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A Magnetically charged AdS4 Black hole

Classically f 1) 1\ ) Determined by
ds?/L == (p - 5) ey (p _5) 2 i) Gy (4d Newton Const) ,
vol(Z,) | | L (AdS4 radius)
\F S—7 ( Magnetic flux for U(1) gauge field ) P g>1 (genusnumber)

® BPS Solution of 4D N =2 minimal gauged supergravity

d4x\/—_(R+£—£F2)+ (fermi
g T ermions)

167G,

1
® Near horizon <p = m) tAdS, x Xy,

Asymptotically (p—) : AdS, with asymptotic boundary R; x X,

® In terms of AdS/CFT, the BH solution describes
RG : (3DN =2SCFTonR; x J;) e—) (1D SCQM on R;)

topological twisting : (A(b'g)) R w(Zg) Superconformal R-symmetry : “universal twist”



A Magnetically charged AdS4 Black hole

Classically f 1\’ 1\ ) Determined by
ds?/L == (p - Z) ey (p _5) 2 i) Gy (4d Newton Const) ,
vol(Z,) | | L (AdS4 radius)
% =—7 ( Magnetic flux for U(1) gauge field ) P g>1 (genusnumber)

From semiclassical analysis [Bekenstein, Hawking]

A (g—-1DL*n
4G, 2G,

+ (subleadings in G, and 1/L)

If the BH solution (AdS4 supergravity) can be embedded into an UV complete Quantum Gravity,

we may give a non-perturbative definition of d,,;.,,(# of micorstates of BH), which should satisfy
1) dmicro (G4, L, g) 1S @ non-negative integer (after including all corrections)
mm) AdS4 SUGRA with generic (G4, L) in 'swampland’? only discrete choices of (G4, L) in QG?

(g - Dl’m o
2) Sgy=logdicro (G4, L, g) = 7C + (subleadings in G, and 1/L)
4




A Magnetically charged AdS4 Black hole

Classically 4 S s 1\° , 1\ 2 , ” g ) Determined by
ds®/L% = —(p—5> de” + p—z dp + p7ds (Zg) G, (4d Newton Const) ,
vol(Z,) | | L (AdS4 radius)
\F S—7 ( Magnetic flux for U(1) gauge field ) y g>1 (genusnumber)
In this talk,

First, embed the BH into M-theory M. (h bolic 3 if
3 (hyperbolic 3-manif

N M5-branes on R x X, X M5 N— oo . ~4
meeessssssssss) The BH in AdS, XM,XS
c Rx (T"5,) X (T*Ms) 4 XM3 N (number of M5s)
g > 1 (genus number)
2N3vol(M3)
32

L/Lplanck ~N1/3

LZ/G4:
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First, embed the BH into M-theory M. (h bolic 3 i
3 (hyperbolic 3-manif

N M5-branes on R x X, X M5 N — o . ~4
meessssssssssss) [he BH in AdS, XM»XS
c Rx (T"5,) X (T*Ms) 4 XM3 N (number of M5s)

g > 1 (genus number)

Second, give non-perturbative def d,,;....(M2, N, g) using AdS4/CFT3
g p mlcro( 3 g) g ZNBUOZ(M:;)
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L/Lplanck ~N1/3

LZ/G4:

AdS4/CFT3: (N M5-branes compactified on M3) = (M theory on AdS, xM3;x5%)



A Magnetically charged AdS4 Black hole

Classically a 1) 1\ ) Determined by
ds?/L == (p - 5) ey (p _5) 2 i) Gy (4d Newton Const) ,
vol(Z,) | | L (AdS4 radius)
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In this talk,

First, embed the BH into M-theory M. (h bolic 3 if
3 (hyperbolic 3-manif
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meessssssssssss) [he BH in AdS, XM»XS
c Rx (T"5,) X (T*Ms) 4 XM3 N (number of M5s)

g > 1 (genus number)

Second, give non-perturbative def d,,;....(M2, N, g) using AdS4/CFT3
g p mlcro( 3 g) g ZNBUOZ(M:;)

312

L/Lplanck ~N1/3

LZ/G4:

AdS4/CFT3: (N M5-branes compactified on M3) = (M theory on AdS, xM3;x5%)

Finally, we will check 1) d,,;.,, is an integer (after including all corrections)

(g-DL*m (g —1Dvol(M3)
2) Sgy=logd icro = 2G, = 377

N3 + (subleadings in 1/N).



