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Black holes in AdS/CFT

Black holes in AdS = large N thermodynamic saddle points.

BH'’s in global AdSs = plasma of N? deconfined gluons of gauge theories on S3 x R.

CFTs can confine at low T on S3 x R.
Confines at T «< r~1 (r: radius of $3): due to Gauss law (even at weak coupling)

Large N CFT w/ gravity dual: Expect deconfinement transition at Tr of order 1.

Hawking-Page transition (1983) of AdS Schwarzshild BH's at T = % (¢: AdS radius)

Low T : thermal gas of gravitons in AdS. Doesn’t see 1/Gy ~ N?. S0 F;.q,, ~ O(N°)
High T : AdS black holes see N2, since Fgy ~ 1/Gy ~ O(N?).

We shall study BPS AdS black holes from SCFT, w/ various chemical potentials.

At general “temperature”, many saddles compete. High T is simple ~ “Cardy regime”.



AdS BH’s from CFT in various dimensions
At high T, we have “large” AdS BH's: size of BH > AdS radius
AdS;: large BH’s counted by 2d Cardy formula [Strominger, Vafa] ......
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Conformal symmetries in D > 2 are much weaker. However,
In SCFTps3, we shall find analogues of the 2d Cardy formulae.

In BPS sectors, chemical potentials conjugate to charges play the role of T~1.

We studied large BPS BH's in all AdS, 5 ¢, at least for simplest models.

AdS, x S7 : 3d maximal SCFT on N M2's - N3/2 d.o.f. - partial confinement even at high T
AdSs x S° : 4d maximal SYM — N2 d.o.f.

AdSg x,, S*/Z, : rank N 5d SCFTs on N D4’s — N>/?

AdS, x §* 1 6d (2,0) SCFT on N M5’s - N3

— more exotic/drastic deconfinements

Today: BH’s & deconfinement mechanisms of AdSs/CFT, & AdS,/CFTs



BPS black holes in AdS: x S°

Complicated solutions: Solutions of 5d SUGRA « consistent truncation on AdSs X S°
[Gutowski,Reall] (2004) [Chong,Cvetic,Lu,Pope] (2005) [Kunduri,Lucietti,Reall] (2006) .

Preserves 2 real SUSY (1/16-BPS).

Carries SO(6) charges Q;—;,3 0n S° & SO (4) spins J;—1, on AdSs .

BPS mass (= energy) givenby: M = Q; +Q, + Q3 +J; + /],

Known solutions have a charge relation: Solutions w/ 4 independent parameters

T2

‘/7\/2 17\'72 A‘\‘...
Q1Q2Q3 + 7']1 Jy = <7 + Q1+ Q2+ Q:;) (Qle + Q2Q3 + Q3Q1 — T(Jl * Jz))

There are many possibilities of generalization in full 10d type 1IB SUGRA

E.g. 10d uplifts of 5d solutions are homogeneous along U(1)3 circles of S°>.
A=3 X'uf

AL (? - I N —1 41\2
dsly = AZdsi+ AT Z X (dﬂ? + 7 (d@ +071A ) ) R =1
=1

Hairy BH'’s: charge condensates outside the horizon~ inhomogeneous along U(1)3
Both non-BPS & BPS (numerical) [Markeviciute,Santos] [Bhattacharyya,Minwalla,Papadodimas]

The general set of BPS black holes in AdSs x S° is probably unknown. .



The 4d index

« We wish to study these BH’s (& predict new ones) from a QFT index on S3 x R.

« BPS states at strong coupling: “index” on S3 x R is coupling independent.
[Romelsberger] [Kinney,Maldacena,Minwalla,Raju] = [KMMR] (2005)

Z ArQ Z,ﬁ w;J;
Z(Ahwi) =Tr [( ) ZI 1 ArQr— Z; 1%’2} < Tr [ =1 A1{r— 1 }

Ay 4+ Ay + Az — wy —wy = 0 (mod 47i) Ay 4+ Ag + Az — wy — wy = 2mi (mod 47i)
Use (—=1)F = 72701 gnd shift A; - A; — 2mi

U(N) group:

dov, ab 1 [1,_, 2sinh 22 N
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Or the version with A; - A, — 2mi shift

* Large N saddle points? Many saddle points can compete.

