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Anne Hathaway, she spends her free time
studying books on physics to enhance her
knowledge on the universe.

The Devil Wears Prada star admits she shuns
fashion magazines and instead stocks up on
books by scientist Albert Einstein and physics
textbooks in a bid to better understand the uni-
verse, reported a weheite “T'm interested in ele-
mentary particles. What I like thinking ahout is
how time and space exist in the universe and
how we nnderstand it. Any spare time T Lave, I
bury my head in a piysics icaivook. P'm reading
a lot about Einstein. I Like theories and I want
to understanc string theory,” she said.

N 0 fashion magazines for Hollywood actress
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NEW PERSPECTIVE

SPACETIME
THERMODYNAMICS

GRAVITY IS AN EMERGENT
PHENOMENON

GRAVITY IS THE THERMODYNAMIC LIMIT OF THE
STATISTICAL MECHANICS OF ‘ATOMS OF SPACETIME'
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BOTTOM-UP: MICRO to MACRO

@ Microscopic theory of some pre-geometric d.o.f (Statistical
Mechanics, phase space of molecules ...)

@ Leads to a smooth spacetime manifold and some effective
degrees of freedom, spacetime causality etc. (Elasticity, Fluid
mechanics, density, temperature ....)

@ The dynamical equations for effective dof arises from the
microscopic theory (e.g. Thermodynamics from Stat mech.).

@ But what if we do not know the microscopic theory 7
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TOP-DOWN: SECRET LIFE OF FLUIDS

Boltzmann and the ‘atoms’

@ Most of fluid/gas dynamics can be understood phenomenologically.
But Temperature, Heat etc. demands microscopic degrees for
freedom for their proper description.

@ Exact nature of these degrees of freedom is irrelevant; but their
existence is vital. No microstructure, no thermodynamics!

@ Use known phenomena to guess the form of thermodynamic
potentials like S(E,V),F(T,V),.... Equations for macroscopic
variables arises as consistency conditions.

@ Example: for N molecules in volume V/,

to walls per unit time, area

mean momentum transfer
N/ P
(mean kinetic energy) VT

@ You never took a course in ‘quantum thermodynamics’.
@ Very similar things happen for equations governing spacetime!
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THE PARADIGM

Classical Gravity has the same conceptual
status as elasticity/hydrodynamics.

There is sufficient “internal evidence” for this
in the structure of classical gravity

Background: Sakharov(1968), Damour(1979), Thorne(1986),
Jacobson(1995), Bei-Lok Hu(1996), Volovik(2003), Visser(2005),
Rong-Gen Cai(2009), Verlinde (2010) ....

| will describe (mostly) the work by me and my collaborators.
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CAN SUCH A ‘TOP-DOWN' VIEW HELP ?
Yes! but only if you ask the right questions!

Temperature of matter told you of atomic structure

Why does a gas exhibit thermal phenomena, store and exchange energy?
Explanation from atomic nature of matter; equipartition connects
thermodynamics to microscopic dof. N=E/(1/2)kg T

Principle of Equivalence told you that gravity is geometry

Why is inertial mass equal to gravitational mass?
Explanation from linking gravity to spacetime geometry.

For the ‘top-down’ view to work we need a strong
guiding principle like the principle of equivalence.

HORIZON THERMODYNAMICS < GRAVITY
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o WHY FIX IT WHEN IT WORKS?
o TEMPERATURE OF HORIZONS

o ENTROPY OF HORIZONS

o AN ALTERNATIVE PARADIGM

» AVOGADRO NUMBER OF SPACETIME
» ENTROPY DENSITY OF NULL SURFACES

o CONCLUSIONS
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SPACETIME IN ARBITRARY COORDINATES

[

Arbitrary

Event \ |
\ /

Null rays
through &2




FREE - FALL OBSERVERS

Axx ~ 1
limit of validity of
local inertial frame

Validity of laws of SR = kinematics of gravity
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Special Relativity introduces a causal horizon;
A cannot communicate with B.
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SPACETIME AND CAUSAL STRUCTURE

Boundary of union of backward light cones can be used to define causal horizon.

