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Temperature, Heat etc. demands microscopic degrees for freedom
for their proper description.

Exact nature of these degrees of freedom is irrelevant; their
existence is vital. Entropy arises from the ignored degrees of
freedom.

EXAMPLE: Most of fluid/gas dynamics can be understood
phenomenologically. But fundamental explanation for temperature
comes from the molecular/atomic structure of matter.

Thermodynamics offers a connection between the two though the
form of entropy functional, S[¢]. No microstructure, no
thermodynamics!

You never took a course in ‘quantum thermodynamics’.
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Ga = 87T,,' We accepted it anyway (1915).
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Rindler horizons have a temperature (1975-76)
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o8 OBSERVER

Works for Blackholes, deSitter, Rindler
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WHY ARE HORIZONS HOT 7
(Where does Temperature spring from ?!)

PERIODICITY IN

— FINITE TEMPERATURE
IMAGINARY TIME

exp(—it H) > exp(— 0 H)

SPACETIMES WITH HORIZONS EXHIBIT PERIODICITY IN
IMAGINARY TIME — TEMPERATURE
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ds* = dTp” + dX? = g*r?drg* + dr?

1E
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X = 1rcosgTg r — const
Tr = 1rsingtg




ds? = —dT? + dX? = —g¢*r2dr2 + dr?
T
TE =’
TE = 1T
onst
T =
X =rcoshgr

T = rsinh g7
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SO, WHY FIXIT WHEN IT WORKS 7

THIS CONVENTIONAL APPROACH HAS NO
EXPLANATION FOR SEVERAL PECULIAR FEATURES
WHICH NEED TO THE THOUGHT OF AS JUST
‘ALGEBRAIC ACCIDENTS’

PHYSICS PROGRESSES BY EXPLAINING FEATURES
WHICH WE NEVER THOUGHT NEEDED
ANY EXPLANATION !l
EXAMPLE: Minertial = Myran
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1. Why do Einstein’s equations reduce to a thermodynamic identity
for virtual displacements of horizons 7

Spherically symmetric spacetime with horizon at r = a; surface gravity g:

h
Temperature: kg1 = (—) e
c) 2w
Einstein’s equation at r = a is (textbook result!)
S 1
S 2l = 4nPa?
Glc2 2

Multiply da to write:

h 3 1 1c*d 4
@) @il - 3% - r(39)
\C_\L . - 7

~ /
Vv N

Read off (with L% = Gii/c?): [TP, 2002]

) = a4 ==
I3 412 2G~ G \ 167

Works for Kerr, FRW, ....

1 1A e AR\
S=ylndd)= "5 E - —C<—H)

[D. Kothawala et al., 06; Rong-Gen Cai, 06, 07]
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2. Why is Einstein-Hilbert action holographic ?

e Example: The standard action in from classical mechanics is:
Aq s /dt Lq(q,Cj); dg =0 at t = (tl,tg)
e But you can get the same equations from an action with second derivatives:

Ap s /dt Lp(q,q, q), op=0att= (tl,tg)

Ly=Ly— % (qa—Lf’>
dt 0q

e Action for gravity has exactly this structure! [TP, 02, 05]

Agrav — /d4 V — R /d4 Lbulk + Lsur]

\/_L . (g 0 V _ngulk>
sur — 1

a(aagij>
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In the gravitational action [TP, 02, 05]

Agrcw — /d4 vV — R /d4 Lbulk + Lsur]

\/—_QL — 9 (ga\/_ngulk>
sur — a 1J

a(aagij)
throw away the A,,., vary the rest of the action, solve the field
equation for a solution with the horizon. Then .....

You find that the part you threw away, the A, evaluated on any
horizon gives its entropy !

In fact, one can develop a theory with A, = Asuwr + Amatter USING
the virtual displacements of the horizon as key. [TP, 2005]
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ASIDE: SURFACE TERM AND ENTROPY

e In a Riemann normal coordinates around any event P,
we have g = n+ Rxx and L ~ I'? +0I' — OI' - Action is
pure surface term! And 0,P, ~ R.

e Matter moving across local horizon
shifted virtually to engulf matter.

