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Motivation:

Gravity and Quantum Theory

Points of contact and conflict

® Black hole singularity
® Big Bang singularity

® Cosmological constant problem



OUTLINE:

Notion of emergence in Gravity: AAS/CFT and Verlinde's Entropic gravity
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1. Gravity as an emergent phenomenon

Sakharov Paradigm

Solids Spacetime
Mechanics, Elasticity (p, v...) Einstein’s Theory (gab...)
T T<gab(qi, Aa))
Statistical mechanics Statistical mechanics of
~ of atoms/molecules “atoms of spacetime” )\A (?)
(well-known) ‘ e *



2. Temperature and Law of Equipartition:

Boltzmann's postulate: Anything that can be heated has "atomic' structure!

Equipartition Law: El p— EQ = ... = En — £ = %]{BT
Equipartition of energy connects thermodynamics to microscopic d.o.f.
A AFE Temperature of matter
n = -3 told us that it has
(5) kBT “atomic’ structure

dn 1 1

demands granularity with finite n; degrees of freedom scale as volume.



Spacetimes can bem

Static observer in Schwarzschild spacetime

BLACK HOLE SPACETIME
% r = constant T

Black hole & OBSERVER

Temperature

of the black hole

h h GM
kT = — ( I ) = Hawking temperature
¢ [1975] 9




Spacetimes can be (R

Rindler observer in flat spacetime

FLAT SPACETIME
T
01‘.'*
q, accelerated
%CF' OBSERVER
X
Temperature
ol acceleration
of the observer
h / a
kgl = — <—> Davies-Unruh temperature
c \27

[1976] 10



Indistinguishability of thermal and quantum fluctuations

” r = constant
™

Black hole

Curved spacetime, @ — 0

Hawking effect

AN

Unruh effect
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Indistinguishability of thermal and quantum fluctuations

% r = constant
7

Black hole

Curved spacetime, @ — 0

Hawking effect

Generalisation to
arbitrary spacetime:

L

Flat spacetime, @ = @

Unruh effect

Kolekar, T.P.
[gr-qc/1308.6289v2]



Equipartition of "Area Bits' at null surface TP(2004) [gr-qc/0308070]

Null Surface

h(g)_hGM

b 27 c 27r? \

C

~ 2.3
(Hawking TemperatureN N Area _ dar®c
L% Gh

(Number of degrees of freedom)

Equipartition Law:

E:N( )]{'BT: h GM 4nric’ :M62

c4nr?2  Gh

N —

13



3. Black hole thermodynamics === Horizon thermodynamics

BH Thermodynamics:

SM = (2 6A+ QpéJ

dEl =TdS + PdV

14




3. Black hole thermodynamics =— Horizon thermodynamics

Any static, spherically symmetric spacetime with horizon:

ds® = —f(r)cdt® + f~1(r)dr® + r*d3
Horizon: r = a, f(a) =0
Temperature of horizon Einstein's equation evaluated at horizon

47 G 9

kT = w é [lf’(a)a — 1] — 47 Pa?
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3. Black hole thermodynamics =— Horizon thermodynamics

Any static, spherically symmetric spacetime with horizon:

ds?

—f(r)cdt® + fH(r)dr® + r*d;

Horizon: r = a, f(a) =0

Temperature of horizon Einstein's equation evaluated at horizon

_ hef'(a) 1, 1
kT = yym e [§f (a)a — 5] — 47 Pa?
Horizonsat " =a and » = a +da : /
ficf'(a) ¢ 1 1 ctda 4
dl -4 — — = Pd | —
ir GhRo\4 v )T 927q 3"
Y — T —
I ds di PdV
1 1A _ Gh
S = @(47&2> — ZL_g L2P — C_3 16




3. Black hole thermodynamics

BH Thermodynamics:

SM = LA+ QpéJ

dEl =TdS + PdV

Horizon Thermodynamics:

= Horizon thermodynamics

ficf'(a) ¢

47  Gh
N —

1 1 c*da
dl Z4na? ) = =
(4 m) 2 G
J W

T

ds db

— Pd (4—7Ta
3

\

PdVvV

17



4. Action Functional: Hint of alternative description

ALy = fd4£E\/—gR — fd4ilj (»Cbulk —+ ,Csur,n)

\

Important!

A .., — entropy of horizon — field equations:

(Gap — 87T )uu’ = 0

TP(2009)[gr-qc/0912.3165]



4. Action Functional: Hint of alternative description

ALy = fd4£E\/—gR — fd4ilj (»Cbulk —+ ,Csur,n)

\

Important!

Why this happens??