Family of observers with causal horizon exists in any spacetime.
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DE-SITTER SPACETIME

ds? = —(1—H?r%)dt3s+ (1— Hrls) " drls
= Q3%(T,X)(—dT?+dX?)



RINDLER (FLAT!) SPACETIME

ds® = —2Kdet2+(2KxR)_1dx§
= —dT?4dX?



CONVENTIONAL APPROACH TO GRAVITY

@ PRINCIPLE OF EQUIVALENCE = GRAVITY=GEOMETRY and
DETERMINES KINEMATICS OF GRAVITY (‘HOW GRAVITY
MAKES MATTER MOVE)

® THE ELEGANCE/BEAUTY OF GRAVITY ARISES JUST FROM
THE KINEMATICS.

o DEMOCRACY OF ALL OBSERVERS: YOU CAN'T ASK ‘HOW
MUCH OF g, IS GRAVITY AND HOW MUCH IS FROM
ACCELERATION?" !

@ GRAVITY AFFECTS ACCESS TO INFORMATION. “EFFECTIVE
THEORY" NEEDED IN THE PRESENCE OF HORIZONS.

@ ALL NULL SURFACES ARE (LOCAL) HORIZONS
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% r = constant

Black hole

Temperature
o¢ acceleration due

to the black hole

BLACK HOLE SPACETIME

\)\OQ" OBSERVER
at r = constant




FLAT SPACETIME

oé
0 accelerated
Q.
Q\O OBSERVER

Temperature
oC acceleration
of the observer




SPACETIMES, LIKE MATTER, CAN BE HOT

OBSERVERS WHO PERCEIVE A HORIZON
ATTRIBUTE A TEMPERATURE TO SPACETIME

=25

WHY ?

WHERE DOES TEMPERATURE SPRING FROM?!
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Plane wave viewed by inertial observers

T

T
U= (1—v2)12

vT
= (1— v2)i2

TRAJECTORY OF
INERTIAL OBSERVER

N\ L2
O(T,X) = o(T (1), X(1)) = exp—iQ <1+ V) .

1/2
- I 1 |74
Doppler effect: Q _Sz(ﬁ)
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Plane wave viewed by Rindler observers

T = xsinh(KT)

X = xcosh(KT) x = VX_T?
constant

X

UNIFORMLY ACCELERATED
OBSERVER

exponential redshift!
—N—

(p(T) = Cp(T(T),X(T)) = expi [%eKT:|
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TEMPERATURE OF THE HORIZON

o A mode @(T,X)=exp[—iQ(T — X)] frequency Q will lead to
@(1) = exp[ik "  exp(—KT)] :/ dv[A(v)e VT4 B(v)e™VT]
0

with

efv B2 1 2mc

ebv_1' eBv—1' B_T

Al? D
@ Quantum modes with e~"VT and e™VT causes upward and downward
transitions between two levels of an accelerated detector separated
by AE = fAv.
@ Ratio of the coefficients is the Boltzmann factor: exp—pv;
determines the equilibrium level population of a detector.
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TEMPERATURE OF THE HORIZON

@ In frequency space the result is purely classical (no fi anywhere!):

. 1
~ M1

; -1 K
- Vo=R ~ 2me

@ In energy space one will write v/vy = iv/hvy = E/kg T; then

hK
kg T = —.
B 2711C

@ Exponential redshift occurs near any horizon with Kk determined by
surface gravity at the horizon.
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WHY ARE HORIZONS HOT ?

PERIODICITY IN }

FINITE TEMPERATURE
IMAGINARY TIME {

exp(—itH) = exp(—B H)

SPACETIMES WITH HORIZONS EXHIBIT PERIODICITY IN
IMAGINARY TIME = TEMPERATURE
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Te
Te=iT
TE=1IT
— ot
e
&gTe
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0< 1< —
g
X =rcosgTE r = const

Te=rsingTg




ds? = —dT?+dX? = —g?r2d1® +dr?