Two classes of AdS4/CFT3 using M-theory

BH solution with asymptotically AdS4 m==s) Can be studied using AdS4/CFT3
Two classes of well-established AdS4/CFT3 using M-theory

AdS4/CFT3 from MZ2-branes AdS4/CFT3 from M5-branes

RY? x Cone(Y,) (Y, : SE 7-manifold) ~ RY?x (T*M3)x R? (M5: Closed hyperbolic 3-manifold)
with M M2-branes on R2 with M M5 branes on R2xMj,
) TN[Y7] ) TN[M3]
3D N=2 SCFT with global U(1); € G = ISO(Y;) 3D N=2 SCFT, with global ¢ = U(1);
M-theory on AdS,4 xY, M-Theory on warped AdS, ng,x.;S‘4
G2 = 271y [Pernici ;'85] (G, /1% = 31 )
(Go/L% = |Gneme ol(¥7)) [Gauntlet-Kim-Waldram;00] * 2N3vol(M)
4D N=2 gauged supergravity with G = [SO(Y; ) 4D N =2 gauged supergravity with G =U(1)
G = (g-DLlm _ 1 2 3/2.3 G = (9 —DLlm _ (g — Dvol(M3) N3
BH = "6, T (-1 27V01(Y7)N n BH — 2G, B 31
Field theoretic description of Ty[Y-] Field theoretic description of Ty[Mj;]
[HLLLP;08][ABJM;08][ABJ;08]........ [Dimofte-Gukov-Gaiotto;11][Dimofte-Gabella-Goncharov;14][DG-Yonekura;18]

e.9) Ty[S7/Z,]=ABJM model e.9) Ty=z[ @ 1= (U(1) + @ with k=-7/2)
5



Non-perturbative definition of d .., using AdS4/CFT3

Question : Which quantity in CFT3 corresponds to the d,,i.-o of the BH ?

Hints: BH : Asymptotic AdS, withd(AdS,) = R; x J; ) Near horizon AdS, x g,

RG: (3DN =2SCFTonR; x X;) wessssss===) (1D SCQM on R;)

Natural Answer : the number of ground states of 3d SCFT on X,

dmicro= # Of supersymmetric ground states of (3D ¥ =2 SCFT on X;) “Difficult to compute”

SUSY
cf) dmicro: = Tr yF=0(3D N =2 SCFT onz,) (D" “Twisted index”
Recently, people found that [Benini-Hristov-Zaffaroni ;'15][Hosseini-Zaffaroni ;'16].......
SuSsY N-ooo  (g-DIPn_ (g —1) 2 3/2.3 4 cub-leadi
Log(dmicro(Tn[Y71.9)) " e - voiay VA +sub-leadings

dnicro(Tn[¥7],9) = dmicro(Tw Y71, 9) 27 Maybe no!



SUSY

TWiStEd indeX dmicro(.g) — TrH(3D N =2 SCFT OnZg) (_1)R

[Kim-Kim ;"10]

For g =1 (2, = T?) case : Itis just usual Witten index """ !
[Seiberg-Intrilligator ;"12]

For g=0 (52) case [Benini-Zaffaroni ;'15]

For general g [Benini-Zaffaroni ;'16] [Closset-Kim ;'16]

For general 3D N —_ 2 theory With gauge G’ [Nekl’aSOV-ShataSIVI”I] [GUkOV‘Pe|,,1 5]

the index can be written as finite sum over so called ‘Bethe vacua’ [Benini-Hristov-Zaffaroni ;'15]

SUSY _
dmicro(g9) = (H*)9 1 )

a:Bethe—vacua

Bethe vacua: solutions of exp <2nizi e > =1, for i = 1,..,rank(G)
i

W(zl, e zrank((;)): Twisted superpotential for 2d (2,2) theory
obtained by S* reduction keeping all infinity KK—modes