. AL bulk HOLOGRAPHIC
Lsur = {5’0 (gab a(acgab)ﬂ REDUNDANCY!
TP(2005)[gr-qc/0412068]

A .., — entropy of horizon — field equations:

(Gap — 87T )uu’ = 0

TP(2009)[gr-qc/0912.3165]



5. Holographically conjugated variables == thermodynamic conjugacy
Maijhi,Parattu, TP,(2013)

Canonical General Relativity via conjugated variables:

[ =v=g9® Nap = a%f}‘i'fw = —Ig, + 5 (Laa05 + 5407)
/71_[ __ rab NC Nd 1 C Nd
g — f ad*Ybc g ac* ' bd
oOH OH 1
ab __ g c _ 9 _ _
acf — 3N§b aCNa,b — ﬁfab + 87 [Tab 29abT]
(V.g?®) =0

Thermodynamic Conjugacy:

1 3 c ab\
o | e (NS, 0f%%) =TdS
1 3 ab c\ __
o [ 4 (f*ONG,) = SdT y




6. Holographic Equipartition

Surface DoF:

N

sSsuUumTr

= [ T

21



6. Holographic Equipartition

Surface DoF:

N

sSsuUumTr

= [ T

Bulk DoF:

__ E| 3
Ny = To— = - VhAZProman
bulk %kBTavg S5 avg f pK

I
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6. Holographic Equipartition

Surface DoF:

N

sSsuUumTr

= [ T

Bulk DoF:

_ E)| 3
Nouir = Th— = - VAT P
bulk %kBTavg 1 avg f pK

Evolution of geometry

L2 I, d3x\/_uag”£5N“ =

= Jo SE % (3 Th)

oV

N

sumT

Static geometry: no evolution

T fV dgaj\/ﬁpKomar

Nbulk

23



6. Holographic Equipartition

Surface DoF:

N

sSsuUumTr

= [ T

Bulk DoF:

_ E)| 3
Nouir = Th— = - VAT P
bulk %kBTavg 1 avg f pK

Evolution of geometry

L2 I, d3x\/_uag”£5N“ =

— v %E (%k‘BfT’loc) _ fV dgaj\/ﬁpKomar

Nsur Nbulk

Static geometry: no evolution — #» Holographic equipartition!

N

sumr

— Nbulk =0




/. Emergent Cosmology

In L

"4

dS

Bjorken(2006), TP(2013)

Lo o

inflation

radiation
+ matter ———

dominated

late time
acceleration
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/. Emergent Cosmology

TP(2014)

In L
N
Holographic
equipartition
I YA/ Q/ls Nsur _Nbulk: —
H
= 5 X
Hinf B i /
i : Holographi
_ - olographic
dS| Newr = Nyur =0 equipartition
> In a
26
radiation .
----- inflation I + matter . late time -----

dominated acceleration




/. Emergent Cosmology

TP(2014)

In L
A
Holographic
equipartition
Nsur T Nbulk — O
o A/ =
H, 7
Standard
Univer
dV
() = L3 (Ngur + Ny — Nao)
-1 P
inf B l /
e - Holographi
- — olographic
dS| Newr = Nyure =0 equipartition 1
=> [n a
27
radiation

late time

inflation

I + matter ——

dominated acceleration




“Chicken is egg's way TP(2014)
/. Emergent Cosmology of making another egg!”
In L
A
Holographic
equipartition
] YA/Q dS Nsur_Nbulk:O
H '+
Standard
Univer
dV 2
(_t) — LP (Nsur + Nm — Nde)
o P
inf B ] //
i - Holographi
B . olographic
dS| Nouwr = Ny =0 equipartition
> In a
28

radiation _
late time

inflation

I + matter —= -«

dominated acceleration




/. Emergent Cosmology

TP(2014)

1n 7. Emergence of cosmic space
A &
Arrow of time!

Tevs =Tags

Thermodynamic

. v/@/ Q/dS equillibrium

= L% (Ngur + Ny — Nao)

Ho 2 i ArL?2

inf // o P(p+3p) hzl

a 3

L

' Thermod’g/namic

dS  equillibrium
> Ina
29
radiation

""" inflation

I + matter ——— late time

dominated acceleration



8. Further Investigations and my work  (4¥') = L% (N, + N, — Nge)

r Y |
A\ 4
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8. Further Investigations
g and my work  (4d¥) = 2, (Ngy, + Ny, — Nae)
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8. Further Investigations and my work  (4¥') = L% (N, + N, — Nge)
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8. Further Investigations and my work
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8. Further Investigations and my work

Ol AN

> Standard
Universe
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8. Further Investigations and my work (d_V

t

) — L2P (Nsur

Qv\‘
N
RS

+ Nm - Nde)

F Y
A 4

r\ 3 ;%}
Ld SJ i > Sta_n‘daiyrd
Universe

Holographic
discrepancy

v _ v
ar =V - g

Classical Universe

Holographic
equipartition

dt
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8. Further Investigations and my work (d_V

