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Abstract: | will first argue that the notion of black hole entropy extends universally to causal horizons. Then | will deduce the causal dynamics of
spacetime from the equilibrium thermodynamics of causal horizons. Specificaly, it will be shown how the Clausius relation dS = dQ/T between
entropy change, energy flux, and acceleration temperature for al local causal horizons implies the Einstein equation, with Newton's constant

determined by the universal horizon entropy density. Implications, non-equilibrium processes, and relations to AAJS/CFT duality will aso be
discussed.
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Black Hole Entropy
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Horizon Entropy

The notion of horizon entropy extends to de Sitter (cosmological)
and Rindler (acceleration) horizons. .. ndeed it seems to any
causal horizon The evidence:

e |* law of horizon thermodynamics
e Lt of zero cosmological constant or mfmite mass
e Paw creation rates

e Quantum transition rates

(See “Horizon Entropy™, TI and R. Parentani, gr-qc/0302099)
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Horizon thermodynamics

A0 N

The horizon system is a ‘heat bath’,

_ with universal entropy area density.

Boost energy flux across the horizon is

thermalized’ at the Unruh temperature.
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S=n4

dS =80T
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"
Horizon thermodynamics

The horizon system is a *heat bath’, S=nAd

- with universal entropy area density.

Boost energy flux across the horizon is
‘thermalized’ at the Unruh temperature. ds = @ / f 5

) e . |
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"
Analogy with gases

Gay-Lussac

Dalton
Avogadro




"
Equation of state

pV =N kT

Accounts for proportionality of V and N and much more.
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pV =N kT

Accounts for proportionality of V and N and much more.

6%&&55 networks found

Click to connect to a wireless network.
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Equation of state

pV =N kT

Accounts for proportionality of \V and N and much more.

6%!&&5 networks found

Click to connect to a wireless network.
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"
Equation of state

pV =N kT

Accounts for proportionality of \V and N and much more.
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"
Entropy and volume

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

NUMBER OF STATES: " 712

[Eniropy = isg(aumberersiates)) S/ < =V log I” + log J(E)
oS Nk

oV V
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Derivation of Equation of State

Ca—— 05 -
P
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Vacuum as thermal equilibrium
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Pomcare mvanance and energy positivity imply
the Mmkowsi vacuum for any field restricted to
the Rindler wedge 1s a thermal state :
: -] . -
0 = 11,00 = 2™ expl— H /T

T=h{2n

HBM,:II;E} 7% dZ’, 7" = boostKillin

An observer ona Killing orbit a distance/ from the horizon
sees the Unruh temperature, 7, ,=fia/ 2n =1/ 27l
(Bisognano -Wichmann 1975, Unruh 1976)

Horizon entanglement entropyv: S =-77 p, In p,
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Horizon entanglement entropy

The total entanglement entropy of the vacuum
S=-Trip,Inp,) s

S~ [d4dIT,, o A[dllI™ o AL

‘cutoff
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Vacuum as thermal equilibrium

Pomcare mvanance and energy positivity umply
the Mmkowsi vacuum for any field restncted to
the Rindler wedge 1s a thermal state :

— T laN ol = 77! ax !
Pr=Tr;|0)0|=Z7" expl— Hy,,.. /T )

T=h{2n

HBMI:J.’I‘I& 7* dZ’,  7*= boostKillin

An observer ona Killing orbit a distance/ from the horizon
sees the Unruh temperature, 7, ha/2mx=hi2xl.
(Bisognano -Wichmann 1975, Unruh 1976)

cal o

Horizon entanglement entropyv: S =-7r p, In p,
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Horizon entanglement entropy

The total entanglement entropy of the vacuum
S=-Trlp,Inp,)1s

S [dAdITL, = AfdlI? o A/12,,
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Pi

Horizon entanglement entropy

IIIII

: 06090001

The total entanglement entropy of the vacuum

JS TF ( pR ].11 JL)R )

cutoff

Could it be the source of ALL the black hole entropy?