« Simpler set-up: high “temperature” limit. (Recall Ef =Q; + Q, + Q3 +/J, +/5.)
- Study sectors w/ large angular momenta J; » N2 (for large BH’s)

- Can use either/both 1/N « 1, N?/J; «< 1 for semi-classical approximation of the integral.
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High “temperature” Cardy limit

“high T limit” : J; » N?2(> 1), |w;| < 1. Similar to 2d Cardy limit, P > c¢(> 1), T = i0*.
Should also take Re(4;) — 07, but generically keep finite Im(4;) ~ 0(1):

Tr [ — 27— ArQr-E 1%%] Ay + Ag + Az —wy — wy = 2mi (mod 47i)

The matrix integral becomes:

dﬂa 1 AL i 13(x) = L
w?g —exp[ wlwzz Z '31828;1L1;;(—€ * € b)] Lia () = — n3

a=1 a#hb s1.52,53=

Lots of evidence that “maximally deconfining” saddle a; = a, = -+ = ay is dominant

(Assume Im(w,w,) < 0 & confirm self-consistently later). [Choi, Joonho Kim, SK, Nahmgoong]=[CKKN]
(2018) [Honda] [Ardehali] [J. Kim, SK, Song] [Cabo Bizet, Cassani, Martelli, Murthy] (2019)

This is natural, since deconfined quarks/gluons are effectively massless at high T.

True meaning: Eigenvalues asymptotically get close at high T.

= | ~ Jwiws]? < 1

In fact true for “all” N = 1 SCFTs (checked for numerous examples) [J. Kim, SK, Song]



Cardy limit (continued)

Plug in the maximally deconfining saddle to the matrix integrand:

da | o
N % a — €Xp E E '315253L13 (_e—-'—i2 emub)

a=1 a#hb s1.52,53=

N?
—) l()gZ ~ — Z [Li:‘ <_(>JTAL> e Li:; (_(J—JT_\L)]

W1 W
wi1w2 s18283=++1

Here, Re(4;), Re(w;) naturally originate from chemical potentials conjugate to charges.
Im(4)), Im(w;): Forced to be turned on by (—1)F. Should optimally choose them to have

maximal entropy when one Legendre transforms to microcanonical ensemble.

The dominant region is —m < %Im(s,A,) < m: Final result [CKKN]

. Lig(—e®) — Lig(—e %) = —— _ T *
Use: Liz(—e") i3(—e™) 6 6
— < Im(z) <=

N? NN
l()gZ N, = Z [ng <—(’_1'TAL> —_ Li:; (—(’__JLT—\L):l > l()gZ ~ N AlAZAd

W1 We - )
w1w2 s18283=+1 Q\AJ]\AJ_)

Few subleading corrections in w;'s computable [Cabo-Bizet, et.al.] [Nahmgoong] ...

N2A;AA. _
log Z ~ S——— with Aq + Ay + Ay — wy — wy = 27
QW1W2

Exact large N saddle pt. with this free energy at finite w; [Cabo-Bizet, Murthy].



Legendre transformation & interpretation

* Further take large N & compute entropy: Legendre transform at macroscopic charge
3

N? AA/_\
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- Already discussed in the context of BH solutions [Hosseini, Hristov, Zaffaroni] (2017)

[Interpretation of the calculus] ... purely within QFT [CKKN] (2018) [Choi, SK] (2019), ......
*  5.(0Q;,/) isin general complex.

- Index may have overall sign. e* ™) imitates + sign alternations as charges change.

- More precisely, 3 c.c. saddle point: ~ eR¢® cos[Im(s) + -]

- Re(S,): One should find solutions which maximizes this.

2Ti+2 w
3

- Eg.,atQ;=0Q,=03,J;=J,,0necansetw; =w, =w, A=A, =A; =A=
\2(@+2w)3
2w?

