From General relativitg to Planck scale
Cosmology :

thejoumeg and its dilemmas
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I Overview

Principle of Equivalence —— conservation of energy clensitg
"No Pre-geometrg" - boundarg Oi: a bounclarg

Inertial frames to general coordinates -- a new Principle or

convenience? ( General Covariance and general covariance)
The dreaded A -> vacuum energy of Particle Phgsics
Classical singularities —— their inevitabilitg

Observed Universe and its unreasonableness (es)



2 The great cﬂichotomg

Newton's schema of “Mechanics"

Fz=m3
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The scheme of “Mechanics” disconnected from “Force Laws".



2.1 Newton's Universal Gravitation

— “Unification" of the motions of “terrestrial” bodies

and “heavenlg" bodies.

—  Yetthe force laws on the Earth allowed many ditferent kinds



of motions.

2.2 Newton's Gravitation “more universal” than ex[:)ectecl

e In kc:l]ciz/ P Gy G are charges sPeciﬁc to that force

o Likewise m, m, must be the “charges" of Gravitation

o Butm is also the inertia resPoncling to any forceF.

o« The “inertia” cancles out against the “charge" of the test
Particle
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v But this haPPens onlg for Gra\/itg, no other force.

2.3 The Equivalence Princi[:)le

Einstein's elevator
In sugicientlg small regions of T
sl:)acc-time there are choices |

of frames of reference in which
the effects of Gravitg disap~
pear.

“Freelg l:a”ing Frames of ref-
gfience s FEER

The Strong Principle of Ec]uivalence . All the effects of gravitg

inclucling its own clgnamics



Consequence : E‘nergg clensitg of Gravitational field is a frame

dePendentconcePt

5 No Prior geometry

All test Particles fall the same way with same initial Velocitg L
“Curved sPace~time" ——> Ditferential Geometrg
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Minkowski metric :

Asz=cZ(At)z~sz~A92~Azz
to be rePlaced bg the most general quaclratic Form

As*=g0(X) At + 205, (X) AtAX +,(X) AX™+ 20, (x) AxAy +...

Gravitg described bg sPace-time “metric" coeHicients.

Question :
s the Minkowski metric a sPecial case of metrics?

Or the gﬂv(x) coeflicients are “over and above" the bac‘(grouncl of

the Minkowski metric?

Strong Principle of Equivalence > All of Phgsics, inclucling the
clgnamics of Gravitg itself obegs the Equivalence Principle.
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If this clgnamics of Gravitg implies a sPace~time evergwhere curved,

no Minkowski “background" can be meaningcu”g identified!!

Einstien was inexorablg led to this conclusion bg staging true to the

Principle he had inunciated.



4 The great Einsteinian dilemma

“The sought after generalisation will surelg be of the form
Iy 2

where k is a constant and ', is a contravariant tensor of second rank
that arises out of the fundamental tensor 24 through ditferential
oPcrations ...... it Provcd imPossible to find a differential expression
for e thatis a generalisation of [Poisson's] Tp, and that is a tensor
with respect to arbitrarg transformations ... ... It seems most natural
to demand that the system be covariant against arbitrarg transfor-
mations. That stands in conflict with the result that the gravitational

field does not possess this Propertg.” [A. Einstein and M. Gross-
mann, 1913]
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41 The Einstein tensor
Possiblg the L, from Einstein's Zurich notebook of 1912-13

Conservation of total energy follows due to vanishing divergence,

9
—_TH=()
OxH

—-> A combinaton iPrty of second derivatives of e with \/anislﬁing
clivergence Is not covarant

SN Potential covariant candidate [,~R, the Ricci tensor does

not have Vanishing clivergence
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Solution : Einstein tensor

l
=R o ngR:&TGTﬂV

which is
() covariant and
(1) obegs the Vanishing of its covariant clivergence.

Corresponclinglg forthe energg~momentum tensor T, we get covari-

antlg Vanishing clivergence and no conserved current

3
% v H ~vp
@T“ -}, T#-T% T%=0

As we noted earlier) this is a consequence of the Equivalence Prin-

ciPle. Incas EiERe the effects of gravitg have to g0 away so local
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energy clensitg Is not Pngsicang meaninggul.

7 7 Bounclarg of a bounclarg _..Bianchi iclentitg

While we lost something very l:)recious In Pngsics, ( Energgl!!), we

draw solace in Preser\/ing deep truths of geometrg.

A mathematical ic:lentitg concerning the Riemann tensor from which

the Einstein tensor is made up, Is a statement “Eoundarg of a
boundarg Is zero'.



That the energg-momentum clensitg obegs the Vanishing of
onlg the covariant di\/ergence is because it exchanges energy
with the gravitational field.

B

In turn, the curvature side obegs these identities because of
the meaning assocaited with the Riemann tensor in which the

rouncl triP O1C a vector around a closecl curve I1s caPturecl.
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5 The Principle and its Practice

Principle of Equivalence = General Covariance
General Covariance = Reparametrisation Invariance + metric

The metric coefficients gﬂv(@ are in turn to be determined bg dgnam-

ical equations that respect the Principle of General Covariance.

How unique is the Princil:)le n cle’cerminingthe equations c]etermining

gulX)7
The Einstein Equations are not uniqucll
o) Hierarchg of geometric concepts
—> Topologg
- Manifolds



-  Afine connection
—  Curvature and torsion

—  Metric compatible OR NOT with the affine connection

General Relativitg uses quasi~Riemannian manifolds

o Should torsion be included?
+ Are the cletermining equations at most quaclratic in deriva-

tives, like the usual clgnamical systems?

