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Introduction

Motivation

Image from Event Horizon Telescope project
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Basics

Thermodynamics

S(aU,aV,aN) =aS(U, V,N)

Generalized extensivity - Quevedo et al., 2017 [1]:

WOPE, L NTET) = N W(EY, L ET)

Stability criteria

oT(U,V) 1 op(T, V)
ou ¢ 0 oy =0
1 0T(U,p)
Cr  oU ‘p>° )
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Basics

Different kinds of black holes

Categorizing black holes - No hair theorem

Uncharged Charged (Q)

Not rotating | Schwarzschild | Reissner—Nordstrém

Rotating (J) Kerr Kerr—Newman

Can all be embedded in Anti-de Sitter spacetime
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Volume concepts

Where can we go?
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Volume concepts

Without volume

Negative heat capacity - Bir6 et al., 2018 [2]

re =2M=2U
S(U) = 7ré = 4nU?
22S(U) B 1
pUE ~ Gy om
v

therefore Cy < 0?
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Volume concepts

Where can we go?
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Volume concepts

Classic geometric volume

3 dimension sphere volume - Spallucci & Smailagic, 2013 [3]

AN=-8P = V=_nrd

S=rR?

1\/(S+7r02 + %32)2 +4n2(1 4 8£8) 2

H(S,P.J.Q) = M = —

i
Cp =

(58)pua

v
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Volume concepts

In the steps of Dolan [4]

— T=¢,=0

— Cp— @

i SP

Figure: The full JP-SP phase space (Q = 0)
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Volume concepts

In the steps of Dolan [4]
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Figure: First plane quarter of the JP-SP phase space with the critical point.

(SP)it ~0.08204 and  (JP)git ~ 0.002857
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Volume concepts

Where can we go?
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Volume concepts

Thermodynamic volume

7

Figure: Conformal or Penrose diagram of a collapsing object spacetime

Christodoulou & Rovelli, 2015 [5]



Volume concepts

Christudoulou—Rovelli volume

Christodoulou—Rovelli volume [5]

Ao 8PS (Previously : A = —87P) — V =r3

™

S=nrR?
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Volume concepts

Christudoulou—Rovelli volume

Christodoulou—Rovelli volume [5]

Ao 8PS (Previously : A = —87P) — V =r3

™

S=nrR?
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Phase space

With the thermodynamic volume

— T=c,=0 JVP

— Cp—> @

0.4 4

; ; . : o . S2p

Figure: The full J — S — P phase space in reduced coordinates (Q=0).
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Phase space

Comparison

* = nr —ie
(SP)erit ~ 0.08204  and (S2P)gi ~ 0.1584  and
(JP)crir = 0.002857 (J\/,B)Cm ~ 0.01729

Critical point with using geometric and thermodynamic volumes.
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Hawking-Page phase boundaries

Hawking & Page, 1983 [6]

c g

200 R

Radial dependence of temperature in dimensionless coordinates, left:
geometric volume, right: thermodynamic volume. Hawking—Page
temperature marked in green.
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Figure: Concavity of entropy - Bir6 et al., 2018 [2]
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Basics

Equilibrium of a two component system

Equilibrium of pressures

- nR,T pr 0y
Pia = % Prad = 3 —3T

Figure: Phase equilibrium of radiation field and ideal gas in dimensionless
coordinates.
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Different metrics

_2GMm

o dr? + r?d¢? + rsin®gd¢?

ds® = c?dr? = —(1 )czdt2+ —=

2

Reissner—Nordstrom

2M QP § ;
d32 _ (1 -+ %)dtz — 1 zdi; QZ — r2d92 + r231n29d¢2
r r2
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Different metrics

where
f2 aZ L2 2
A:( i zg +r)—2mr, :1—Fcose
p? =r? + afcos®d, és A= —% = —8nP.
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Different metrics

r2 —2Mr + Q2 + 22(1 — sin0)
r2 + a2cos?6

ds® = — adv? + 2dvdr + r? + a’cos’0de?

2Mr — Q?
r2 + a?cos20

A sin®0

. 2
_ 0 ,
(r?2 + a?cos?0) IR e

d¢? — 2asin®0 drd¢ — 2

where

A= (r?+ &) — (r? + & — 2Mr + Q*)&’sinf
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