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Statistical approach to black hole thermodynamics
5d BPS BHs from D1-D5-P. Cardy formula of 2d CFT [Strominger, Vafa] (1996) ......
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Derives Bekenstein-Hawking entropy of these BH'’s in the Cardy regime.

Z(1) ~ Tr [e™0] ~ exp [ ] at 7 — 0™

BH’s with AdS; near-horizon factors studied this way, using QFTs for particular BH's.

Some black holes are simple, but some are complicated:

single-center, multi-center, black rings, ... : some BH’s are dominant in non-Cardy regime.

Today’s talk:
Systematic description of BH’s in a given system: AdS,; black holes from CFT., .

With QFT for the whole quantum gravity, rather than particular black holes.

Establish a version of “Cardy formula” for the indices of SCFT, in D > 2.

Count known BH’s. (Also predict new BH’s: mostly skipped today, with limited time)



Black holes in AdS/CFT
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Schwarzschild black holes in global AdSs:
small BH & large BH branches (¢: AdS radius) -
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Low T : gas of gravitons in AdS. Doesn’t see 1/Gy ~ N? so that F ~ O(N°)
High T : large AdS black holes (Fzy = —T log Zgy < 0). Sees N2,

CFT dual (on S3 x R): confinement-deconfinement transition [witten] (1998)

Confined phase: F ~ 0(N?), glue-balls (& mesons, etc.)
Deconfined phase: F ~ 0(N?) of gluons (& quarks)

Weak coupling study [Aharony, Marsano, Minwalla, Papadodimas, Raamsdonk] (2003)

Today’s goal: quantitative strong coupling study of BPS BH'’s in AdSs x S°>.



Supersymmetric black holes & QFT
[Gutowski,Reall] [Chong,Cvetic,Lu,Pope] [Kunduri,Lucietti,Reall] (2004-2006)
- Preserves 2 real SUSY (1/16-BPS): SO(6) charges Q; on S°> & SO(4) spins J; on AdSs .
- Mass (= energy) determined by these 5 charges: M = Q1+ Q> + Q3+ J; + />

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

- Hairy BH’s. No charge relations [Markeviciute,Santos] [Bhattacharyya,Minwalla,Papadodimas]

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

« BPS states at strong coupling: “index” on $3 x R. Coupling independent.
[Romelsberger] [Kinney,Maldacena,Minwalla,Raju] = [KMMR] (2005)
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Z(Arw) = Tr [(=1)Fem Zia&@xiied]
A+ Ay 4+ Az — wp —wy = 0 (mod 47i) Ay + As + Az —wy — wy = 2mi (mod 47i)
Use (—1)F = e=2701 gnd shift A, - A; — 2mi

« U(N) group:
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Or the version with A; = A; — 2mi shift 4



Large N index

* Questions: Does the low “temperature” index agree w/ that of gravitons in AdSs x §°?
Does the index undergo deconfinement transition at higher “temperature”?

(Low / high “temperature” ~ large/small A;, w; (all positive).)

« Large N matrix integral — eigenvalue distribution:
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- “Low T”: Uniform distribution p(8) = 1/2x. “Confining phase.” f(Ar.w;) = anz_l((l - e“’i)) > 0.

- Agrees w/ BPS gravitons on [KMMR] (2005). p ﬁ FnAy )t = 7
‘N—oo — J\nar, nw — Zgravitons

* Does the index deconfine at high enough T?

- Apparently, no, as f > 0 always (at real fugacities).

- So the index doesn’t seem to deconfine, not seeing a free energy at logZ ~ N2.



Deconfinement & BH’s from index?