T
Te=iT
Te=1iT
S\
Z oo
X:rcoshgT r = const

T =rsinhgt




ds? = d Tg?+ dX? = g2r?d 1% + dr?

Te
TE— iT
Te=1IT
E CO(\S‘
e
81e
2n
0<1E<—
g
X = rcosgie r = const

Te=rsingTg
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Rxx ~ 1
limit of validity of
local inertial frame

Te

Local Rinder
observer

K71 < %71/2
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PERIODICITY IN THE EUCLIDEAN TIME

T Te

T = xsinhkt, X = xcoshKt Teg=xsin Ktg, X = xcos Ktg

@ Euclidean tg is periodic with period B = 2m/K.
@ The hyperbola close to horizon maps to circle close to origin.

@ The range 0 < t < 271/K maps to the full circle in the Euclidean
plane.

@ Complex plane “"knows about " X < 0.
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SPACETIMES, LIKE MATTER, CAN BE HOT

OBSERVERS WHO PERCEIVE A HORIZON
ATTRIBUTE A TEMPERATURE TO SPACETIME

hrg
or-2(5)
B c \2m
@ This temperature — when a null surface acts as a horizon — is

independent of the field equations.

@ Shows spacetimes — like matter — can be hot in an observer
dependent manner. This effect is ‘real’.

@ The corresponding entropy S = —Tr pInp is divergent (and
scales as area). QFT in CST can give temperature but not
entropy (without additional inputs)!

o Correct entropy depends on the dynamics.
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THE TROUBLE WITH DYNAMICS

o NO ELEGANT PRINCIPLE!
o RESIDUE FROM HISTORY: Treat gravity as a field

even if it is spacetime structure.

> NO STANDARD ACTION PRINCIPLE [L O (dg)?
IS AVAILABLE.

o TOTALLY UNLIKE ALL OTHER REAL FIELDS!

Let us proceed, regardless ......
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o SIMPLEST CHOICE: L = L(R2. gl); THEORY IS DETERMINED
BY ‘ENTROPY TENSOR' P28 = (JL/dRS)

@ DEMAND EQUATIONS OF MOTION ARE SECOND DEGREE;
REQUIRES O,Pabcd = 0.

@ ALL SUCH L s CAN BE DETERMINED.
o FIELD EQUATIONS BECOME: P2 Rbe — (1/2)T2; THAT IS

Entropy tensor x Curvature tensor = Matter source

o REDUCES TO EINSTEIN'S EQUATIONS IN D = 4; NATURAL
GENERALISATION FOR D > 4
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WARNING BELLS!

@ VARIATIONAL PRINCIPLE REQUIRES SPECIAL PROVISIONS
UNLIKE OTHER FIELD THEORIES.

@ ACTION HAS SURFACE AND BULK TERMS
L~ d(’Dag) + P(ag)2 = Lsur + Lbulk

BULK TERM (e.g., 2 in GR) ALONE CAN GIVE FIELD
EQUATIONS.

@ IN GR ACTION REDUCES TO A PURE SURFACE TERM IN
LOCAL INERTIAL FRAME.
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@ Example: The standard action in from classical mechanics is:

Aq:/dt Le(q,q); Sg=0att=(t1,t)

@ But you can get the same equations from an action with second
derivatives:

Ap :/dt Ly(q,q,q9); Op=0att=/(t1,t)

d oL
b=t g (95

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

Agrav = /d4X V _gR — /d4X vV —8 [Lbulk + Lsur]

a\/_ngulk>
\Va Lur:_a == - N
g S 3<g_l d(aagu)
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@ In QM path integral with L, gives the momentum space kernel G(p2,t2;p1,t1)
just as Pl with L, gives the co-ordinate space kernel K(qgo,t2;q1,t1).

