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Why Black Holes are of Wider Relevance

® The key feature that makes black holes interesting is the presence of a horizon.

® Two other types of horizons exist: cosmological horizons and acceleration horizons.
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All Horizons are the Same

There is no difference between so-called observer-dependent horizons, like
cosmological and acceleration horizons, and “true” black hole horizons.

In fact, Hawking and de Sitter radiation can both be viewed as Unruh radiation in
higher-dimensional Minkowski space.
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A Puzzling Aspect of Black Hole Mechanics

Bardeen, Carter and Hawking (1973) proved that classical black holes obey four
mechanical laws that are analogous to the four laws of thermodynamics:

0) at equilibrium, the surface gravity, x, is constant over the horizon
_ K A

1) dM = 3=d ({5) - Q dJ

2) horizon area always increases: dA > 0

3) in no physical process can k go to zero

These analogies turned into identities once Hawking radiation was discovered.

But ... how did the classical laws “know” about temperature and entropy?
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he Einstein Equation of State

Jacobson (1995) made a bold attempt to solve this puzzle.

By assuming, rather than deriving the thermodynamic properties of black holes, and
then applying them to local Rindler horizons, classical gravitational equations
remarkably appear as a consequence of thermodynamic equations.

dQ) =TdS = G, + Ag,, =87G T},

The Einstein equation thus re-appeared as an equation of state!




General Theories of Gravity

Consider an arbitrary relativistic diffeomorphism-invariant theory of gravity:

1

I = 16—7'(' de’\/ _gL(gaba Rabcd) + Imatter

Define

Pabcd _ oL
aRabcd

Then the equation of motion of classical gravity is

1
P Ricge — 2V VA Pyeap — 5 Lgab = 87T

For example, when L = f(R) we have P = 1f/(R) (g°¢g"® — g*?g**) and thus

f'(R)Rap — VoV f'(R) + (Df’(R) — %f(R)) Gap = 8T gy




Wald Entropy

Each of these different theories of gravity has its own black hole solutions with their
own entropy formulas.

f(R) gravity: ' (R) %

1

Gauss-Bonnet gravity:  Sc-B = 5 /dDQx\/E R(p_9)

1
The general formula was given by Wald: S = S / dS,p J
K Js

where J% = —2P%¢lY ¢, + 4¢, (V. P*?) s the “Noether potential”

for a time-like Killing vector £°.




| ocal Acceleration Horizons

Take an arbitrary point p in an arbitrary spacetime and choose a null vector k&:

1

Near p the metric can be written as locally flat: gab = Tlab — gR

In this patch, there is an approximate boost Killing vector fa — :E(?f’ -+ t@g

which asymptotes to the chosen k& and which defines a stretched horizon, ..




Variation of Wald Entropy

: 1
We want to derive P,““Rycqe — 2V VI P,eap — > Lgap = 87Ty from dQ) =TdS

Assume Wald entropy formula for local Rindler stretched horizon:

1 1
S=— [ dSuJ® =~ [ dSu (P™V.&s— 264V P

8Kk Jg 4k Js(r)
1
0S =8S(m2) —S(n) = —i_ﬂ / dx.V, (Pabcdvcgd _ Qfdvcpade)
DY

1
5S = ﬂ [_vb (Padbc 4+ Pacbd) vcgd 4+ PadevaCSd . QSdVbVCPade} dza
>

K
Czjlocal —
2T

1
Tocal0S = —— /(PadeRdcbe‘ge_ 2€dvbvcpab6d) nedrdA
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he Thermodynamics of Spacetime

1
Heat flow 60 = +/ dX, T’ = _/ dA drn, €
by by

84

1
Equate to Tioca1dS = —— [ (P™“Rycpel® — 264V VP nodrd A

87TOé »

Take null limit ~ (P,°% Rpcde — 2V Pocap) kK" = 87T,pk K

This holds for any choice of null vector ka. Hence
P % Ryedge — 2V NV Pocap + 0 gap = 81T

Imposing the Bianchi identities gives

1
PaCdeRbcde — 2vCvdpacdb — §Lgab + Agab — 87TTab

The equations of gravity appear as a consequence of d() = TdS'!

MP and Sudipta Sarkar, “Beyond the Einstein Equation of State: Wald Entropy and Thermodynamical Gravity,” 0903.1176




he “Atoms” of Spacetime”

Does gravity arise from the thermodynamics of the “atoms” of spacetime?

Speculation: In string theory, we can calculate black hole entropy in a dual picture
which has no manifest spacetime structure to it.

Using the entropy obtained from microstate counting of these “atoms” of spacetime,
we can apply the Clausius relation locally, thereby obtaining the gravitational
equations of motion.