Chiral field : §W = Li, (1_[ zi‘Qi> , CS term 6W = kijLog[zi]Log[Zj]
H% (Zl, : --»Zrank(G)) : “handle gluing operator’

Log[H] = —log Det[alog[zi]alog[z]']Log[W]] + z Li; (z;79%)
Chiral



Most recent studies on AdS4 BH in M-theory are about BHs from MZ2-branes

N - o 2 :
Log(dmicro(Tw[¥71.9)) ~ (9= D) |55vam N?/?n° +sub-leadings

Good : Gauge theory description is simple - Matrix model technique

Flavor symmetry other than U(1) R-symmetry = Rich SUSY BHs
Bad : Improperly quantized superconformal R-charge : generically no universal BH

Computation of sub-leading seems to be challenging

AdS4 BHs from M5-branes?

N3vol(M53)
Log(dSimty(Ty[M51.g) —~ =2 (g =D =7

Bad : UV Gauge theory description is very ugly, no matrix model ( u(l)NBgauge group )

Good : we can use the power of 3d-3d relation

(full perturbative sub-leadings are computable)



SUSY

dicro(Tn[M3],9) from 3d-3d relation

3d-3d relation : (Ty[M3] onS) ~ (PSL(N, C) Chern Simons theory on M3) , not duality but a relation

. . . [Yamazaki-Terashima ;'11][Dimoft-Gukov-Gaiotto;11]
M-theoretic derivation : 6dAy_1(2,0) theoryon S x M, [Yagi;13][Lee-Yamazaki;13][Cordova-Jafferis;13]

/ \ S = Ss,SlXSZ,SS/Zk,....
M; -0 S-0

(Ty[M3] onS) (PSL(N, €) Chern Simons theory on M;)



SUSY

dicro(Tn[M3],9) from 3d-3d relation

3d-3d relation : (Ty[M3] onS) ~ (PSL(N, C€) Chern Simons theory on M3) , not duality but a relation
[Yamazaki-Terashima ;'11][Dimoft-Gukov-Gaiotto;11]

M-theoretic derivation : 6dAy_1(2,0) theoryon S x M, [Yagi;13][Lee-Yamazaki;13][Cordova-Jafferis;13]
e T S = 53,51xS2,53 / Zypunn.
M; -0 S-0
(Ty[M3] onS) (PSL(N, €) Chern Simons theory on M;)

Dictionary : Tn[Ms] PSL(N, C) Chern Simons theory on M, dA® + A% A AT =

Dimofte-Guk . . :

[-I-Ilrcr:lfa:\?i ;'l11010v Bethe vacuum « PSL(N, C) irreducible flat connection A CS[A] = jtr (AdA+EA2)
i 3

[bG-Ham- Handle gluing operator H N Exp[—25%(1)] M

Pando Zayas; 19]

Recall that diae(9) = z (H)971, (for My with H{(M5,Zy) = 0)

a:Bethe—vacua

S%(n) : nloop perturbative expansion coefficient around a flat connection A*

[d(8A)] 1 o
logf(gauge) Ex p[Z_hCS[A +6A]]

v

%5“(0) + SE(1)+. A 1S () +...

(dev20 @)’ (Analyic Ray-singer A% =xd,«d,+d,*d,*, d, =d+A*A

$%(1) = > Log] - .
4 (dev4,) " torsion) (Laplacian acting on n-form twisted by A%)



;ferO(TN[Mg] g) from 3d-3d relation

3d-3d relation : (Ty[M3] onS) ~ (PSL(N, C€) Chern Simons theory on M3) , not duality but a relation
[Yamazaki-Terashima ;'11][Dimoft-Gukov-Gaiotto;11]

M-theoretic derivation : 6dAy_1(2,0) theoryon S x M, [Yagi;13][Lee-Yamazaki;13][Cordova-Jafferis;13]
e T S = 53,51xS2,53 / Zypunn.
M; -0 S-0
(Ty[M3] onS) (PSL(N, €) Chern Simons theory on M;)

Dictionary : Tn[Ms] PSL(N, C) Chern Simons theory on M, dA® + A% A AT =

[Dimofte-Guk . . :
Holland ;'l11010v Bethe vacuum o PSL(N, C) irreducible flat connection A CS[A] = jtr (AdA+EA2)
[DG-Kim- o 3