- The higher derivative terms can be Presumecl to be

subdominanat at large scales and dominanat at smaller
scales

- Thus at Planetragj terrestrialj atomic, nuclear)

quark scales these emcmcects wouc” get stronger
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- No such smaller scale are seen, down to the LHC

hence s such terms hc at a” are rele\/ant at Planck
scale and can be ignored for now

. Theg may however Plag a role near the Big Bang, sa IS
being done for lnFaltionarg Proposals.

¢ How about “lowcr" clerivative term?

1
()03 EgﬂVR+ Ag,,=81GT ,,

This is the infamous Cosmological Constant. Its efHects could

POSSi!Dlg !Z)C SCEENn Oon scales much larger tl"lC Planetarg scales.

- Einstein Proposed that it would have an effect on the

largest Possible scales and keep the Universe from
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being “unstable".

L A iair closc to a centurg Nno cgccts O{: a Possiblc COSmMo-~

logical constant were to be observed.

- On the other hand the Universe was found to be
expaﬂdiﬂg ]39 Edwin Hubble in 1929.
2, Singularitiesl

+ “No prior geometry” principle buys us more than what we
S i e Y

OT’CIC!”CCL

v Metric coefficients become dgnamical quantities.

C SPace and time of the oberver are themsleves getting modi-

ﬁecl as she Plans and proposes to make any obser\/ations
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o Andif you wait too long... you may meet the unfortunate fate
of being scrunched into a singularity

C Singularities inevitable to Gravitg

Sohowdofinda theorg that Prevents this unpngsical consequence?
Orisit Phgsical?

5.5 To summarise the issue of the Princilole vs Practice :

¢« We may think the power of the PrinciPle of Equivalence to be
limitecl, in that the presence of terms relevant to the very small

scales and very large scales remain ambieuous.
ylarg g
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v Onthe Positi\/e side, the Principle does stronglg restrict what

kind of new terms that will have to be considered when such
Phenomena are exPlorecl.

e In any case we seem to be stuck with classical singularities.
6 The unreasonableness of the observed Uni-
VeIrse

- Expanding Universe Preclictecl 1922, observed 1929

- lmqationarg Universe recognisecl 1980

- Accelerating Universe observed 1998
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6.1 The three laws of Cosmologg

An unstable Universe should have been anticiapatecl from Purelg
attractive nature of Gravitg!

So we need not be too suprisecl about the Universe accorcling to

Friedmann and Hubble -- also Lemaitre ( JVN's talk on Historg of
GR)

But the real unreasonableness IS the lengthscale and the time scale

of the Universe. Consider the Friedmann equation :

e lLawl: Simplhciccl metric for homogeneous and isotropic

sPace~ti me

Ar*
Ast= AL - 2H(t) ( 7 +rrAG*+ rzsin20A¢Z> k=-1,0, 4
-kr
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+ Law2: The Friedmann evolution equation

a\" k 8“6
= +_:_ p
5", AN B e

o lLaw?3: "Conservation” of energy + Equation of state P(p)

d(pa)) + Pc] @) =0
with P = wp where w c]epenc]s on the substance

This is like &U+P&\/=O of Thermodgnamics

Scale factor a(t) can be found for
() p=0 nonrelativistic matter at) o t??

(iDP%p Purelg radiation a(D) 2

(ii1) p=-p vacuum energy a(t) oct™ot

Vi



6.2 A Problem of scales

Three terms in the Friedmann equation

ol N : (Mypatiger) Tor TF
TRy M2

Pl

What should Matter OF generic temPerature T be?

Note G2~ My~10"GeV!!!
It we put Mper tO be 100 to 200 GeV, like the Higgs Particle found at
the g [ the toP quark, then we get

Energy scale of ~107GeV; or 10*fermi, or 0.m; or ... 310 %sec

D5 AdlAs2HI [l Y vAH]
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But the age of the Universe toclag IS 14]5gr~5><]0‘7 sec

How do we get such extremelg large time scale??
]53 having extremelg small mass scale ...

But we also need to ﬁne tune it to this Value to same extent o1c

5_p ~ 107

p

or s0, in order to arrive at toclag's Universe starting from the Planck
scale.

6.3 Inﬂa’cionarg Universe

One Proposal to avoid all this fine tuning 1s called “imqation”, or an

era of exPonential exPansion.



l highlight onlg a few concep‘cual Issues

0 Gravitg theorg alone, as know classica”g, with known forms

of matter is insutficient to cxl:)lain the behaviour near the Big
Bang

o« Wil Quantum Gravitg solve the Problem?

- If so we lose veriFiabilitg SAARIC signatures of that

process will be found

- But a solution invoking known Phgsics could be
testable

The more widelg accePtecl Prol:)osal is to invoke some non-
Gravitational Phgsics to intervene -~ tgpica”g Paramcterisecﬂ

in terms of a scalar field called the “inflaton”
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7 Condclusions

Ec]ualitg of gravitational and inertial masses = Principle of

Equivalence

The stronger version of the PrinciPle Pro\/icles the ec]uations
of gravitg itself ... but leaves the presence of a few terms like

the Cosmological constant undecided.

There is a tussle between Pligsical PrinciPle of Energg and

the geometrical PrinciPle of “laounclarg of a bounclarg".
Geometrg wins

But once geometrg wins one is left with several unPleasant
consequences.

- No “Prior geometrg" forces on us singular solutions

28



The Three Laws of Cosmologg as a aPrt of “no Prior geom-
etrg" Package.

~ Also forces onus a singular origin of the Big Bang

Observational cha”enge . The extremelg large time scale fo

the Universe --> The need for the “inflaton".
We did not even talk about Quantum Gravitg and the meaning

of hte state function for the universe, the meaning of time
near the big Bang etc.

Yet the Principle of Equivalence is one of the most Powemcul

and more elegant we know. We will be reluctant to let g0 of it

N a hurrg.
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Thank gou!
TgPeset using TeXmacs
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