Sﬁjd—lcﬁ]}jm oL J.cﬂfg oc A/12

Perhaps, if 2. forg = lriane =€ 1 HG,,,

feids
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' A
Horizon entropy
and renormalization of G

(A (1 “‘-\ (Susskind & Uglum 1994, TJ 1994
Demers. Lafrance & Myers, 1995)

Could account for all of the horizon entropy if “1/G,. _=0": INDUCED GRAVITY

bare
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L ocal causal horizons

Equlibrum pomt

:’““;; /// ///
N\ //\\

[\
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L ocal Rindler Horizon

approximat e boost Killing tield
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Local Rindler Horizon

N\ A~
7" approximat e boost Killing field
P
B
\\
2 =—AK°

k® = dx® /dA affine param. tangent_
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AS=AQ/T

“expansion” of the
horizon generating null geodesics
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Local Rindler Horizon
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7° approximat e boost Killing field

7 =—Ak"
k® = dx® /dA affine param. tangent_
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“expansion” of the
horizon generating null geodesics
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'_
AS=AQ/T

AS =nAd=n|6didA

“expansion” of the
horizon generating null geodesics

\
S .
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"
AS =AQ/T

AS =n A4 =n|0didA

- d(d’d)/ di “expansion” of the

1A horizon generating null geodesics

o
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'_
AS=AQ/T

AS =n A4 =n|0didA

- d(dA)/ dA “expansion” of the

horizon generating null geodesics
dA g g ge

o

AQ =T, z°k°dAdA= |- AT k*k*dAdA

\
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Focussing equation

d@/d/l =-30"-0,0" —R,k°k

0=—4 (O-dbo.ab + Rabkakb)p ik O(./:vz -)

Pirsa: 06090001



"
AS =AQ/T

AS=qAA=qI€dAd4

- d(dA)/ dA “expansion” of the

horizon generating null geodesics
dr‘-l g g g

o

AQ = [T, z'k'dadA=[-AT, kK dadA

K
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Focussing equation

dé)/d); =—50"-06,0%" —R, kK’

0=—4 (O-abgab & Rabkakb)p + O(A%)
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" JE
AS=AQ/T

AS =nAd=n|6didd=n|-i(c,0° +R kK" )didA

AQ = | T, x°k°didA = |- AT, k*k*dAdA
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" A
AS=AQ/T

AS=nAd= ry_f Odid4= ?]I— Alo,,0% +R k°k®)didA

AQ =T, x°k°didA = |- AT k*k*dAdA

T’ = h/ 27 = Unruh temperature
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'__
AS=AQ/T

AS =npAd= 7]_[6(?/1 d4 = nj— (0,0 + R, k°k*)dAdA

AQ = | T, x°kPdidA = |- AT, k*k*dAdA

T = h/ 27 = Unruh temperature
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'_
AS =AQ/T

AS =nAd=n|6diddxn|-i(c,0” +R kK" )did

AQ = | T, x°k°didA = |- AT, k*k*dAdA

T = h/ 27 = Unruh temperature

If valid for all LRH unplies tracefree Emstem equation with

G=1/4hn
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AS=AQ/T

AS =npAd=n|6didixn|-i(c,0° +R kK" )did

AQ =T, x°k°didA = |- AT k*k*dAdA

T = h/ 27 = Unruh temperature

If valid for all LRH unplies tracefree Emstem equation with

G=1/4hn
If also V*T , = 0 then
1 —
irsa: 06090001 Rﬂb - ERgﬂb T Agﬂb T 8;IG Tﬂf? Page 37/64



'—
AS =AQ/T

AS =nAd=n|6diddxn|-i(0,0° + R kK" )dAidA

AQ =T, x°k°didA= |- AT, k°kddA

T = h/2x = Unruh temperature

If valid for all LRH mnplies tracetree Emstem equation with
G =1/4hn  [100% ndicedtgraviey.