Pando Zayas;'19] Handle gluing operator H N Exp[—25%(1)]

Derivation : From M; = (U;Ai U?Si)/fv, A: (ideal tetrahedron), S: solid torus

S

[Dimofte-Garoufalidis;12] . . L. [Dimofte-Gaiotto-Gukov:11]
+other mathematical facts Field theoretic description of Ty [Ms] i b alia-Goneharov: 14]

[DG-Yonekura;18]

l (Localization)

v

N Exp[—2S%(1)] —— Ha

M-theoretic derivation is missing



SUSY

dicro(Tn[M3],9) from 3d-3d relation

3d-3d relation : (Ty[M3]) ~ (PSL(N, C) Chern Simons theory on M3) , not duality but a relation

Dictionary : Tn[Ms] PSL(N, C) Chern Simons theory on M,

Bethe vacuum o PSL(N,C) irreducible flat connection A%

Handle gluing operator H® N Exp[—2S%(1)]

1 @)° . .
(detrao®) ] (Twisted analyic Ray-
(detra,@) Singer torsion)

S%(1) =+ Log]

Amiero(Ty[M3],g) = N9~ 2., exp(=28*(1)[M;3 ;N] )9~} (for Ms with Hy(Ms, Zy) = 0)

We reduce the microstates counting of BH to a mathematical problem !!
Use mathematical results to study BH entropy !!



SUSY

dicro(Tn[M3],9) from 3d-3d relation

3d-3d relation : (Ty[M3]) ~ (PSL(N, C) Chern Simons theory on M3) , not duality but a relation

Dictionary : Tn[Ms] PSL(N, C) Chern Simons theory on M,

Bethe vacuum o PSL(N,C) irreducible flat connection A2

Handle gluing operator H® N Exp[—2S%(1)]

1 @)° . .
(detrao®) ] (Twisted analyic Ray-
(detra,@) Singer torsion)

S%(1) =+ Log]

Amiero(Ty[M3],g) = N9~ 2., exp(=28*(1)[M;3 ;N] )9~} (for Ms with Hy(Ms, Zy) = 0)

We reduce the microstates counting of BH to a mathematical problem !!
Use mathematical results to study BH entropy !!

Using the expression, Let us check followings

1) doviaro (Ty[M3],9) is an integer (after including all corrections)

(g — Dvol(M3)
3

2) Sgy = log d,snlﬁ:o(TN[Mg,] g) = N3 + (subleadings in 1/N).



Integrality of d,.,;.,.(Txy[M3].9)

Irreducible flat connection : dA% 4+ A% A A% =
3
(det’AO(a))

S%(1) IM; N| = iLOg[ (det'Al(“)) ]

(Ray-singer torsion)

Conjecture

diiero(Tn[M3],g) = N9~ Y exp(—25%(1)[M; ; N] )91
— 2 : doioro(Tn[M3].9) € Z

(fOT M3 with Hl(M3,ZN) = O)



Integrality of d,.,;.,.(Txy[M3].9)

Irreducible flat connection : dA% 4+ A% A A% =
3
(det’AO(a))

Ray-singer torsion
(det,Al(OL))] ( y g )

S*(1)[M; N] =  Log[

Conjecture
dmicro(Tn[M3].9) € Z

dooro(Ty[M3l,g) = N9 Y exp(—25*(1)[M; ; N] )9~

(fOT' M3 with H1(M3,ZN) = O)

«9) M; = @5 , N=2
[Computable using tools
{exp(—2S%(1)[M3; N])}a=1234 developed by mathematicians]

={-1.90538-0.568995 i,-1.90538+0.568995 i,1.73992, 2.57085}  (x*—1/2x> —8x%+283/16 =0

SUSY

mmmmd  {dinicro(Tn[M31,9)}g=012,. = { 0, 4, 1, 65, 97, 1045,...}

Conjecture

driievo(TN[M3],9=0) = 0

No ground states for g=0




Large N of d, ;o0 (Tn[M3].9)

drsnL;EIO(TN[MB]rg) = N91 Za exp(—2S*(1)[M3 ;N] )91 (for My with Hy(Ms, Zy) = 0)

