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Outline

Part1

 Black hole thermodynamics
* Phase transitions and holography
* Generalizing to de Sitter

Part I1

* Semi-classical black holes
* Viability of dynamical models

* Observational signatures?
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Why black holes?

N

* Black holes are one of the few objects in the universe where curved-
space QFT and quantum gravity effects manifest.

* They appear to have thermodynamic properties:

5 ~x
T2 &\.{\?
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L.aws of black hole mechanics

N

* Black holes can be assigned entropy, temperature, etc. and obey the

laws of thermodynamics:
Bardeen, Carter, Hawking 1973

Bekenstein 1974

5M:8i5A+95J+... k~Ty, A~ Sey
1 i

 Jfsolution is not vacuum or there is matter:

1
R 5/ fpepT“V(Sgw/ "l—/ 0 (TMV&'MEV)
>3 >
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I.aws of black hole mechanics

e (Can be understood in a covariant form: Lee, Wald 1993
lyer, Wald 1994

Wald, Zoupas 2000

SHe — fz ¢, 6, Leo)

/5Q§ :/ 06)e — gl Entropy <> Diffeos.
J B 0O

1

~ a¢b
QS 16’7T6abv 5

[ TH0S =0 — Qg 0J J

* Can be interpreted as a physical process or global state comparison.
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Hawking Radiation ) zn




Hawking Radiation

 The evaporation process is ordinarily
thought to be a feature particular to
event horizons.

* Really all we need is a particular
relation between null generators:

N/ L —TW U
Bw/w — %1/% fdue_?’w

o(u) ~ v — e I/ Q

Umax
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-
Anti-de Sitter space (A < 0)

* Possesses nice boundary structure suitable for holography:.

e Periodic (closed) orbits.

L= LnapXAXE _ X)X aXA 4 a?)
= X4+ LX4=0 and X“4=0

(timelike) (null)

* A natural length scale /s 4g separating
two distinct regions.
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Variable A

* When A is treated as a constant, no notion of volume/pressure:

M
SM(S,A, Q) =T 35S+ Q67 +L%%A

» Allowing A to vary:
(5]\/[ — T 55 —|— Q 5J —|— @ 5./\ Kastor, Ray, Traschen 2009

* Integrating the Killing potential then leads to a volume term:

@:/ ds, wab—/dza Wb _ ,ab :n
o [

2 h o v
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Variable A
* 'The first law is restored:
A
OM =TS+ |VoP P=——
7 = red

LHS must correspond to a variation of enthalpy, not energy:

SH = §(E + PV) = 6E + PSV + V4P
=T8S — P§V + PSV + V4P
SH =T8S + V6P

irsa: 23110049 Page 12/42




e
The Hawking-Page transition

* Consider an asymptotically AdS 0.15 i
(A < 0) black hole spacetime.
. 0.10
* The free energy is:
>
5
& 0.05
G=Mapm —TuSBH 8
Radiation
0.00
*  When the temperature increases past Ic, a :\ Large BH
phase transition occurs. _BL.0E :
00 05 10 15 20
Temperature

Hawking, Page 1983
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Reissner-Nordstrom-AdS
Kubiznak, Mann, Teo 2016
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1
Reissner-Nordstrom-AdS

Kubiznak, Mann, Teo 2016
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Anti-de Sitter Space

* The conformal boundary is timelike:
Conformal boundary

v

= R X S d Minkowski

region

AdSg11
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A
The dual description

* In AdS/CFT, we identify the stress tensors as functionals of the

boundary metric:

B a8 2 0SCFT
vV~ 5’}/;&1/ vV = 5'7uv

* The partition function of the gravity theory and CFT are the same:

"

—— (TH") =

Zads|g, 9o] = Zcrrh, do)

N

* Bulk theory is typically some variety of SUGRA at large N.
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The dual description

« AdS/CFT allows one to probe strongly coupled systems through a weakly

coupled gravitational system.

e BH transition in AdS is dual to a
deconfinement transition in SYM.

TQCD — MBH

* Bulk phase structure can describe an enormous variety of systems!
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The dual description

* Corrections to the bulk have implications for the boundary theory:

/\/Tg(R—zA) — /\/Tg(R—2A+AGGB)

N

. ViSCOSi'Ey bOllfld n @TSI Q > i Kovtun, Son, Starinets 2005
s — 4m

* Corrections are obtained: s i T =k )\%
s 4w 3
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What about de Sitter?

 In asymptotically flat and de Sitter spacetimes, black holes evaporate
and there is no thermal equilibrium.

Fived |
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What about de Sitter?