@ This has the Pl representation:

i[ e
G(p2,t2;p1,t1) = ; /dqldqzexpﬁ V qut_(P2Q2—P1Q1)}
paths ft

i t d
= dq1dgo exp = / dt{L - = H
D;S/ q1dqn pﬁ{tl q dt(pq)

i [t .
= Z. expﬁ/ dtL,(§,9,q).
paths t

d ([ oL
b=te=g (v

@ If Ly =(1/2)g°>— V(q) then L, = —q§—(1/2)¢? — V(q). This is the structure of
gravitational lagrangian!

where
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ANOTHER ISSUE WITH DYNAMICS

A symmetry is ignored

Action:
Aot = Aga(g)+ Amate (g, )
= /d“x\/—_g [Lgrav(&) + Lmatter (g, i@, )]
Equations of motion:

OpAmatter = 0 (‘spacetime tells matter to move')
OgAwt =0, Ex=T; (‘matter tells spacetime to curve’)

The matter equation of motion is invariant under
Linatter — Lmatter — Po
But gravitational equations of motion are not:
Eix = Tik — Po 8ik
GRAVITY BREAKS A SYMMETRY PRESENT IN MATTER SECTOR.
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GRAVITY AND ZERO LEVEL OF ENERGY

@ 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: Lnatter —> Lmatter — P-

@ But this changes energy momentum tensor by T, — T.p+ P&ab
and gravity sector is not invariant under this transformation.

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

@ The only way out is to have a formalism for gravity which is
invariant under T p — Tap+ PGab-

@ 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 gap 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 Lmaﬁer — Lmaﬁer - po

@ Then cosmological constant problem cannot be solved; that is,
gravitational equations cannot be invariant under

Tab — Tab — Po8ab-
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ENTROPY OF HORIZONS

time

space

Wheeler (~ 1971): Can one violate second law of thermodynamics by
hiding entropy behind a horizon 7

Bekenstein (1972): No! Horizons have entropy S O (Area) which goes up
when you try this.
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John Wheeler: ‘It from Bit’

@ Quantum gravity has a minimal ‘quantum of area’:
Apianck = L% = (G1i/c3) ~ 107% cm?.

@ Divide the area A of the horizon into N independent patches
(‘molecules of area’) with: N = A/Apjanck = c3A/GHh

@ If each ‘molecule of area’ can exist in kK microstates, the total
number of microstates is: Q = kN = k(A/Apianck)

@ The entropy is:
A ca
Apianck ~ Gh

S=hQ0O

@ Unfortunately S [ Apor in general; this idea — and many others —
fail when we go beyond GR.
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ENTROPY FROM NOETHER CURRENT

@ Invariance under x? — x?+ g?(x) leads to an off-shell
conserved current J2 = [0,J2% in all Lanczos-Lovelock theories.

@ The (Wald) entropy of the horizon in any theory is given by
1
S—B / 4025, S = / (32P?)e,pe % do
H

Entropy knows about spacetime dynamics through Pj_’c";,’;
temperature does not.

@ The connection between x? — x?4 g?(x) and entropy is a
mystery in the conventional approach.
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ALL THERMODYNAMICS IS

OBSERVER-DEPENDENT

o VACUUM TEMPERATURE IS OBSERVER DEPENDENT; GLASS
OF WATER IS EXCITED STATE OF THE VACUUM; QED!

o DEGREES OF FREEDOM CONTRIBUTING TO ENTROPY IS
OBSERVER DEPENDENT.

o “WHAT ARE THE DOF CONTRIBUTING TO BH ENTROPY?"
HAS NO OBSERVER INDEPENDENT ANSWER!

@ HORIZON ‘UPGRADES' GAUGE DOF TO ‘TRUE' DOF FOR A
PARTICULAR OBSERVER [ ]

@ SIMPLEST EXAMPLE OF THESE EFFECTS: BOX OF GAS IN
FLAT SF)A\(:E-I_”\/lE| [Kolekar. TP, arXiv:1012 5421]
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ENTROPY FROM SURFACE TERM IN ACTION

@ The natural action principle in all Lanczos-Lovelock models have a
surface and bulk term:

Agrav = [VdDX (V=& Louk+0i(v/—gV")]
= Abu/k-i-/ dPxvVhn; V'
oV
@ Throw away (or cancel) surface term, vary the bulk term to get field

equations. The discarded Agy, evaluated on any horizon gives its
entropy !
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_ 1 o 3,1
§= 87T/g n\/de—4(Area)L
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‘HOLOGRPAHY’ IN ACTION

@ HOW DOES THE SURFACE TERM KNOW THE PHYSICS
DETERMINED BY THE BULK TERM?!