S(Q,Jw) = +2w(Q + J) 4+ 2miQ

- Extremize — cubic eqn. in w: choose the solution with largest Re[S.(Q + ])].



Evidence of the interpretation

« E.g. consider U(5) index. (v = 5 is a compromise of reasonably large N? = 25 & fast calculus.)

. . . : . e A B a2
- Consider an unrefined index Z(z) =) Q27 (where j = 6(Q +))). et = e T =1
J Ale;g:A;;EA,wlzngw
7 = 1+322 —22% + 927 —62° +212% — 1827 + 482% — 4229 + 99210 — 9611 + 172212 — 156213 + 25221 — 160415
4195210 4+ 48017 — 127418 1 61221 — 783420 1 1258221 — 048422 + 45002 + 192122 — 543022 4+ 11793226
— 18812227 4+ 26379228 — 2775022 + 1780920 + 15648231 — 78324472 + 1750302 — 28557621 + 366024230
323807220 + 388562°T + 62480427 — 17180162 + 309499224 — 1226862241 + 4098270442 — 1210728243
—59689352xM + 18061488215 — 33152565216 + 44941584217 — 41448422:%8 + 62418962 + 7576147827
—2059032842°1 + 354200100272 — 44016867025 + 3285721092°1 4 14270480427 — 10795227062
+23858440622°7 — 3584202447258 + 36042639722°Y — 1331772481250 — 477185742025 + 1469707744522
—2583311427625 + 3154990944054 — 2126466444025 — 1643943068656 + 8628681924657 — 1747505377928
+23841659023425 — 2011086316657 + O(™)
- Q; grows at large j, but signs alternate. - Re[S.())] & log €] Pl
- Can’t absorb all —’s to independent fugacity. so- <"
r L
. S =log|Q;| ~N?atj~ N? 201 v
j = 108135 J : : <
. . . . . 2 [ °
line: Re[S,(j)] from our free energy, Inserting N“ - 25 @ <l
dots: S; =log|Q;| from the index — 0
- ..o.“... ‘. .
Note: Im[S.(j)] is nontrivial in this calculus. P> o o Jj=e@+]))
20 40 60 80 100




Black hole microstates

General Legendre transformation is cumbersome but analytically doable.
We want to see if Re(S,) accounts for the Bekenstein-Hawking entropy of known

BH solutions. (Analytic solution found from 5d SUGRA)

Here, recall that the known analytic BH solutions satisfy a charge relation

N2 N? N2
(1Q20Q3 + T']l Jy = <7 + Q1+ Q2 + Q:s) (Qle + Q2Q3 + Q3Q1 — T(']l + Jz))

| don’t know what it means in QFT (yet), though | have a natural conjecture.
Impose it by hand on Re[S,].
One can now obtain various (equivalent) expressions for the entropy in terms of 5 charges.

In particular, one obtains [CKKN] known expression for Sgy

~/ [SK, Kimyeong Lee] (2006)

N? _
Re[S.(Q1.))] = QW\/Q1Q2 +Q2Qs + Qs — — (N1 + /)
_ Compeatibility of two expressions:

_ o [ G1@2Qs + AT charge relation of known BH'’s
\72 + Q1+ Q2+ Q3
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3d QFTs & deconfinement
We now study BH'’s and deconfinement in the Cardy limit of AdS,/CFTs;.

We focus on maximal SCFT on N M2-branes. There are many QFT descriptions
ABJM: U(N); X U(N)_; Chern-Simons matter CFT. [Aharony,Bergman,Jafferis,Maldacena]

3d maximal SYM: U(N) Yang-Mills with N = 8 SUSY

Stack of D2-branes probing flat space R” . Flows to maximal SCFT in IR. Very hard to use.

“Mirror dual” of maximal SYM: N D2-branes probing 1 D6-brane in flat space

N = 4 SUSY in UV. U(N) gauge theory w/ 1 fundamental & 1 adjoint hypers.

Flows to same maximal SCFT.

They all have N X N matrix degrees of freedom.

But “maximally deconfining” saddle w/ log Z ~ N? should be forbidden: We want N3/2,

Need to understand this “partial confinement” mechanism (even at high T)
11



Yang-Mills & the index

« We use N = 4 Yang-Mills description. (ABJM is also OK, although a bit uglier.)

