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Design and control on the statistical description of black hole.

Ay
Spy = 4Gy foeee Sgn = Indpyicro

In the context of a holographic description,
o what are universal aspects of the dual theory?
o what are aspects that depend on the background ?

o what are aspects that depend on the surrounding?
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Design and control on the statistical description of black hole.

Ay
Spy = 4Gy foeee Sgn = Indpyicro

In the context of a holographic description,
o what are universal aspects of the dual theory?

o what are aspects that depend on the background ? Parameters of BH solution

o what are aspects that depend on the surrounding? Theory that contains BH

Do we need a periodic table? Black Hole Chemistry
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Spectrum Operators Interactions

Focus on non-universal aspects



BASED ON

Work with Evita Verheijden [2110.04208]

Related work that incorporates rotation:

w Juan Pedraza, Chiara Toldo, Evita Verheijden [2106.00649]
w Victor Godet, Joan Simon, Wei Song, Boyang Yu [2102.08060]
w Finn Larsen, loannis Papadimitriou [1807.06988]




UNIVERSAL ASPECTS

Shared features among black holes



BLACK HOLES IN 4D

o Backgrounds in N=2 D=4 U(2)* SUGRA

o Gauged theory (g # 0) truncation of SO(8) AdS, or Min,

o Ungauged theory (g = 0) STU theory




O

O

O

O

BLACK HOLES IN 4D

Backgrounds in N=2 D=4 U(1)* SUGRA
o Gauged theory (g # 0) truncation of SO(8)

o Ungauged theory (g = 0) STU theory

AdS, or Min,

Supported by four gauge fields F!: dyonic solutions
Moduli: three scalars ¢;, three axions y;
Extremal limit (T = 0):

o Near Horizon Region: AdS,xS?2

o Attractor Mechanism for moduli

AdS,xS2



HOW DO BLACK HOLES HEAT UP?

AdS, is fragile, but we have control.if we kick AdS, or Min,
the black hole away from extremality.
This defines near-AdS.,.

ds? = g pdx®dx? + ®(x)? dQ3
nAdS,xS2

ds? = g2, dx%dx? + (P3+V (x)) dQ3

ds? = gopdxtdx? + ®F dQ3 AdS,x52



HOW DO BLACK HOLES HEAT UP?

/ AdS, or I\V

ds? = ggpdx®dx? + (®5+V (x)) dQ3 nAdS,x5?

AdS,xS2



HOW DO BLACK HOLES HEAT UP?

Jackiw-Teitelboim (JT) Gravity

AdS, or Min,
o = | d%x Y)(R+2) + -

1
VaVbY — gabVZY + _g_ZgabY =0

AY=2
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HOW DO BLACK HOLES HEAT UP?

Jackiw-Teitelboim (JT) Gravity

AdS, or Min,
Iy = f d2x YO (R +2) + -
5 1
VaVpY — gap VY + ﬁgaby =0
AY = 7
ds? = ggpdx®dx? + (®5+V (x)) dQ3 nAdS,x5?

Universality in this deformation:
o Goldstone modes described by a Schwarzian
effective action.
o Heat capacity near extremality (Mass gap).
o Dual theory: SYK model captures many aspects. AdS,xS?



HOW DO BLACK HOLES HEAT UP?

Jackiw-Teitelboim (JT) Gravity

Iy = f d2x YO (R +2) + -

1
VaVbY — gabVZY + ﬁgaby =0

AY=2

Initial work Reissner-Nordstrom black hole:

Einstein-Maxwell theory

AdS, or Min,

ds? = g2, dx%dx? + (P5+V (x)) dQ3

nAdS,xS2

AdS,xS2



NON-UNIVERSAL ASPECTS

Spectrum and Interactions in the near-AdS, region



DO ALL BLACK HOLES REACT EQUALLY?

Jackiw-Teitelboim (JT) Gravity

AdS, or Min,
IZD = dzx Y(x)(R+2)+"'
H_I

1y

ds? = ggpdx®dx? + (®5+V (x)) dQ3 nAdS,x5?

AdS,xS2



DO ALL BLACK HOLES REACT EQUALLY?