Horizon being

e Insist that: Change in the gravitational entropy due to
surface term = Change in the matter entropy outside
for all local horizons.

e This leads to n%9,(n’P,) = n*n’T,, which leads to
Einstein’s equations! [TP, 2005,08]
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e [ he connection between 1'dS = dE + PdV and field
equations works for Lanczos-Lovelock gravity in D

dimensions. [A. Paranjape, S. Sarkar, TP, 06; Kothawala, TP, 08]

e T he Lanczos-Lovelock Lagrangian has the same
‘holographic redundancy’.

e In all these cases, the surface term gives rise to entropy
of horizons. [A. Mukhopadhyay, TP, 06]

e One can again develop a theory with
Atotal = Asur + Amatter USIiNg the virtual displacements of
the horizon as key. [TP, 2005]
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e A very natural, geometrical generalization of Einstein’s theory in D-dimensions.

e [ he D-dimensional Lanczos-Lovelock Lagrangian is a polynomial in the curvature
tensor:

K
1
(D) __ bed pa _ (D) . (D) __ —m £a1a2...a42m b1ba bom—_1b2m
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PRIMER ON LANCZOS-LOVELOCK GRAVITY
T.P (2006); A.Mukhopadhyay and T.P (2006)

A very natural, geometrical generalization of Einstein’s theory in D-dimensions.

The D-dimensional Lanczos-Lovelock Lagrangian is a polynomial in the curvature
tensor:

K
1
£0) = QAR y = Y cnl® ; LO) = g mogam Rl | Rlaniban

167‘(‘ aiaz ‘"’ a2m—1a2m ?
m=1

The Lanczos-Lovelock Lagrangian separates to a bulk and surface terms

V—gL = 20, [\/ —QQadeFZd} +2v _gQaderngbc = Lsu + Lbuik
and is ‘holographic’:

5Lbulk: 8Lbulk

Dz—mLsur:_ai a +a'a
(D/2) —m] I S Bigar) " 0(010;gar)

The surface term is closely related to horizon entropy in Lanczos-Lovelock theory.
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Principle of Equivalence = Gravity can be described by g..

Around any event there exists local inertial frames AND local
Rindler frames with a local horizon and temperature.

Can flow of matter across the local, hot, horizon hide entropy 7

Equivalently, can virtual displacements of a local patch of null
surface, leading to flow of energy across a hot horizon allow you to
hide entropy 7

No. The virtual displacement of a null surface should cost entropy,

Sgrav .

Dynamics should now emerge from maximising Smatter + Sgrav fOr all
Rindler observers!.

Leads to gravity being an emergent phenomenon described by
Einstein’'s equations at lowest order with calculable corrections.
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Associate with virtual displacements of null surfaces an entropy/ action which is
quadratic in deformation field: [T.P, 08; T.P., A.Paranjape, 07]

S[f] = S[g]grcw == Smatt [6]
with
Sgrav [f] — / de \/__g4pab6dvc€avd£b; Smatt — / de \/__gTabSafb
V vV

Demand that the variation should constrain the background.

This leads to P* having a (RG-like) derivative expansion in powers of number
of derivatives of the metric:

(1) (2)
Pade(gij, Rijkl) = ¢ Pade(gij) _|_ Co Pade(gij, Rijkl) _|_ oo

(m)
The m-th order term is unique: P * = (9L )/ Rabed);

Example: The lowest order term is:

dD
Sile] = /V = (VagVig" = (Vo))
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ENTROPY MAXIMIZATION LEADS TO DYNAMICS

e Demand that 65S = 0 for variations of all null vectors: This leads to
LLanczos-Lovelock theory with an arbitrary cosmological constant:

m

5 1
167 Pb”kRaijk — 55{,%@) = 87T} + Ady,

e [0 the lowest order we get Einstein’'s theory with cosmological
constant as integration constant. Equivalent to

(Gap — 87T ) 6% = 0; (for all null £%)

e In a derivative coupling expansion, Lanczos-Lovelock terms are
calculable corrections.
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EXTREMUM VALUE OF ENTROPY

The extremum value can be computed on-shell on a solution.

On any solution with horizon, it gives the correct Wald entropy:

S|

m=1

1
= 7 A, + (Corrections)

K
_on — shell] = 2 ]i P e =Y drmen /H APz oLy,

In the semiclassical limit, we are led to the result that gravitational
(Wald) entropy is quantised S|, [on — shell] = 27n. To the lowest

order this leads to area quantisation.

Comparison with quasi-normal modes approach shows that it is the
gravitational entropy which is quantised in Lanczos-Lovelock

theories.

[Kothawala, Sarkar, TP, 2008]



5. How come gravity is immune to ground state energy?

e A cosmological constant term pocS;i in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.



5. How come gravity is immune to ground state energy?

e A cosmological constant term p05§. in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.

e [ he real trouble with cosmological constant is that gravity seems to be immune
to bulk vacuum energy.



5. How come gravity is immune to ground state energy?

e A cosmological constant term p05§. in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.

e [ he real trouble with cosmological constant is that gravity seems to be immune
to bulk vacuum energy.

e [ he matter sector and its equations are invariant under the shift of the
Lagrangian by a constant: L..ater — Lmatter — p-



5. How come gravity is immune to ground state energy?

A cosmological constant term p05§. in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.

