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Black Hole Chemistry Correspondence

Thermodynamics Gravity

Enthalpy H <> M Mass

hK
Temperature 7' <> — Surface gravity

2T

A
Entropy § < r Horizon Area

Pressure P <« —8% Cosmological Constant

| | | First Law
M =T8S, + ) (Q, —Q )SJ' +D,50+V,5P
i Smarr Relation
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The Chemistry of AdS Black Holes

Thermodynamic Potential: Gibbs Free Energy
G=M-TS=G(T,P,J.,Q)

* Equilibrium: Global minimum of Gibbs Free Energy
* Local Stability: Positivity of the Specific Heat
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Early Results from Black Hole
C h e m I St ry Kubiznak /Mann

i i 2016
Hawking Page Transition CIP 93 999 (2016)
— solid/liquid phase transition with infinite coexistence line

. Kubiznak/Mann
Black Holes as Van der Waals Fluids JHEP 1207 (2012) 033
— Complete correspondence between intrinsic and extrinsic
variables N. Altimirano, D. Kubiznak, Z.
. Sherkatgnad, R.B. Mann
Reentrant Phase Transitions Galaxies 2 (2014) 89

— Change from one phase to another and back again as one
parameter (eg. temperature) monotonically changes

Black Hole Triple Points < —> Solid/Liquid/Gas

N. Altimirano, D. Kubiznak,
Z. Sherkatgnad, R.B. Mann
CQG 31 (2104) 042001




Hawking-Page Transition

S.W. Hawking & D.N. Page
Comm Math. Phys. 87 (1983) 577

D-dim’l Schwarzschild-AdS Black hole

d ) spherical
r
ds® = —Vdt* + —+r2dQ? .
V ’ hyperbolic
* AF black holes evaporate by
Hawking radiation ° T = /
* AdS is like a confining box ;\ o i
—> static black holes in thermal | \
equilibrium | . SMALLBH 0
I'<T, = gasof particles | ,
(gravitons?) |
15t order transition between a1\ Tep TE !
) RADIATION | '
gas of particles and large black ) R C >0
holes at T.=T,, N | P




wl?_ (D=3)>+(D-1)r;
T = .
Adrr +l //""
SOLID
20021 LIQUID
Specific Volume:
VAR
Sl =2 — | =6—
4 N

Volume/DoFs

Phase transition in dual
CFT (quark-gluon plasma)

Witten (1998)

BH Chem interpretation
solid/liquid PT
(infinite coexistence line)

D. Kubiznak/RBM
Can.J.Phys. 93 (2015) 999

Equation of state

k
Pv =i
2TV
depends on the
horizon topology

Planar black holes
<-> ideal gas



Van der Waals Fluids

a a — 1Interattractive forces
P o S (V > b) — kT - .
1% b — finite molecular size

Qi> Pv’ — (kT +bP)v’ +a(v—>b)=0

Critical Point
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PV Diagram
for a VdW

Maxwell's
Equal Area Law
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Gibbs Free Energy
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First Law

dG =-5dT +v dP
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Charged AdS Black Holes  Xueiznek/tans

JHEP 1207

as Van der Waals Fluids g
2
d82 = —fdtQ | d; | r2d92 F—dA .

2 2
Temperature T = | [1+3r+ e ]

,B N 471'7‘+ lz r+2

A A 3
Entropy S=—=nmr’ Pressure P=-——= 2

. dr 8wl
Potential O = . Volume V= %mf

M:Q(TS_PV)-|-(I)Q dM =TdS + VdP + ®dO

Smarr Relation First Law



sical Equation of State

SS = %P Temp = %T )Press =

P B

Van der T 1
Waal's P = +
Equation V ) 77:V2




Gibbs Free Energy of AdS RN BH

L> G=G(T,P)= i(

T PsPe

87T

Just like a
VdW Fluid!

30°
r+

).004

).003

).002

).001 7

— |—— d3x\/_K——J d3X\/_n F“bA +1,
877: oM

L
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Fixed Charge

No transition to thermal
radiation due to charge
conservation
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ehaviour ——
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Just like a VdW

).05-
Critical Point P
).04- Critical Point
1.03-
).021 LiQuID
GAS
0.011
LARGE BH

’}l:l O0=3 ——> Mean Field

e, compressibility, specific heat, and
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Previous VdW BH Analogies

Chamblin et.al. PRDD60 (1999) 064018; 104026

Analogy 2: Grand Canonical

Fluid AdS Black Hole Fluid AdS Black Hole
Temperature Q Temperature 1 / T
Pressure 1 / T Pressure Q
Volume r, Volume D

Problems: (a) Confusion of intensive and extensive quantities
(b) Minimal temperature below which phase transition doesn’t occur

Kubiznak/Mann :
JHEP 1207 (2012) 033 Black Hole Chemistry

Fluid AdS Black Hole
Temperature T Analogy
Pressure —A/81G Complete!

Volume 47751;3 /3




Charged D-Dim’l AdS Black Holes

Gunasekaran/Kubiznak/Mann
JHEP 1211 (2012) 110
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Smarr Relation First Law



1/(D-1
Equation of State (20
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ree Energy of D-Dim AdS

D-1 P
_ G(T.P)= a,_, o 167 Pr, " (2DD_53)q
167 (D-1)(D-2) r

+

10 Dimensions 4 Dimensions
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T D-3 (D-3)q"

P="—— +

Critical Behaviour v (D-2)mv A 7y DD, 2D=5
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large BH




First observed in nicotine/water

And later in many other systems:

Re-entrant Phase Transitions

A system undergoes an RPT if a monotonic variation of any
thermodynamic quantity results in two (or more) phase transitions such

that the final state is macroscopically similar to the initial state.
Z. Phys. Chem. 47 (1904) 113.

multicomponent fluid
systems

gels

ferroelectrics

liquid crystals

binary gases

T. Narayanan and A. Kumar
Physics Reports 249 (1994) 135
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Single-Rotation Black Holes

. 2 2 o[ 21 42\d 17 p>=r’+a’cos’ 0
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+p—dl’2+p—d92+7‘200829dQD_2 A=(r+a’) s S
A >
W, , m (D—-4)= W, , ma a r- T8
M =—= 1+ J = —D=2 O - ,
41 52( 2 ) 4 =° P +a
T:i_l" (ﬁ_|_1) 1 _|_l)_3 _l_ S:a)D—Z (a2+r+2)r+d_4:A
21| i/ az+r+2 2r+2 r. | 4 = 4
D-3 2VP
E 2M=TS+QHJ—D 5 dM =T1dS +VdP + €, dJ

Smarr Relation First Law
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Zeroth-Order
Phase Transition




N. Altimirano, D. Kubiznak,
R.B. Mann Phys.Rev. D88
(2013) 101502

Zeroth-Order
Phase Transition

\ Q—CPZT(Q) <0
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Low T Medium T High T

mixed — water/nicotine = mixed
Intermediate BH = Small BH = Large BH
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v Rotating Kerr-AdS Blac
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Single Swallowtail

Triole Point!

Two
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Reentrant Phe
Ending in a Trig

Pl Critical Point 1
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Black Hole Triple Pc

N. Altimirano, D. Kubiz
RBM CQG
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Also for charged black holes in Einstein-
Gauss Bonnet Gravity!

Temperature