@ MYSTERIOUS DUPLICATION OF INFORMATION:

0/ _ngqu)
/—glyy = —0, ( g Y _&—bulk
g Sur a <g_l 6(dagu)
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SURFACE TERM IN GRAVITATIONAL ACTION

More Physics of the Surface Term

@ In stationary spacetimes with horizon in any LL model,
» Euclidean action is the free energy:

Ae= PE - S =BF

bulk term  Surface term

» Noether current is closely related to the surface term:

Lv—g = —293 + dq (vV—gJ%)

» Holographic relation is again preserved.

@ One can obtain LL field equations from a suitable variation of the
surface term [Sotiriou, Liberati, 06; TP, 06; 11]
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FIELD EQUATIONS ON NULL SURFACES-I

TP, CQG, 19, 5387 (2002)[gr-qc/0204019]
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HOLDS TRUE FOR GE CLASS OF MODELS!

@ Stationary axisymmetric horizons and evolving spherically symmetric horizons in
Einstein gravity, [gr-qc/0701002]

@ Static spherically symmetric horizons in Lanczos-Lovelock gravity,
[hep-th/0607240]

Dynamical apparent horizons in Lanczos-Lovelock gravity, [arXiv:0810.2610]
Generic, static horizon in Lanczos-Lovelock gravity [arXiv:0904.0215]

Three dimensional BTZ black hole horizons [arXiv:0911.2556];[hep-th/0702029]

FRW and other solutions in various gravity theories [hep-th/0501055];
[arXiv:0807.1232]; [hep-th/0609128]; [hep-th/0612144]; [hep-th/0701198];
[hep-th/0701261]; [arXiv:0712.2142]; [hep-th/0703253]; [hep-th/0602156];
[gr-qc/0612089]; [arXiv:0704.0793]; [arXiv:0710.5394]; [arXiv:0711.1209];
[arXiv:0801.2688]; [arXiv:0805.1162]; [arXiv:0808.0169]; [arXiv:0809.1554];
[gr-qc/0611071]

@ Horava-Lifshitz gravity [arXiv:0910.2307] .
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@ Stationary axisymmetric horizons and evolving spherically symmetric horizons in
Einstein gravity, [gr-qc/0701002]

@ Static spherically symmetric horizons in Lanczos-Lovelock gravity,
[hep-th/0607240]

Dynamical apparent horizons in Lanczos-Lovelock gravity, [arXiv:0810.2610]
Generic, static horizon in Lanczos-Lovelock gravity [arXiv:0904.0215]
Three dimensional BTZ black hole horizons [arXiv:0911.2556];[hep-th/0702029]

FRW and other solutions in various gravity theories [hep-th/0501055];
[arXiv:0807.1232]; [hep-th/0609128]; [hep-th/0612144]; [hep-th/0701198];
[hep-th/0701261]; [arXiv:0712.2142]; [hep-th/0703253]; [hep-th/0602156];
[gr-qc/0612089]; [arXiv:0704.0793]; [arXiv:0710.5394]; [arXiv:0711.1209];
[arXiv:0801.2688]; [arXiv:0805.1162]; [arXiv:0808.0169]; [arXiv:0809.1554];
[gr-qc/0611071]

@ Horava-Lifshitz gravity [arXiv:0910.2307] .

IN ALL THESE CASES FIELD EQUATIONS REDUCE
TO TdS =dE+ PdV ON THE HORIZON!

e © ¢ ¢
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The Navier-Stokes Einstein connection
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The Navier-Stokes Einstein connection

@ A BH horizon can be thought of as a dissipative membrane with
conductivity (0), bulk viscosity ({), shear viscosity (n). In
pal’tlcular, (Damour, 1979)

1 n 1

s

n:_zzﬁ;

@ The projection of Einstein’s equation on to any null surface
reduces to Navier-Stokes equation in the FFF in suitable
variables. (TP, 1012.0119)

@ Strongly suggestive of emergent behaviour.

o Related to, but different from, string-motivated results.
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o Suppose the statitical mechanics of some microscopic
d.o.f leads to gravitational dynamics in the
thermodynamic limit.

o Can we say anything about the microscopic d.o.f 7
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BOLTZMANN: IF YOU CAN HEAT IT, IT HAS

MICROSTRUCTURE!