F Y
A 4

dv
a = U

Conformal
symmetry

%

&

L

) — L% (Nsur + Nm — Nye)

e

> Stan‘dard

_ > dS
Universe
Holographic Classical Uni Holographic
discrepancy assical Universe equipartition
dV dv _
> w70 > ¢ =0
Breaking of No restoring
Conformal symmetry Conformal symmetry
» Conformal » Conformal
symmetry

symmetry
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8. Further Investigations and my work + Nop — Nge)

F Y i
L 4 @@% | . 4

. Standard o - gS
Universe

Holographic , : Holographic
discrepancy Classical Universe equipartition
dv- _ dav v _
ar =0 - T #0 - V=0
(?)
Breaking of No restoring
Conformal Conformal symmetry > Conformal Conformal symmetry - Conformal
symmetry symmetry symmetry
S
Conformal symmetry ———= Holographic equipartition
37



8. Further Investigations and my work

1. Define conformal variables

2. Evaluate surface Hamiltonian H,,,,- in terms of conformal variables.

—ab —
3. Check 0f and 6N, for thermodynamic conjugacy relation.

" Conformal contributions
Interesting: 5N§b ox 0T~

_ Non-conformal contributions

Formulate holographic equipartition and discrepancy
in terms of conformal variables.

Observation

Look for breaking of conformal
symmetry at high energy
Within this framework i3

CMB spectrum: nearly scale invariant ——»



8. Further Investigations and my work

1. Conformal Variables

fa,b _ 9270’6
— B
o = Nap— 5fak‘b) L
k=1nf k, = D! = 0,k k= 7k

Hy = (Noy — 00, ke — Gupk®) (02 (267" + 07" ) |
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8. Further Investigations and my work

1. Conformal Variables

fa’b — 9270,6
gb — sz — 6(Cakb) . gabkc
k= 1n() k, = D! = 0,k EC — —Cbkb
()
1 [ 7€ . ~ C 2 » »
Hg — 5 (Na,b _ 5(a,kb) o gabk ) [Q (chf | 8cf )}
2. ... Workin progress

) 40



8. Further Investigations and my work

1. Conformal Variables

fa,b _ 9270’6
S = Ngp— 0(aFb) = Gapk®
k=1nf k, = D! = 0,k k= 7k
()
1 [(==¢ c _ c 9 —ab —ab
Hy =3 (Nop — 0k — Gusk®) |92 (2k " +0.T")

Thank you for your attention!




Holographic equipartition for de Sitter space

The dS maintain time translation invariance; natural choice for equillibrium.

For dS with Hubble radius 1

 gmH 2 B E L 2(p+3p)V
NS’U,’I“ — 77L—2P and Nbulk — %|]€3|T - <p]€BT)
For pure de Sitter universe,P:-pWe get H2 — 87TL%)§

Pure dS universe maintain holographic equipartition with constant V!

42



Comic expansion: Quest for holographic equipartition

Postulate: (%) — L%a (Nsur — ENbulk)

using

4 H 4nH 2 E
V:( W)aT: Nsur:W—aNbulk:|—B|__

277

3H3

We get standard FRW dynamics (@) — — dmLp (p + 3p)
a

In Planck units, this has discrete version: Vn_|_1 =V, + (Nsur

Alternate way of studying Quantum Cosmology!

— €Npuik)

43



“Chicken is egg's way TP(2014)

7. Quantum Cosmology of making another egg!”
In L
A
Holographic
K.k K,  equipartition
///‘.S Nsur_Nbulk::O
- b =

Standard

P
2
inf B ) /
Vn—|—1 — Vn + (Nsur erulk)
i - Hol hi
— _ olographic
dS| Newr = Nywrr =0 equipartition
> In a
44
radiation .

----- inflation I + matter - late time

dominated acceleration



Attractive features

Beginning and the end of the universe: non-zero, finite volume

Postulate
N, ~ 47

Arrow of cosmic time — Thermodynamic arrow TCMB — TdS

Pe

4 ( piar N
Reduction of Cosmological constant problem to CosMIn |PA — 97 ( 1/2 *GXP(—%NC)
q

Recovery: Friedmann equations for N, ., # Nyuik will be determined by
high energy physics

a 47TL%3
Z— 3
” 3 (p+ 3p)

45



Observer dependence
Of Physics

Principle of Equivalence

Lightcone structure is
affected by gravity

Existence of observers
with horizons

All horizons
have entropy

Spacetime has
Entropy density

Equipartition |
of energy

Microstructure of
| spacetime ‘

Entropy is maximal
for all horizons

Gravity = Geometry

Field equations

46
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