Z(Ar, B)=Tr [(=1)Fe” ZLIAIQI_?M] E Ay =25 =0 (mod 4mi)
P I

nve iy L B oA g T8, T B A -_f T B

A= E+2+2.Ag_£+2+2 Az = f 2+2.A.,_f 2-1-?

(B: N = 2 R-charge & J, T: extra Cartan of N = 4 R-charge, ¢: topological charge, f: flavor of adj. hyper)

- matrix integral & charge sum for the monopole operators (g = e ?, t = e”, z = &)

N

(i(l - ‘(() [ma |f %(-;- 2)((,2'(1” |m,,l|t—%(%. 2)
— a —EE —1Ma t—l T” Z 1 I ?q ~ q ] 7q
Z Z Wi l { }) H((I ) i g|mal 3.2 —iq |lMal 1 3.2
{m}=—cc SR a=1 (() *q ’t2(]23(] )(P aqiMalt2qz; q )
za Imasl. 2
—l'—","-b—l Ln Im | —“-b— btq1+ 1 d )
X Hq 2 (1 - " ’ H (,Z(Y“}t 1q1+|mab| q )
a;éb a,b=1
ei@ab glMab| » ~-3.3 iab olMab| st —3 o3 . 42 00
gmelzTt72g%; ¢%) (e g 2t 3g2; ¢7)
X (qt~ v 2y — - 2
aHI q 6za“bq|mab|"t2q% )(()lﬂabq|mab|7 1t2q2 q2) (.’l, (} ) = H(l — Iq n)
n=0

« ()™l are ground state “energy” factors of BPS states in monopole background

» ldentity [Dimofte,Gaiotto,Gukov] : Allows holomorphic/anti-holomorphic combinations of m, a.

;n (e—ip(a)q2—R+|p(m)|y—1; (]2)
(eip(a)qR'*‘!P(mHy; (12)

.&(.ﬂl (6—ip(a)q2—R—p(m)y—l; q2)
(eip(a)qR—p(m)y; q2)

(e—ip(a)ql—Ry—l) _ (P—lp(a)ql Ry1y”
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Cardy limit: naive saddle point
Take f = 0, A; ~ pure imaginary & finite. Approximate the integrand using
9, B—0 [ Lig(.!.')]

xq%: %) = e —
(zq";q°) exp 55

Similar to 4d, one naively finds “maximally deconfining” saddle with a; = - = ay = 0.

However, sum over fluxes m, changes the fate of this naive saddle point.

Flux sum around the “saddle point” of a,, m; yields [Choi, Hwang, SK] (2019)=[CHK]

1

N mp+ica —1 Am* —iaq -3 y
HQW() ——log(1 conbel | : )+15—£
(1 — e Bm}+ica t2 )(1 _ (,:hn‘“—in,,f'-i;) 2

a=1

Peak of delta function yields 1 solution: demands all a,’s to be exactly the same.
So at this “saddle”, Haar measure yields exact zero, suppressing its contribution.
[] (1 —eer) =0
a#b
“Exclusion” principle for the matrix eigenvalues in 3d.

First discovered in U(N), vector-Chern-Simons theory: no conformal fixed pointat N > k
[Aharony,Giombi,Gur-Ari,Maldacena,Yacobi] (2012) [Jain,Minwalla,Sharma, Takimi,Wadia] (2013)



Cardy limit: continuum approximation

In our M2 QFT, there are more nontrivial saddles.

Here, notice that fluxes appear only in the combination of fm,,.
So in the Cardy limit § — 0, sum over m, ~ integral over fm,. [Pasquetti, Sacchi] (2019)

Integral variables: u, = fm, + ia, and u, = fm, — . [CHK]

N 1 3 . N ; 1 3
I l N ; ult 2 E 2 ellubzt_i(i: (2 . Uah - (
Z e / ([ll/([ 28 E“'—‘l Ua I I ( q 1 ) I I ( 1 1 ) H ;éb( 1 )

((’u“tz(]% ]2) o i ((gllnb:t%q%;(IQ) Ha.b(eu bt qu)

a=1 a=1

= 1 3 N - 1 3
e¥at™2¢ "2';(2 euubz—lt—.}-(g;(‘z L .btq q
/l_duaeﬂzﬂl““”( 11)”( I,I)Hb( )

o0 (etatzgr;q?) G2, (efwvzlt3g7;q2) [lam(e™ra?; ¢?)