Two canonical irreducible flat connections A™? and AWP

AMP = pylw +ie], AP = pylw — ie] LON: su(2) - su(N), N — dimensional irred representation}
NN . ™\

w: spin connection : . : o _

o vielbein for unique hyperbolic metric on M satisfying Ry, = —2g,

Both of them can be locally considered as so(3) valued 1 forms

\w *ie:sl(2,C)valued 1 form satisyfing flat connection equationdA+ ANA )

These two give dominant contributions to the d;.;.., in large N (g>1)

-1
doiero(Tn[M3l,g) = (HWP)?™ + (c.0) H%= N exp(—2S%(1)[M; ; N])
+exponentially small in 1/N



Large N of d, ;o0 (Tn[M3].9)

Two canonical flat connections give dominant contributions

-1
doioro(Ty[M3],9) = (HWP)?™" + (c.c) H%= N exp(—2S%(1)[M5 ; N])
+exponentially small in 1/N

Mathematicians studied [Muller;14] [Park;17] using Selberg’s trace formula

B (N3=N)vol(M3) B V01(71:13) (N — 1) — a(M3) — b(M3; N)

2Re[S™P(1)[M5; N]] ——

31 6
2
1/ e-sle® \? 1 <e (NH)ZSZ(C(Y)) Y : primitive conjugacy class of m; (M3)
=_ - Ms; N)=R -
a(M;) Rezs <1 _ e—sldy)) ;DM eZZs 1—eske® lc(y) : complex length of y
14 5=
SUsY 2N3—N -1
A micro(Tn[M3],9) = 2Cos|Oy[M3]lexp| (g — 1) e vol(M3) + logN + a(M3) + b(M3; N) | | + (...)
(Relative phase)

(fOT' M3 Wlth H1(M3,ZN) - 0)



Large N of d, ;o0 (Tn[M3].9)

SUSY 2N3 —N -1
dmicro(TN[MS]:g) - ZCOS[HN[MS]]eXp (g o 1) VO](MB) + lOgN + a(MS) + b(MB; N) + ()

61
(Relative phase) (Bekenstein-Hawking) (Logarithmic correction 3(g — 1)log L)
2
(for M3 with H{(M3,Zy) = 0) 1/ o=l \? " (e (N+1)Zsl<c(y))
a(Mz)= — Rezg (1 — e—sl«:(y)) . b(Ms; N)=Rez ZE TS
Y Y s=

(9 - DL _ (g — Dvol(M5) N3
2G, 3

Large N leading part : Bekenstein-Hawking entropy  Sgu =

Log N term : match with SUGRA zero-mode analysis  3(g — 1)(1 + by (M3))logL = (g — 1)log N

[S. Bhattacharyya, A. Grassi, M. Marino, A. Sen;'14] 2-form ghost 3-form C;
[J. Liu,1, L. Pando Zayas,V.Rathee,W. Zhao;'17]

N+1
o1

vol(M3)(g — 1)

Other sub-leadings : How to understand from M-theory on AdS, xM3;xS*?

a(M3)(g — 1), b(M3;N) (g — 1)
From M2-branes wrapping y in M3?




Summary and future directions

We study microstate counting d,s,fiscio(TN [M3],g) for 4d magnetically charged BHs made of wrapped M5-branes

Using a 3d-3d relation, the counting to a mathematical problem

dtioro(Tn[Msl,g) = N971 3, | exp(=25%(1)[M; ;N] )9~

Then, using known mathematical results

61

(Relative phase) el ) (Logarithmic correction 3(g — 1)log L)

SUSY 2N3 —-N -1
Amicro(Tn[M3],9) = 2Cos|Oy[M3]|exp| (g — 1) ( vol(M3) +logN + a(Ms) + b(Ms; N)) + ()

Future work : 1) 6D derivation of the 3d-3d relation for twisted index
2) Perturbative corrections (a, b) from quantum gravity? (b from M2?)

3) Curious integral properties of ray-singer torsions on hyperbolic 3-manifolds

[Work in progress with
Seonhwa kim, Seokbeom Yoon]



Thank you
for your attention !!