 Take a semi-classical path integral approach: Gibbons, Hawking 1977

Z=Tre PH = f@[g] e 1B/M Ze_lE[QC‘]m 3

Jcl
* Data is fixed at a finite boundary in the spacetime:

1 1 :
T Jo

167T M

Olog Z L |
<E> = — ((),ff)) : 5 — _;:.3 (log Z — 3

Olog Z

) . F=—-B"1logZ
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What about de Sitter?
Consider a class of regular black holes: Soranidis, Simovic: 2309.09439
1
Ig=—— | d'z/g| R—2A+4L(F,G)
167T M
1 3 | 3
= —— | &Bzvk F*n, A
+87T dx\/_K 167?/ s (3]:) (.
where [:(]:) — 4y (O{]:)‘”'"S F=F. FkFv . = i F
& (1 + (aF)I‘L/Zl)Q ? LLV : T 47‘_ S
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e
What about de Sitter?
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1
What about de Sitter?

Soranidis, Simovic: 2309.09439
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What about de Sitter?

* Coexistence line is compact, Temperature
terminating at second-order DON00% 0040 0045 0050
critical points with
cosmological horizon.

1.1

* New critical behaviour may
emerge where the end points
meet. N>0.8

=
Free Energy

0.002
e Some features of non-Fermi Pressure

metals, FCCs, etc. are realized. 0.001

Soranidis, Simovic: 2309.09439
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1
What about de Sitter?

Soranidis, Simovic: 2309.09439
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Studied examples

* Scalar fields: £¢ — -
Fusco, Mann, Simovic 2021
+ 4D Gauss-Bonnet: Lgp = %G —2G"V, Vi — % (Vap)* — (Vep) )

Marks, Mann, Simovic 2021

3 . : 1 Qg sa1by...apby c1d; Crdg
Exotic black holes: L=g5= D nok0c di crdy arky  »o-Llaghy

(09)* — 15¢°R — V(8)

B —

Hull, Simovic 2022

* Regular black holes: L4, = %(QFLWFW)% (1 ot (@FWF“V)%)—

Soranidis, Simovic 2023

2

Incredible diversity of bulk phenomena in dS!
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I
The CMB

* CMB acts as a thermal bath at temperature: 5 ='2,726 K
* A BH in thermal equilibrium needs: r, ~ 67um , M = 0.0075 = My,
* As Universe expands, CMB redshifts more and more.

* Critical points are usually ~ [(a)qs, but HP occurs even when
cosmological constant is negligible.
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The black hole zoo

«  Wide variety of models with varying compactness: 79 = 2M (1 + €)

Boson star
Neutron star

e=0 e < 1/50 e>1/8

Black hole Fuzzballs 2-2 T}lole Gravastar
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Physical black holes

* An operationalist viewpoint might require finite formation time of the
apparent horizon:

[(a,b — hca llfdbvcnd

e o e el 1
}‘fab — qcaq( bvcsd

¥, hab

[@g = K+k—5%°H,;,;, =0 — rag ]

* The equivalence principle also suggests regularity at the apparent
horizon as a natural feature of such objects. S
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A
Physical black holes

« Assume classical spacetime is sourced by the expectation value of
some appropriately renormalized energy-momentum tensor:

GMV = 87 <TMV>w

[
« Assume a general metric with Misner-Sharp mass C(t,r).

dr? 2 et _ C(t,r)
f(t,’f‘)+r s , f(t,r)=1-— ;

* From these assumptions one can construct a semiclassical framework
which encompasses many known black hole models.
Mann, Murk, Terno: 2112.06515
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A
Physical black holes

* Introduce rescaled RSET components and resulting EFEs:

. = e 2T, O = 87T7‘27't/f
T =T «—  9,C =8nrie"n"
Ty = e_h’T; O-h =4nr (¢ +7") /f2

* Finiteness of curvature invariants constrains the allowed scaling:

() + (f) ~2(7f)’ o
O
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Physical black holes
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* Properties of the metric and RSET are given in a near-horizon
expansion (x = r — r,). Regularity implies two types of solutions:

> k=1

(¢ -

h— —g In (%) +O(/7)

ry = +4./7re€3es/3

-

Tg — 4\/—7r62/37'§’/2:c3/2 + O(x?)

w
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Pi

Physical black holes

IIIII

ds?

Leads to constraints on the dynamics of physical black holes:

i = Tz/f j:e—h,TQ/fQ
b — :FehTZ —Tz/f

Only two types of Vaidya metrics are valid:

ds? — — (1 QM(’“’)) du? — 2dudr + r2d02

123110049

- (1 - 2M(”)) dv? + 2dvdr + r2d$)?

Tk ks <10
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