You Can Heat Up Gas

o Thermodynamics can be related to mechanics of
microstructure e.g. (3/2)kgT = (1/2)m(v?).

o The density of degrees of freedom, needed to store
energy AE at temperature T is given by
An=AE/(1/2)kgT.

o The equipartition law

dVv 2

demands the ‘granularity’ with finite n; degrees of
freedom scales as volume.

1 dn 1 1
E:EnkBT%/dV - kBT:EkB/dnT
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BOLTZMANN: IF YOU CAN HEAT IT, IT HAS

MICROSTRUCTURE!

You Can Heat Up the Spacetime

@ Study spacetime just like we studied gas dynamics before we
understood the atomic structure of matter.

@ A TEST OF THIS IDEA: DETERMINE THE AVOGADRO
NUMBER OF SPACETIME!

IS THERE AN EQUIPARTITION LAW
AE = (1/2)(An) (kg T)

FOR THE DENSITY OF MICROSCOPIC

SPACETIME DEGREES OF FREEDOM ?

IF SO, CAN WE DETERMINE An?
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EQUIPARTITION OF MICROSCOPIC DEGREES

OF FREEDOM

@ In GR, we get:

1 dA Fog) 1
E=3k > YT oho E—k/ dnT
2 B/W 12 {kBCQH} P
—_———

v -
Area ‘bits  acceleration
temperature

@ Again, ‘Gravity is holographic’!:

1 1 dn
=k dn Tige = =k dA— T,
25/01/" loc 28/01/ dA loc

@ Extends to all Lanczos-Lovelock models:

1 d
E= ke /a  dnTiec A e T
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dA
E= /,W(Gﬁ/c3)

2

- 411G Joy

(

A NEWTONIAN ANALOGY

1
kT
25>

dA(—h-g) =

" 4nG L




A NEWTONIAN ANALOGY

- /z;w% (ékg T) - /w (Gcﬁi?&)% (

2 2

C
dA(—f-g) = —
(-h-g)=—1= b

476 Joy
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. 2 .
E:MZ:Z/ dV:fc—/dVEI-
c=c P anc )y (O0-8)

2 . dA 1/(h g
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COMMENTS

@ In the semi-classical limit, the N = A/L% = E/kT s related to
quantisation of gravitational LL entropy S‘%[on—shell] =27mN. In
GR this leads to area quantization. [Kothawala, Sarkar, TP, 2008]

@ The /N fluctuations are ‘holographic’ with

AE 1 ,L 1 1 H?
per =~ 13 (1) ~ VPuvPR ~ 2

L?R Lyv” Lyv L%JVL%R

o At present pefr(to) =~ ppe(to)! Explanation for DE ?! [Sorkin,o7; TP,05]
» If ppe = const, we need to explain Lig/Lyy = exp(v/2 ).
» “Holographic Dark Energy": ppge(t) O L,Z(t)/G has serious

problems. [Campo...,1103.3441]
@ In static spacetimes GR gives an exact equation: [TP,1003.5665]
o
Daaa = 4n{pKomar + pT]; Pt = _H_[ = _T[T/2oc

Holographic graviton noise ? [Hogan, 08]
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COSMIC NUMEROLOGY!

@ Emergent gravity-QCD connection? [Bjorken,astro-ph/0404233]

(S/Vir)'? ~ (Agcp/3)

@ Emergent Gravity - MOND connection 7 Acceleration scale
ag ~ <:2L,7R1 ~ kg Thor occurs in BTFR (V4O M;L/R?> 0 M/R?=
constant), Pioneer anomaly ... [Zhao, Ng, 07]
» In MOND-DM debate both sides overstate their claims!
» LCDM structure formation can give ag = &(1)[cHo](M/Mq)%%.