Jackiw-Teitelboim (JT) Gravity

AdS, or Min,
IZD = dzx Y(x)(R+2)+"'
H_J
yyu
o Backgrounds in N=2 D=4 U(1)* SUGRA
ds? = ggpdx®dx? + (®5+V (x)) dQ3 nAdS,x5?

o Gauged theory (g # 0)
o Ungauged theory (g = 0)

o Moduli: three scalars ¢;, three axions y; AdS,x5?



SPECTRUM

ds? = (g2, +h,,)dx%dx? + (PZ+Y (x)) dQ3

AdS, or Min,
Qi =@; + 0,
Xi =X + 7
At linear level:
o Decouple Y(x) and h,j; from matter degrees of freedom
nAdS,xS2

o Report on conformal dimensions matter sector: 0;, A; = %(1 + \/1 + 4mZ42?)

AdS,xS2



SPECTRUM

ds? = (g2, +h,,)dx%dx? + (PZ+Y (x)) dQ3

¢ =@ +0;
Xi = xi + 7

At linear level:

o Decouple Y(x) and h,j; from matter degrees of freedom

o Report on conformal dimensions matter sector: 0;, A; = %(1 + \/1 + 4m242)

Spotler alert: surprises here already!

AdS, or Min,

nAdS,xS2

AdS,xS2



INTERACTIONS

ds? = (g2, +h,,)dx%dx? + (P3+V (x)) dQ3
ab

Q=] + 0,
Xi =X +7i




INTERACTIONS

ds® = (ggb-l'hab)dxadxb + (CD(Z)-I'Y(X)) dQ% Ieff — J d*x (['free + Lint)
@i = @) +P;
— 0 o 1 a 1 2
Xi=Xx;i +Xi Lfree = Eaafia ¢i + oM ¢iCi

Lint = AyacacY0,8:0%C; + AyecY G + Aaycac 0, Y (094,

Note: The fields {; are the orthogonal degrees of freedom coming from ¢; and y;
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INTERACTIONS

ds® = (ggb-l'hab)dxadxb + (CD%-I'Y(X)) dQ% Ieff — J d*x (['free + Lint)
@i = @) +P;
— 0 o 1 a 1 2
Xi=Xx;i +Xi Lfree = Eaafia ¢i + oM ¢iCi

Lint = AyacacY0,8:0%C; + AyecY G + Aaycac 0, Y (094,

We will report on

—— 1 Y12
(0, (u1)0; (u2)) = (0 (U1) 07 (U2)) free (1 +\_€l_}D\i (2 + ﬂ—ntﬁtlz))>

21?2 tan
S

Y(x) = §+ .-+ source of the deformation in nAdS,



BLACK HOLE ZOO

Towards our Periodic Table



Ungauged (g = 0) Gauged (g # 0)

Non-BPS




Ungauged (g = 0) Gauged (g # 0)

A
Non-BPS § f\




UNGAUGED & BPS m

o Taking away from extremality supersymmetric black holes in STU models.
o Simplest case:

ds? = (g2, +h,,)dx%dx? + (PE+Y (x)) dQ3

Q=] + P

0 } All states (; correspond to operators O; with A; = 2. Recall Ay = 2.
Xi=Xi T Xi



UNGAUGED & BPS m

o Taking away from extremality supersymmetric black holes in STU models.
o Simplest case:

ds? = (g2, +h,,)dx%dx? + (PE+Y (x)) dQ3

Qi = @) + i

0 } All states (; correspond to operators O; with A; = 2. Recall Ay = 2.
Xi=Xi T Xi

o Interactions very simple

(0, ()0 (uz)) = (0 (1) 0¢ () ) ree <1+a5 : <2+n o ¥ ))

2_71'2 tan( 3 )

—~~

D_3
=7




UNGAUGED & NON-BPS &3

4

o Taking away from extremality

o Sneaky features:

susy black holes in STU models.

ds? = (g2, +h,,)dx%dx? + (P3+V (x)) dQ3
ab

Q=] + P
Xi =X + 7

!

Marginal deformations!
Flat directions in the
attractor mechanism.

A; 0;
1 2 states
2 3 states
3 1 state




UNGAUGED & NON-BPS

o Taking away from extremality

o Sneaky features:

ds? = (go,+h,,)dx%dx? + (P3+V (x)) dQ3

Q=] + P
Xi =X + 7

!

susy black holes in STU models.