(2% ¢*) 25 exp - Ll;,-(’;)]
This is related to the factorization to holomorphic blocks, i.e. two D, x S* partition functions.

However, our Cardy factorization only refers to a particular term (particular b.c. on D,)

So the problem reduces to finding Cardy (& large N) saddle points for u,, ignoring the

naive one with log Z ~ N2 as explained in the previous slide.
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Monopole condensation & (de)confinement

Physical saddle point: u, spread macroscopically along m, direction.
Analysis is very similar to Z[S3] or the topologically twisted index at large N.

One finds a distribution in the following range (with x; , ~ 0(1) and x; < 0 < x5)

1 ) 1
N2z < Re(fmg +ia,) < N2y

Such monopole condensation breaks U(N). ~ / o
. N1/2 . @@
: : 20
Most of the N2 d.o.f. become massive: acquire mass ~ N/2. S %
. L . U %
Except the near-diagonal elements within the width ~ N/2. % ?90/)
% o, ¥
S NG
Monopole condensation is the partial confinement mechanism %y ‘% fo,‘x
A N A
% .0
Explains N3/2 ~ NY/2 . N as # of light d.o.f. in the condensate. ? 2y "

Resulting Cardy & large N free energy completely accounts for the microstates

of large BH’s in AdS, X S”. [Choi, Hwang, SK]

3 4
logZ ~ —iQﬁNg\/gfglAQASAZL Z AI — 26 = 271
=1
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Comments on other dimensions

Higher dimensional SCFTs: “What does deconfinement mean?” “Quarks & gluons...?”

5d: Index formula on §* x R suggested from 5d SYM intuitions [H.-C. Kim, S.-S. Kim, K. Lee]
Zgixst = ?{[da]ZR“xSl (ia, €1,2,Ma, q) Zraxsr (—ia, €12, —Mq, ¢ )

Uses instanton partition functions on R¢, ., x S* in the integrand
Cardy saddle: Again, Coulomb VEV spread w/ width ~ N/2, but now enhancing d.o.f.

5d SCFT on N D4 + N¢ D8 + 08: [Choi, SK] JINE A3
log Z ~ —i- - '

151/8 — Ny wiws

A —wy —we = 2m1

6d: ‘t Hooft anomalies determine the Cardy index [CKKN] [Nahmgoong]

(see also [Di Pietro, Komargodski] (2014)) dominant term in the large N limit

084 ~ = - 10
24 Wilas 192vu1w2w3
N(A? + A2 — A72)(w? + w? + w?
4 ( 1T 89 .“ )(1+ 2 T+ 3)+O(logw)
96&)1&)2&)3
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Conclusion & remarks
Index of SCFT sees deconfinement & AdS,,, black holes.

High temperature behaviors are simple. Captured by “Cardy formulae”

In 4d, maximally deconfining saddle at high temperature QFT & large BH'’s.

In non-Cardy regimes, dominant saddle points can be yet unknown new BH’s.

We studied a 1/8-BPS sector of N = 4 SYM (Macdonald index [Gadde,Rastelli,Razamat,Yan]).
Known BH’s degenerate to singular solutions, but our QFT free energy scales like N2.

Despite partial evidences, much more studies are required.

In 3d, N3/2 d.o.f. via partial confinement: magnetic monopole condensation.

In 5d, 6d, various (indirect) methods used to count the dual BH microstates.
But not enough intuitions on deconfinement mechanisms.

Perhaps, 5d instanton partons hold the key. [Collie, Tong] [Bolognesi, Kimyeong Lee]

Characterization of (non-)hairiness of BH’s from QFT & charge relations...?
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