It has been speculated that (—1)F plays certain bad roles in the index.
To see why, consider unrefined index Z(x Z Q27 (where j = 6(Q +))). e v

E.g. U(5) index (N2 = 25 >» 1...7?):
Z = 14322 —22% + 928 — 62° + 212% — 1827 + 482% — 422% + 99210 — 96211 + 172212 — 156212 + 25221 — 16021°

+1952¢ + 48217 — 127218 + 612219 — 783220 4+ 125822 — 048222 + 45022 + 1921271 — 543022° + 11793226
—18812227 + 263792%° — 2775022 + 1780920 + 15648231 — 783242%2 + 17503023 — 28557623 4 3660242°
—3238072°0 + 3885627 + 6248042%% — 17180162°° + 3094992210 — 422686221 + 409827024 — 121072821
—59689352% + 180614882%° — 331525652 + 44941584247 — 414484222 + 62418962% + 757614782°°
—2059932842°1 + 354200109272 — 4401686702°% 4 32857210925 4 1427048042°° — 10795227065
+23858440622°7 — 35842024472 4 369426397225 — 133177248125 — 4771857420251 + 1469707744552
—258331142762% + 3154990044025 — 2126466444025 — 164394306862 + 862868192462°7 — 1747505377925
+23841659023425 — 2011086316657 + O(+™)
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- ; grows at large j, but signs alternate. 7

- Sj=log|Q;| ~ N2 atj ~ N2, 30f <

Line: Sgy(j) of known black holes, inserting N? — 25 I il

dots: S; =log|Q;| from the index 20| <
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- Higher ranks, orders in x under investigation | s

[Agarwal, Joonho Kim, SK, Nahmgoong] (in progress) S | | | Ji = 6(Q +])‘
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|dea for analytic approaches

. . i 1 [
Large charge j ~ O(N?) approximation of ¢ = i jg ﬁfjilZ(a‘)

Saddle pt. calculus: Legendre transform is insensitive to changing j by a quantum

Can we get macroscopic entropies with wild +1 oscillation from phase factor?

Namely, something like Q; ~ eSU) = gl Im[SU,x)] gRe[SG.x] 9
To seek for this possibility, one should turn on complex fugacities.

In a different perspective, the fugacity phase is to be tuned,
attempting to tame rapid oscillations between +/- signs at nearby charge,

or to maximally obstruct cancelations (smearing) of nearby B/F.

This is a discussion for microcanonical ensemble, but it should also have

impacts on the grand canonical ensemble in the “thermodynamic limit”



Evidence: instability of confining saddle pt.
Reconsider the large N index: Again, unrefined as 41 =282 =23 = A, wi =wy =w

The index w/ x — x e'?

- s ) (1 2%
Z_/g[dpndp_n] expl N ; o pnp—n] flz) = (1— 2%)?

Dial ¢ : p; = 0 is locally unstable if Re[f(xe?)] < 0.

ipyy. (1 —2?)(1 + 2% — 2z cos @) (22(2 + 522 + 22*) cos @ + (1 + 2°)(1 + 42® + x* + 322 cos(2¢)))
Re[f(xe )] (1 + 2% — 223 cos(39))?
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red curve: Re|f(xe'?)| = 0. Lowest fugacity for instability .}

g = /L1~ 0605 cosd=—5— Herel ———

It sounds unnatural if the large N saddle point calculus if

doesn’t take advantage of this window of instability.

So we interpret it as an upper bound for deconfinement. X
[Choi, J. Kim, SK, Nahmgoong-2] = [CKKN-2] (2018) 8



Cardy limit
“high T limit” : J; » N2(> 1), |w;| < 1. Similarto 2d, P » ¢(>» 1), T — i0™.
Studied in [Di Pietro, Komargodski] [Ardehali], but only at real fugacities.
Should also take Re(4;) — 07, but generically keep finite Im(4,) ~ 0(1):

Tr [ — 71 A1Q1 =300 1»»‘sz] Ay + Ag + Az —wy — wy = 2mi (mod 47i)

The matrix integral becomes:
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“Maximally deconfining” saddle point a; = @, = -+ = ap is most dominant.
[CKKN-1] (2018) [Honda] [Ardehali] [J. Kim,SK,Song] [Cabo Bizet,Cassani,Martelli,Murthy] (2019)

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

True for “all” SCFTs w/ N = 1 SUSY (i.e., checked for numerous examples) [J. Kim, SK, Song]

