelli ‘18

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

& better under control

¢ susy black hole should be saddle



Reaching the index
Cabo-Bizet, Murthy, DC, Martelli ‘18

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

& Dbetter under control

¢ susy black hole should be saddle

Z(B,9, @) = Tr e PE-HIAT2D)

Use: ¢ E={Q,0}+1J:+1J>+2Q superalgebra

¢ difference between the potentials and their frozen values

w1 =0B(2 —1), w2 = B(N22 — 1), o =p03(®—3 Silva

2> Z(B,w;,p) = Tre Pl +wiliteQ



Reaching the index

Z(/Ba Wi 90) = Tr e_ﬁ{Qv§}+wiJ¢+ch

r

® supersymmetry:.

.

90:

W1 + w2

2

7%

~\

Hosseini, Hristov, Zaffaroni
Cabo-Bizet, Murthy, DC, Martelli

<> Z(B,w;) = Tr e~ TQ e—ﬁ{Q,Q}-I-wi(Ji-I-%Q)



Reaching the index

Z(/Ba Wi 90) = Tr e_ﬂ{Qv§}+wiJ¢+ch

4 ™)
Wi + wso , Hosseini, Hristov, Zaffaroni

® supersymmetry: — T
PErSY Y Y 2 Cabo-Bizet, Murthy, DC, Martelli

. J

<> Z(B,w;) = Tr e~ TiQ o—B{2,Q}twi(Ji+3Q)

— Tr(_]_)Fe_B{Qa§}+(w1—2ﬂi)(J1—|—%Q)_|_w2(J2_|_%Q)

omiF _ o —2mids - -
spin-statistics Witten index
=*» refined Witten index Kinney, Maldacena, Minwalla, Raju ‘05
only states with {Q, @} = 0 contribute Romelsberger ‘05

Z = Z(w;) , no dependence on 3



Supersymmetric thermodynamics

® Supersymmetric solution:

w1 + w2 . e
o Y = > w1 s satisfied
( )
. 16 (3 .
¢ on-shell action I(w;i,p) = a very simple, no 3
27 Wi
\_ J

¢ guantum statistical relation becomes

I=—-5—wiJi —wada —pQ

¢ extremallimit 8 — oo but wi, ws, ¢ remain finite =% limit is smooth

¢ legendre transform of I gives the entropy::

Area
4

S = W\/3Q2—8a(J1—|—J2) -



Complexification

w1+ was — 2¢0 = 271

¢ physical meaning?
regularity condition ensuring the Kiling spinor is )T
antiperiodic along the shrinking thermal circle

this condition is thus necessary to include the BH saddle in Z

& chemical potentials are complex!

® In fact, the susy, non-extremal BH solution has complex gu., A,

® \What complex metrics are allowable? Witten ‘21



The CFT side

d=4 CFT with supersymmetry,

e.g. N = 4 super Yang-Mills, or one of the many N = 1 examples known

Z(w;) = Tr(—1)F e AL+ (@1—2m9)(J1+3Q)+w2 (2 +3Q)

T

well defined!

® protected by susy = can be computed at weak coupling

rk(G)

Ind(g,T):/ H du; H I'Nta-u+o+ T150,7) H H I‘(p-U—FE((T—I—T);O',T)
=1 aCcAy IE&chirals pERy \ 2

eliptic Gamma fct.



The CFT side

® forreal w1 —2mi, wa = index does not carry enough entropy

reason: boson - fermion cancellations due to (—1)*

Kinney, Maldacena, Minwalla, Raju ‘05

® However, wi,w2 really are complex variables

=¥ search for complex saddles



Many competing phases

® Large-N limit

Benini, Hristov, Zaffaroni ‘15 in AdS4,
® "Bethe ansatz” Benini, Milan ‘18, . . .

