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Thermodynamics constrains gravity?

Origin of spacetime is unknown

Quantum theory of gravity is necessary

On the other hand, BH is thermodynamic = macroscopic

BH is statistical mechanics of QM??
Strominger-Vafa (1996), recently Kawai-Yokokura

BH thermodynamics will give macroscopic clues to QG!
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A definition of entropy obeying 1st and 2nd law

(d + 1) dim dynamical BH

A

>

mass M,

L (angular)

Normalizable modes 7; (6))

e i

j Stationary Euclid BH with same values

momentum P,

Stationary atr = 0

2nd law by AdS/CFT: S, > S, |
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A definition of entropy obeying 1st and 2nd law

1. BH thermodynamics and problems
Coarse-grained entropy and 2nd law in CFT

Rewrite in gravity by AdS/CFT

2nd law implies null energy condition

a & w b

(Generalized) 1st law in GR
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4 laws in thermodynamics

O0th law: Existence of intensive variables
Temperature T, chemical potential 4, ...

1st law: Energy conservation
dE = TdS + udN + ---

2nd law: Iff X — Y is possible with X in equilibrium,

Sy < Sy

3rd law: Entropy variishes at 7 = 0
Unnecessary to congfuct thermodynamics
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BHT is almost parallel

angular momentum P

. 4

4

.+ Hawking
temperature
K

T = —
27

angular
velocity

Oth law: intensive variables

T,Q, ...

1st law: Energy conservation
dM = TdS + QdP + ---

2nd law: still under debate

Hawking area law?
Generalized second law?
Other candidates?
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2nd law IS under debate

Generalized entropy?

event horizon S —————
A |

Sgen = E + Smatter

*
*
o
*
*
*
o
*
*
*
*
*
*
*
3
o
*

S

matter

{ Various attempts to show 2nd law:

| Sgen increases monotonically

[ = const

| think, this claim is different from thermodynamic 2nd law...

2nd law: If X — Y is possible, 5y < Sy, with X in equilibrium

ex) Vaidya

always out of equilibrium

Seen 7 Jsch for initial state
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To do: Find entropy obeying 1st and 2nd law

(d + 1) dim dynamical BH

A N

S, > Sy: shown by AdS/CFT

0

}

7 S,_o coincides with stationary BH’s

Stationary att = 0

Generalized 1stlaw S, = B(M, — Q.P)) — Jdd—lg
T

local contributions

from matter fields 10 /31



A definition of entropy obeying 1st and 2nd law

1. BH thermodynamics and problems
Coarse-grained entropy and 2nd law in CFT

Rewrite in gravity by AAS/CFT

2nd law implies null energy condition

a & w0 Db

(Generalized) 1st law in GR
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Coarse-graining is respecting some aspects

Canonical ensemble

Maximize S(p) = — Trplnp
under Tr(pH) = Eand Trp = 1

—> Pean X e PH (f = P(E): Lagrange multiplier)
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Coarse-graining is respecting some aspects

Coarse-grained state p,

{H, P,, 0,/0)}: operator set to be respected

Maximize S(p) = — Trplnp
under Tr(pH) = h, Tr(pP,) = p4, Tr(pO/(0)) = 0,(0), Trp =1
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Coarse-grained entropy of time ¢

Coarse-graining conditions:
Tr(pH) = h, Tr(pP,) = p,, Tr(pO,(9)) = 0,6)

Coarse-grained state p_, , defined by

Schrodinger eq

mixed state p
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2nd law from relative entropy

{ Positivity of relative entropy

| Trp, <1npt—1npcg,t> 20 2ndilaw 5 2 S

Py

T

_ T
pr = UpyU H(t) = H - [dd‘léj’(t, 0)0,(0)

A

Schrddinger eq - | |
Po < exp | =5, <H — Wy Py — Jdd_l@flé(g)Ol(e))

pcg,O = Po

mixed state p,
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A definition of entropy obeying 1st and 2nd law

1. BH thermodynamics and problems
Coarse-grained entropy and 2nd law in CFT

Rewrite in gravity by AdS/CFT

2nd law implies null energy condition

a & & N

(Generalized) 1st law in GR
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AdS/CFT constrains BH dynamics