[Kaplinghat, Turner 02; Lynden-Bell,11]
» Most models are ad hoc/naive/incorrect.
@ Bottom Line: Very imaginative (imaginary 7) ideas on DM-DE front
but nothing which | will take seriously.



System Macroscopic body Spacetime

Can the system be hot? Yes Yes
Can it transfer heat? Yes; for e.g., hot gas can be Yes; water at rest in Rindler
used to heat up water spacetime will get heated up

How could the heat energy be The body must have microscopic ~ Spacetime must have microscopic

stored in the system? degrees of freedom degrees of freedom
Number of degrees of freedom Equipartition law Equipartition law
required to store energy dE dn=dE/(1/2)ke T dn=dE/(1/2)ke T

at temperature T

Can we read off dn? Yes; when thermal equilibrium Yes; when static field eqns hold;
holds; depends on the body depends on the theory of gravity

Expression for entropy ASOAn ASOAn

Does this entropy match Yes Yes

with the expressions

obtained by other methods?

How does one close the Use an extremum principle Use an extremum principle
loop on dynamics? for a thermodynamical for a thermodynamical

potential (S,F,...) potential (S,F,...)
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THERMODYNAMICS OF SPACETIME

o Thermodynamic potentials like 0= (S[qal, F[qal,---)
connect the fundamental and emergent descriptions
in terms of some suitable variables.

o The nature of independent variables g4 and the form
of ([ga] depend on the class of observers and the
model for gravity. New level of observer dependence.

o We need a thermodynamical potential O[ga] for
spacetime extremising which for all class of observers
should give the field equations.
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ASSOCIATE THERMODYNAMIC POTENTIALS
WITH NULL VECTORS
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DEFORMING A NULL SURFACE

time

l:> space

el

O~ A(0¢)? + B2
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A NEW VARIATIONAL PRINCIPLE

@ Associate with the virtual displacements of null vectors &9 a
potential (&?) which is quadratic in deformation field:

O[E] ~ [A(D8)? + BE?] = — [4P™0. 048, — T*E,8|

@ Demand that 800/8&? = 0 for all null vectors &2 should lead to
second order field equations. [T.P, 08; T.P., A.Paranjape, 07]

@ Uniquely fixes P;f,’ as to be the entropy tensor of a Lanczos-Lovelock
Lagrangian with 0,P25 =0;0, T3 =0 (‘elastic constants' !).

@ Resulting equations are the field equations of Lanczos-Lovelock
theory with an arbitrary cosmological constant arising as integration
constant.
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THE DYNAMICAL EQUATIONS

o On-shell O gives Wald entropy. Non-trivial
consistency.

o To the lowest order/in D = 4 we get GR. Equivalent
to

(Gop—8TIT,p)0%¢° =0;  (for all null £2)

o A new symmetry: Action and field equations are
invariant under T,, — T,p+ Pogap. Gravity does not
couple to bulk vacuum energy.
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SUMMARY

@ There is sufficient ‘internal evidence' to conclude dynamics of
gravity is like fluid mechanics, elasticity ....

@ The deep connection between gravity and thermodynamics
goes well beyond Einstein’s theory.

o Deformations of ‘spacetime medium’ x’ — x’ + g'(x), applied to
null surfaces, affects accessibility of information. Extremisation

of relevant thermodynamic potential [[q] gives field equations.

@ Null surfaces/vectors provides an effective, collective,
description of microscopic physics at large scales.

@ Gravity is ‘holographic’ in many ways.
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CHALLENGES FOR FUTURE

o What precisely is emergent ? space, time, metric, eom .... 7
What is the pregeometric structure 7

@ Matter sector is now put in by hand. If gravity and/or
spacetime is emergent, matter must emerge with it. How?

o New level of observer dependence in thermodynamics variables
like temperature, entropy etc. “Real” VS “acceleration”
temperature. What are the broader implications ?

@ Produce a falsifiable prediction. One would like to do better
than usual QG candidate models!
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