Benini, Colombo, Soltani, Zaffaroni, Zhang ‘20

Cabo-Bizet, Murthy ‘19

¢ eliptic’ extension Cabo-Bizet, Murthy, DC, Martelli ‘20

¢ ...and more

0.20 -

black hole

0.15

b orbifolds of black hole

0.10r Aharony, Benini,

Mamroud, Milan ‘21

0.05

pic from Cabo-Bizet, Murthy 19



Cardy-like limit

A device to isolate black hole saddle lots of people, starting from

Choi, J. Kim, S. Kim, Nahmgoong ‘18
. w1 + wa : ..
Small w1, w2 , with ¢ = 1 -
2 DC, Komargodski 21

271"1:((4)1 —|— w2) — Wi1W9

4
g(a—c)‘ﬁ

Wi

a, ¢ superconformal anomaly coeff.

. 1 3
¢ Holographic SCFT atlarge-N = a=c¢ = Jcpr = 6 % a
27 Wi

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

o For generala, c, this is a prediction for Quantum Gravity



Corrected entropy

S = eXt{wl,wz,go,A} [—I — w1J1 — wng — QOQ — A(wl W2 — 290 T 27‘”’)]

inearizing in a — ¢ DC, Ruipérez, Turetta

(J1 — J2)?

—2a(dy + Ja) Ola—e)")

S = 71'\/3Q2 — 8(1,(J1 —+ Jz) — 16&(0, — C) Q2

also Bobey, Dimitrov, Reys, Vekemans



Higher-derivative corrections

L. , DC, Ruipérez, Turetta ‘22
® 4-derivative corrected supergravity

L = coR + 120192 - i02F2 12\/_0 e“”’p‘”‘F vFpe A

+ A1 glz {XGB 1Cp,1/p0'F“VFpo- + %F4 — ﬁgeuupa)\RuvaﬁRpaa'BAk]

XgB = R,u,l/paRuupa — 4R/J,VRMV + R2 Gauss-Bonnet

C():].—I-4)\2, 01:1—10)\1—|—4)\2, 6221—|—4)\1—|—4)\2, C3:1—12)\1—|—4>\2

® Holographic anomaly matching =» dictionary :

(1—|—4A2) . C =

(14 8A1 + 4),)

B 8G g3 8G g3

® using susy first, extremal later” prescription

on-shell action I < does match CFT result!



Outlook

® Recast a black hole microstate counting problem into a CFT computation

& reproduced Bekenstein-Hawking entropy
¢ computed corrections and reproduced them in gravity

CFT index counts states =» microscopic derivation

-» a step towards full Quantum Entropy

example of PRECISION HOLOGRAPHY

® Extends to multiple charges and different d

“log grand-
_canonical partition

asymptotics charges BPS entropy

M, AdS4xs7 Jy, Q1,Q2,Q3,Q4

: : 1,.2,.3
= = T PPt
e o Q1Q2 ________ T 8=S8(Ji,Qr) 4G wwr
| | T e
A, AdSe Xw S* Ji,J2, Q I= L
: : 3G Wi W2a
™ pips

My AdS7 x S4 Ji,J2, J3, le QZ I'= _128G WiwaWwsg



thank you !



Euclidean Quantum Gravity

Z(/Ba Qia (I))

/ Dg“VDAIJ'Dw[J, e—ACtion[guu, AL, ]

3
~ ¢ 1B ®) o shell action 5

Boundary conditions: Euclidean time circle S},,
S* with twist parameters ©;,Q, + gauge field A, ~ & Q
Sp

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

Z(/87 Qia q)) — “Ty” e_IB(E—QiJi—CI)Q)

[ I1(3,9;,®) =08BE — S — 3Q;J; — B9Q quantum statistical relation ]

v




Hawking-Page is “large-N deconfinement”

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

Hawking-Page <«@—p confinement/deconfinement phase transition
Witten '98

CFT

Euclidean AdS .
confined

CFT

Black hole « deconfined




Holographic anomaly matching

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

Loray O (ba — 3c) e”"”"AFw,FPUA)\ + %(c —a) e“”p"ARuuangaaﬁAA

® 20 supergravity «=» a, c large & equal

—_— R |
a/_c_ e o o ~ 2
8g3G ARLERE

iIn many SU(N) examples

® correctionsto a, c

: - <+» 40 susy invariants !
(in particular, toa — ¢ =0 + =)