The real trouble with cosmological constant is that gravity seems to be immune
to bulk vacuum energy.

The matter sector and its equations are invariant under the shift of the
Lagrangian by a constant: L..ater — Lmatter — p-

But this changes energy momentum tensor by Ty, — T + pgay and gravity sector
is not invariant under this transformation.



5. How come gravity is immune to ground state energy?

A cosmological constant term pgé;i in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.

The real trouble with cosmological constant is that gravity seems to be immune
to bulk vacuum energy.

The matter sector and its equations are invariant under the shift of the
Lagrangian by a constant: L..ater — Lmatter — p-

But this changes energy momentum tensor by Ty, — T + pgay and gravity sector
is not invariant under this transformation.

So after you have “solved” the cosmological constant problem, if someone
introduces Lyaiter — Lmatter — p, YOU are in trouble again!



5. How come gravity is immune to ground state energy?

A cosmological constant term p05§. in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.

The real trouble with cosmological constant is that gravity seems to be immune
to bulk vacuum energy.

The matter sector and its equations are invariant under the shift of the
Lagrangian by a constant: L..ater — Lmatter — p-

But this changes energy momentum tensor by Ty, — T + pgay and gravity sector
is not invariant under this transformation.

So after you have “solved” the cosmological constant problem, if someone
introduces Latter — Limatter — p, YOU are in trouble again!

The only way out is to have a formalism for gravity which is invariant under
Ta,b — Tab + PYab -



5. How come gravity is immune to ground state energy?

A cosmological constant term pgéj. in Einsteins equation acts like matter with
negative pressure; consistent with all dark energy observations.

The real trouble with cosmological constant is that gravity seems to be immune
to bulk vacuum energy.

The matter sector and its equations are invariant under the shift of the
Lagrangian by a constant: L..ater — Lmatter — p-

But this changes energy momentum tensor by Ty, — T + pgay and gravity sector
is not invariant under this transformation.

So after you have “solved” the cosmological constant problem, if someone
introduces Latter — Limatter — p, YOU are in trouble again!

The only way out is to have a formalism for gravity which is invariant under
Ta,b — Tab + PYab -

All these have nothing to do with observations of accelerated universe!
Cosmological constant problem existed earlier and will continue to exist even if all
these observations go away!
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A simple ‘theorem’

Assume:

(a) Metric g, is a dynamical variable that is varied in the action.

(b) Action is generally covariant.

(c) Equations of motion for matter sector (at low energy) is
invariant under Lyatter — Lmatter — 00-

Then cosmological constant problem cannot be solved; that is,
gravitational equations cannot be invariant under Ty, — Ty — PoGab-

We have dropped the assumption that g, is the dynamical variable.

It also makes the variational principle for Lanczos-Lovelock theories
well-defined.
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GRAVITY IS IMMUNE TO BULK ENERGY

The action/entropy functional is invariant under the shift T,, — Tu, + pgap !

The field equations have a new ‘gauge freedom' and has the form:

5 1
Pb”kR“ijk — §£5§ — kT = (constant)d;

Introduces a new length scale Ly. (Observationally, Lp/Ly ~ 10-% ~ exp(— v/27*).)
Analogy: Solve G, = 0 to get Schwarzchild metric with a parameter M.

We don't worry about the value of (M /M) because M is an integration
constant; not a parameter in the equations.

Given Lp and Ly we have p,, = 1/L% and p,, = 1/L%. The observed values is:

1 H?

Ppr ~ vV Puv Pir ~ LQPL%{ ~ E

[ 1 : (LP)2 ; (LP>4 ]
Pvac = 9 v 4 \ T+ y "0
4 I45\Ly) ' I5 \Lg

——

The hierarchy:
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SUMMARY

Gravity is an emergent, long-wavelength phenomenon like fluid mechanics. The
gar(t,X) etc. are like p(t,x), v(t, X).

To go from thermodynamics to statistical mechanics, we have to postulate new
degrees of freedom and an entropy functional.

Local Rindler observers around any event attribute entropy to local patch of null
surface. This is needed for consistency.

Maximizing the entropy associated with all null surfaces gives Einstein’s theory
with Lanczos-Lovelock corrections [but not, e.g., f(R) gravity].

The deep connection between gravity and thermodynamics goes well beyond
Einstein’s theory. Closely related to the holographic structure of
Lanczos-Lovelock theories.

Connects with the radial displacements of horizons and T'dS = dFE + PdV as the
key to obtaining a thermodynamic interpretation of gravitational theories.

Connects with A, giving the horizon entropy; leads to quantisation of Wald
entropy.
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