A; 0; D
1 2 states Extremal !!!!
oQ
3
2 3 states g
21
3 1 state @




GAUGED

o One general feature for BHs in AdSp

ds? = (go,+h,,)dx%dx? + (P3+V (x)) dQ3

Q=] + 0
Xi =X + 7




GAUGED

o One general feature for BHs in AdSp

ds? = (go,+h,,)dx%dx? + (P3+V (x)) dQ3
0, — 0
¢':(P'+(P':(P'+a,'Y+b-(- .
l lO Al (l) o ll hap = hgp +a; G;
Xi=xXi tixi=¢ +ta,;V+cd

Inhomogenous solutions. Leftover of nAttractor



GAUGED BPS

o Adding temperature to supersymmetric black holes

o Focus on magnetic cases

A; 0;
0<A;L <1 2 states
3
1<AL E 1 states
3
E <A<?2 2 states
A>2 1 state




GAUGED BPS

o Adding temperature to supersymmetric black holes

o Focus on magnetic cases

—

A; 0;
0<A;L <1 2 states
3
1<AL E 1 states
3
E <A<?2 2 states
A>2 1 state

More important than JT sector!!!



ol

GAUGED NON-BPS
N

o Adding temperature to non-susy black holes
o Focus on magnetic cases

A, 0;
AL <1 2 states } Violations to BF bound!!!
3
> <A<?2 3 states

A>2 1 state




BIG SUMMARY

Spectrum Interactions
(Qr, PT) A Eigenstates (33) = (33) 4100 (1 + D(...))
2 Qr#0 = - 3
D—i ’ = = s s = =
& P40 Az =2 3 = (i, Xi) Ds o2
31=x1+X3 .
) . A =1 Dy undetermined
5 (4.9), 7 in- _
&0 32 = cip2 + X1 + caxe2
g o dependent
%o g‘; parameters 33 =
= A
9 Ay =2 34 =3 Dy = %
35 = c3p2 + caxe
Az =3 36 = c1p2 — X1+ c2Xx2 + X3 ﬁ:z:%
0.35 < A] <0.42, 3i=-x1+x3 10.3¢% < Dy < 12442,
+ 2 _ Pt 2
Magnetic, 0.58 < AT < 0.65 39 = —x1+ 2X2 — X3 14.1¢g° <Dy <23.5g
| M=2-3ny 115 < Ay <131 | 335=co1 4+ @2+ 3 —19.7¢2 < Dy < —4.49 ¢?
% Mg = Ng = Ny
31=—p1+p3 .
1.57 < As < 1.65 25.3¢% < D3 < 34.14°
35 = —p1+2p2 — p3
215 <A; <231 | 36=x1+X2+X3 35.4¢% < Dy < 48.7 g2
Magnetic,
Pl R e 1.46 < A3 <2 3= (piXi) 2.19 < 3D5 <3
pPi=p!
i=-x1tx ~
g ) Af <1 ' LA D1 >0
) Magnetic, = e T
g Pl _ P2 _ P3 2 1 2 3
o0 o pi=_p! 146 < A, <2 i =4, 1=1,2,3 2.19 < 2D, < 3
C2 22< A4 <3 36 =x1+Xx2+ X3 3.93<f%§4§2741
©
=]
3a=p1+ .
Dyonic, AT <1 1T Dy >0
Pl =+, 35 = p1+ 2p2 — 3
PI#L = ‘ "
QIyél:O 146<AX§2 3i:Xi77’:17273 219<€2DX§3
22< Ay <3 36 =—p1+ P2+ 3 3.93< 3D, < 2




OUTLOOK

Lessons and Future Directions



LESSONS

Supersymmetry is key
Gauged versus Ungauged Ungauged
Flavors of operators: relevant, marginal, irrelevant
Expected and unexpected pathologies

Not easy to reproduce D . SYK-like models are too simple.




FUTURE DIRECTIONS

o From UV to IR : connect nAdS, analysis with our understanding in AdS, and known brane constructions.
o Quantum corrections and spectrum near extremality: gap versus no gap, log corrections.
o More animals in the zoo: rotation, topology, additional charges, higher dimensions.

o Integrability conditions in AdS,: not every non-extremal BH is consistent.

TRAN v you



