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Three mystifying things:

1) The 1 law of black hole mechanics, 0M = }21_;45‘3”,

has a vivid thermodynamic meaning, connected via the Hawking
effect to QFT, but is encoded in the classical Einstein equation,
as is the 2" law.

2) BH entropy, which (via entanglement) should depend on the
nature and number of matter fields, is nevertheless universally

equal to A/ﬁthN

3) BH thermodynamics applies also to de Sitter and Rindler
horizons, which are (more) observer dependent and can exist
anywhere and everywhere in a spacetime.




|dea:

> The physical origin of all this behavior is “vacuum thermodynamics”.

> The Einstein equation is an equation of state, with G determined
by surface entropy of the vacuum.
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|deal gas analogy




Entropy and volume

The molecules are so small that they occupy a negligible fraction
of the available volume. Therefore...

NUMBER OF STATES: V" [(E )

Entropy = k log(number of states) Slk=NlogV+log f (E )
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Equation of State
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Clausius relation  dS=—=
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Vacuum as thermal equilibrium

Poincare invariance and energy positivity imply
the Minkowsi vacuum for any field restricted to

the Rindler wedge is a thermal state: \/
pR:TrL|O><O|:Z_1eXp _HBoost/T)

L R
T=Hh/2xn

HBoost:f T, x° dx’, y*= boost Killin %\

An observer on a Killing orbit a distance / from the horizon
sees the Unruh temperature, 7, ,=hal/2n=h/2xn .

local

( Bisognano-Wichmann 1975, Unruh 1976)

Horizon entanglement entropy: S=-Tr p, In p,
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Horizon entanglement entropy

The total entanglement entropy of the vacuum
S=—Tr(pR In pR) 1S

SNNJ‘dA di T?ocalOCNAJ‘dl l_3OCNA/liut0ﬁp




L ocal causal horizons

Equilibrium point
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Horizon thermodynamics

49

The horizon system is a ‘heat bath’, S =N A
with universal entropy area density.

Postulates

Boost energy flux across the horizon is
‘thermalized’ at the Unruh temperature. dS: §Q/T

Implies focusing of light rays: the causal structure
must satisfy Einstein’s equation, with  G=1/47y




Local Rindler Horizon

\/

¥" approximate boost Killing field
p

Xa: —j{ kCl
k*=dx"|d}. affine param. tangent



AS=AQIT

AS=n 44=n 0 di. d4

6)_ d ( dA )/ d/l “expansion” of the

d A horizon generating null geodesics

A0=] T, 7"k di-dd=| =) T, kK’ di dA
|



Focussing equation

doldi=—— 60>—0o_,c”— R, kK"
2

e g=—) Uabaab—l—Rabkakb)p—l—O(/lz)
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AS=AQIT

AS=n Ad=n | 0 di. dd~n | 7 (6,,0"+R k" k") d} dd

40=| T, K didd=[ —i T, kK di. dd

T =h/2n= Unruh temperature

If the shear does not vanish at p cannot satisfy dS = dQ/T.

If valid for all LRH implies tracefree Einstein equation with

G=1/4nh n 100% “induced” gravity
If also VaTab:O then
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Shear viscosity of the horizon

d;S 1 A ~ab
=— 266,06, where ¢c=nT/2=hnl/d4n=1/167G

dtd*a T

and & ,=(dAldt) o, is the rate of shear wrt Killing time 7.
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AdS/CFT Test

What theory has enough local Poincare invariance
and a UV cutoff on entanglement entropy?

The CFT in AdS/CFT with the boundary at large finite AdS radius
1s locally Poincare invariant and has a UV cutoff ... (RS brane)

...and gravity!

Moreover, entanglement entropy scales as S ~ (N 2 Liumﬁ A,

and the induced 4D Newton constant on the boundary scales as

G ~ Liutoﬁ/Nz), where NZ(Rde/gl;’) is the number of colors.

(Hawking, Maldacena, and Strominger ‘01, Emparan ‘06)
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comments and questions

1. The UV entropy finiteness assumption implies gravity, and
gravity becomes strong in the UV, providing a potential
cutoff mechanism. Does this signal a deep self-consistency?

2. If entropy is UV divergent we seem to infer G=0, but still the
vacuum Einstein equation. Is this invalid? Why or why not?

3. The “horizon system” can be identified with the “atmosphere”
behind a stretched local Rindler horizon, leading to a picture of
“vacuum hydrodynamics”, as discussed in a new paper by
Chris Eling (out today).