[

mixed state p

AdS/CFT

AdS/CFT

—

™

dynamical BH

Constraint on BH spacetime
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Setup: equilibrium to non-equilibrium

[

A

Pt
— T
Pi= K@U H(j) = H - [dd-lej’u, 0)0,(6)
Schrodinger eq I
I po x exp | —f <H — WPy — Jdd—lez{)(e)o,(e)>
mixed state
EOM

B.C. ®(x) ~ rr4jl(¢,6)
Prepare initial config.
~~—____— by continuing Euclid BH

18 /31



GKPW formula and 1pt functions

o ad—1p ;1 ]
<ezfd 0) (f,9)01(9)> ellgraV[(D] with (I)()C) ~ rAI_djl(ta 9)

%)
Tr(p, 0,60 = [, [®P] =: 0
(pt I( )) 5jl(t, 9) grav[ ] ﬂ],t( )
Tr(p,H), Tr(p,P,) = ADM mass, momenta

Computed from Brown-York tensor
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Coarse-grained state = Euclid BH

Z[p,Q, A = -
AdS/CFT N A'(X)
Tr exXp |:—ﬂ <H— O)APA — {dd_leﬂl(8)01(9)>:| — e_]grav[q)]
O)A
Tr(p.. 0,0 _ _ 0 e = ®
Tr(ngH ), Tr(ngPA) = ADM mass, momenta

At each time 7, coarse-graining conditions become

Solution: (f, w, 1) = (f,, ®,, A,) 20 /31



Entropy Is the cigar tip area

St — _Trpcg,t In pcg,t

= 2 InZIf, @, 2] o

op 4G
(P,0,0)—=(p,wA) \

classically

YHED

o
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A, > A, via AdS/CFT

j Positivity of relative entropy

Trp, <lnpt — lnpcg,t> >0 2nd law S, > §,

A > A,
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A definition of entropy obeying 1st and 2nd law

1. BH thermodynamics and problems
Coarse-grained entropy and 2nd law in CFT

Rewrite in gravity by AAS/CFT

2nd law implies null energy condition

a & w b

(Generalized) 1st law in GR
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Sch-AdS

Vv = const
y)
ds® = — f(v, dv? + + r2dQ?,
(v, 1)
r* o 2u(v)
f(V,r) =1 +E_ rd—2

on boundaryv =t

The values to be respected: mass M,, angular momenta P, ,, charge (),

M, = Vol(S*1 x u(f) + (4 — indep.)

8nG
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Sch-AdS

Euclid BH having same M,, P, ,, O,

2
ds? = f(v, rdz? + + r2dQ?
J(v, r)
r* 2u(v)
Jv,r)=1 T T
AdS/CFT says
Ar 2 Ay

This does not hold for all u(v)
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The same thing holds for other cases

AdS/CFT says
A2 A
This does not hold always

| also confirmed in P¢ # 0 case and Q # 0 case

asymptotically flat
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A definition of entropy obeying 1st and 2nd law

1. BH thermodynamics and problems
Coarse-grained entropy and 2nd law in CFT

Rewrite in gravity by AAS/CFT

2nd law implies null energy condition

o &>~ N

(Generalized) 1st law in GR
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Entropy vs Euclid action: Legendre tr

Entropy S, and free energy F, := 1P [, w,, 1]

grav

5 = — Ié]r?v[ﬂt’ 0y, A + Py <Mt — a)f‘PAJ — Jdd_lf /III(H)szJ(Q)>

N

Values to be respected

(p,, w,, A,) are viewed as functions of (M,, P,, r,)

c.f.) CFT description
St - = Trpcg,t In pcg,t

= In Z[f, wp 4] + (<H>t — wM(P,),— [dd-lm’wxo,(e»t)
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First law Is generalized

5 = — Ig(]raa)v[ﬂt’ 0, 4] + Py (Mt — a)f‘ Py, = [dd_l‘g/ltl (‘9)”1,t(9)>

(p,, w,, A,) are viewed as functions of (M,, P,, ,)

The time dependence of S, is through (M., PAJ, nl’t)

The variation of I'2) [ 8, w, 1]

grav

SIS LB 0, 4] = MSf — P,6(pw) — ﬁJdd‘le SAL(0)7,)(0) + (E/QM)

Setting © = —, we obtain
dr
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