If also V*T, =0 then
— R — —
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"
Shear viscosity of the horizon

ddﬁﬁ;%‘d'ﬁd'”, where o =nT/2=hn/4x=1167G
td.

and &, = (dij/dt)oc, 1s the rate of shear wrt Killing tume 7.
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AS=AQ/T

AS =npAd=n|6didixn|-i(c,0” +R kK" )didA

AQ =T, x°k°didA = |- AT, k*k*dAdA

T =h/2x = Unruh temperature

If valid for all LRH unplies tracetree Emstem equation with

G =1/4hn  [100% induced” gravity.
If also V*T , = 0 then
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"
Shear viscosity of the horizon

dS ]. ~ - ~ ab
: = 2c0 .0, whete c=pnpT/2=hn/d7=1/16 TG
dtd*A T e=BEr ! /

and &, =(dAi/dt)c, is the rate of shear wrt Killing time 7.
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"
Shear viscosity of the horizon

where ¢=nT/2=hn/4r=1/16 zG

and &, = (dAijdt)c, 1s the rate of shear wrt Killing time 7.

irsa: 0609000 Page 42/64




'_
Curvature corrections
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'__
Curvature corrections

Equilibrium requires area not constant at p, so 6 is nonzero...

Equation of state is inconsistent with energy conservation unless
allow for bulk viscosity 3f/(16nG) (compare -1 /(16xG) from BH membrane).

Then Eqn. of state comes from Lagrangian for which S = dL/dR,
in agreement with stationary black hole entropy...
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"~ Hunh?

Pirsa: 06090001

Page 45/64



"~ Hunh?

Does this mean that any theory with local Poincare invariance and
a positive energy condition must have gravity??
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"~ Hunh?

Does this mean that any theory with local Poincare invariance and
a positive energy condition must have gravity??

It better not: consider any relativistic QF T in Minkowski spacetime!
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Hunh?

Does this mean that any theory with local Poincare invariance and
a positive energy condition must have gravity??

It better not: consider any relativistic QFT in Minkowski spacetime!

But doesn't the argument still imply the vacuum Einstein equation?
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Hunh?

Does this mean that any theory with local Poincare invariance and
a positive energy condition must have gravity??

It better not: consider any relativistic QF T in Minkowski spacetime!

But doesn't the argument still imply the vacuum Einstein equation?

It better not: consider any rel. QFT in non-Ricci-flat spacetime!
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Hunh?

Does this mean that any theory with local Poincare invariance and
a positive energy condition must have gravity??

It better not: consider any relativistic QFT in Minkowski spacetime!
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' A
Can the idea be tested?
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' A
Can the idea be tested?

What theory has enough local Pomcare mvariance
and a UV cutoft on entanglement entropy”
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' A
Can the idea be tested?

What theory has enough local Pomcare mvariance
and a UV cutoff on entanglement entropy?

The CFT m AdS/CFT with the boundary at large fuute AdS radmis
15 locally Pomcare mvariant and has a UV cutoft ... (RS brane)
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' A
Can the idea be tested?

What theory has enough local Pomcare mvariance
and a UV cutoft on entanglement entropy”

The CFT m AdS/CFT with the boundary at large fuute AdS radms
15 locally Pomcare mvariant and has a UV cutotf ... (RS brane)
..and gravity!

Moreover, entanglement eniropyscales as S ~ (Nz /Lfmﬁld,

and the mduced 4D Newton constant on the boundaryscales as
G~ (Lfmﬁ/ N?) where N = (0}% ./ gl*) is the number of colors.
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Hawking radiation?
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Hawking radiation?
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"
! 5ummarg

'E)|3c|¢. hole entropy has little to do with black holes...

rather with causal horizons.

*Thc Cquatir::m of state of vacuum thtrmadanamfca of causal
rcgic:-nf-.- is the Ein stein :quaticrr, with Newton’s constant the
inverse of the universal (cﬂtanglcmﬂnt) cnt ropy c]f:nﬁitg...

¢ orizon shearentails entropy [:n*n::.w:]l..[r;‘f:[nr:::rﬂJ and the ratio of
shear viscosity to entropy ::]cnsitg 'S univcraa”a hidr

«{_urvature corrections entail entropy Proclucticm.

. Hawkiﬂg radiation & entropy entails mode corversion to 5UPPI5 the
outgoing modes in the absence of a trana—ﬂ:ancld;an reSErvolr.
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What is the message”?
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"
What is the message”?

Is “area’-—and all geometry-—-just a measure of entanglement?
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| _ N
What is the message”

Is “area”-—and all geometry---just a measure of entanglement?

Area in loop quantum gravity seems close to this...
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