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Searching QG macroscopically

Origin of spacetime is unknown

Quantum theory of gravity is necessary

On the other hand, BH is thermodynamic

Thermodynamics is macroscopic

BH thermodynamics will give macroscopic clues to QG!
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A formulation of black hole thermodynamics out of equilibrium 
guided by holography

1. BH thermodynamics in equilibrium 

2. Problem: 2nd law of BH thermodynamics 

3. Holography: duality between gravity and QFT 

4. What holography tells about BHT?
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4 laws in thermodynamics

0th law: Existence of intensive variables
Temperature , chemical potential T μ

1st law: Energy conservation
dE = TdS + μdN

2nd law: Entropy inequality
St ≥ S0

3rd law:  cannot be achieved by finite stepsT = 0
Unnecessary for thermodynamics
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0th law of BHT

BH

angular velocity Ω

Hawking temperature T

Also, electrostatic potential ϕ



/208

1st law of BHT

mass M

BH

Ω

T
J

dM = TdS + ΩdJ + ϕdQ

If charged

S =
Area
4G
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2nd law of BHT

BH BH

S0 ≤ S∞

t = 0 t = ∞
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2nd law out of equilibrium

BH
BH

BH

Entropy out of equilibrium?
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2nd law out of equilibrium

BH
BH

t = 0 t

 ??S0 ≤ St

A complete proof not given yet

S =
Area
4G

St = ??
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Non-gravity = Gravity

Holography, especially AdS/CFT correspondence

CFT on cylinder

t

Scale-invariant, QCP

=
AdS/CFT

t

Gravity in the bulk

Negative cosmological constant
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BH

15

Evolving mixed state = Dynamical BH

t

=
AdS/CFT

t

mixed state ρ0

ρt = Uρ0U†

dynamical BH
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Thermodynamic entropy in QM

Canonical ensemble

Maximize  under S(ρ) = − Tr ρ ln ρ Tr(Hρ) = E

  ( : Lagrange multiplier)ρcan ∝ e−βH β = β(E)

Scan = − Tr ρcan ln ρcan
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Coarse-grained entropy in general

Coarse-grained state ρcg,t

: target stateρt : operator set{H, OI( ⃗x)}

ρref,t := argmaxρ (−Trρ ln ρ)

Coarse-grained entropy St

St := − Trρcg,t ln ρcg,t = βtTr(ρt H) − ∫ dd−1 ⃗x λI
t ( ⃗x) Tr(ρt OI( ⃗x)) + ln Zt

under   Tr(ρ H) = Tr(ρt H), Tr(ρ OI( ⃗x)) = Tr(ρt OI( ⃗x))

        Lagrange multipliersρcg,t =
1
Zt

exp [−βtH + ∫ dd−1 ⃗x λI
t ( ⃗x)OI( ⃗x)] λt :
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2nd law-like inequality
Setup

ρt

H(t) = H − ∫ dd−1 ⃗x jI(t, ⃗x)OI( ⃗x)

Tr ρt (ln ρt − ln ρcg,t) ≥ 0

Positivity of relative entropy

⟺ St ≥ S02nd law

t

mixed state ρ0

ρt = Uρ0U†

ρ0 ∝ exp [∫ dd−1 ⃗x λI
0( ⃗x)OI( ⃗x)]
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AdS/CFT constrains BH thermodynamics

BH

t

=
AdS/CFT

t

mixed state ρ0

ρt = Uρ0U†

dynamical BH

S0

St

S0 ≤ St

AdS/CFT
Constraint on BH spacetime