Final result: [CKKN-1] Use: Lis(~e%) — Lis(—e ) - = — =2
]\,2 . " - <Im(x) <7 72 AL
log Z ~ — [Lix (—H?L) T, (—(J—J-TAL)] v log Z ~ N D184
Wik s18283=+1 lew‘z



S(Qr.J;) = 2W\/Q1Q2+QZQS+Q3QI_g(-]l‘l‘JQ)/

Counting (large) black holes

Further take large N & compute entropy: Legendre transform at macroscopic charge
3
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Discussed in the context of BH solutions [Hosseini, Hristov, Zaffaroni] (2017)

Multiple solutions: S.(Q,,J;) is in general complex. Take the most “dominant” one.

e! Mm(S): Imitates + sign alternations, as macroscopic charges change by basic quanta.
More precisely, 3 c.c. saddle point: ~ e?¢) cos[Im(s) + -]

Re(S,): Lower bound of entropy. We'll count known BH’s by finding Re(S) = Sgy.
Values of A;’s: E.g. at Q; = Q, = Q3, one finds A; = A, = A; = 2mi/3 in the Cardy limit.

—1 = ef122%4s from (—1)F is distributed equally to A,’s at the BH saddle point.

Known BPS BH'’s satisfy a charge relation: Impose this relation by hand. [CKKN-1]

P known expression for Sgy [SK, K.Lee] (2006)

_ Compatibility of two expressions:
QleQs + X2y charge relation of known BH's

+Q1+Q2+Q3 10




Cardy limits & BH’s for M2 / M5 CFTs

3d SCFT on N M2s: [Choi, Hwang, SK] (to appear)

. o0 N
Holonomy integral & monopole sum dog,
y g P 7 = E ?{H QC; Z100p(Qta, Ma, A1, W)

My, ,My=—00"

Cardy & large N: monopole condensation breaks U(N), spreading over a range ~ N2 /w
mechanism of d.o.f. reduction: N? — N3/2

r3 1
Counts entropy of BPS BH’s in AdS, x S”: log Z ~ _3-4‘/5"'\ : \/;'”52&3&4 Z A —w = 2w
w =1

Also explored a finite N version of N3/2.

6d SCFTs on N M5’s: from ‘t Hooft anomalies
Cardy limit of log Z[S?"~! x S1]: effective action of background fields on §2"~1
Leading terms of indices come from Chern-Simons terms on $2"*~! [CKKN-1]

CS coefficients from anomalies [Jain et.al.] (2013) [Jensen,Loganayagam,Yarom] (2013)
N M5'’s index: N3 A2AZ | N((Ap + A2)? +472)((A; — Ag)? + 47?)

log Z ~

B 24 Wilalg lgzwlw‘gw‘g
L NVIAT + A5 —dr?) (] + i + wj)
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Large N: counts BPS BH’s in AdS; x S* [CKKN-1] [Hosseini, Hristov, Zaffaroni]

[CKKN-1] [Nahmgoong] (to appear)

+ O(logw)
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Conclusion & comments
Index of SCFT, sees BPS AdS,,, black holes.

Known large BH’s are statistically counted in the Cardy limit.
Non-Cardy regime studied assuming “Bethe root < large N saddle pt.” relation [Benini,Milan]

Cardy limit of 5d SCFT: logZ ~ N5/2. Counts BPS BHs in AdSg x S*/Z, [Choi,SK] [CHKN]

In certain regimes, dominant saddle points can be yet unknown new BH'’s.

Hawking-Page transition & further conjectures on new black holes [CKKN-2]
1/8-BPS sector of N = 4 SYM (“Macdonald index” [Gadde,Rastelli,Razamat,Yan]): Known BH'’s

don’t exist in this sector, while we find new BH-like saddle points from QFT. [CKKN-1]

More to be done (only a tiny & partial list)

Large N saddle point analysis in non-Cardy regime. Hawking-Page transition.
Construction of new 1/16-BPS operators [Berkooz,Reichmann,Simon] [Chang, Yin]...
New BPS black holes: either more dominant or subdominant than known ones

Better intuitions on hairy black holes? Apply more numerical GR techniques...?
12



