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100 years of GR GSROC Book

GR: A Centennial Perspective:
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Overview Purposes/Outlines of the talk

The purposes of this talk:

What is the Most Important Observation about our Universe?

Universe’s expansion should be taken fundamentally

What are the majors fallacies of conventional inflation models ?

Outlines of this talk:
1 Conceptual and technical technical difficulties of GR in FWR Cosmology

Weyl tensor drops out from GR

2 Inflation doesn’t solve the initial value problem of the Universe

Common features of inflationary models

3 Intrinsic Time Quantum Gravity(ITQG)

Singularity is necessary at the Big Bang to have Time

4 The initial state of the Universe is determined by the Cotton-York Tensor

5 ITQG ground state driven inflation without Inflaton & Experimental tests
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100 years of GR Most important Observation

Universe Expansion should be noted fundamentally

1 The expansion of the Universe should be treated as fundamental as:

Newton’s discovery of equivalence between falling apple and Moon’s
falling; therefore law of Gravitation

Einstein’s discovery of equivalence between acceleration and
gravitation; therefore GR

2 Universe’s expansion means Time is special and therefore no space-time symmetry

3 Taking Universe’s expansion seriously at fundamental level allows both a self-consistent

formulation of QG and the existence of semi-classical limit

Chopin Soo & Hoi-Lai YU Time 23, October, 2017 4 / 22



100 years of GR Eye catching words cause confusions

Major fallacies of GR & Inflationary models

1 Complete geometrical data of space-time needs the full 20-components Riemann Tensor;

R
µ
ναβ

= Ricci(trace, source for gravity) + Weyl(traceless, dynamical d.o.f of gravity)

2 Eqt. that det’d the Conformal Invariant Structure(Causal) (Weyl tensor) is missing from GR

3 Matter can’t tell spacetime how to curve; i.e. even in vacuum, spacetime form black holes

4 LIGO discovery of GW1050914 confirms that GW carries NON-ZERO local energy density

5 Homogennity & isotropy conflicts the basic feature of gravitation, i.e. attractive

6 Wrong to describe inflation, a particular property of space-time by scalar matter fields

7 Predictions of inflationary models can be changed by varying the shape of the inflationary energy density curve or the

initial conditions; basically means no prediction
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Matter & Gravitation Entropy

Difference between Matter & Gravitation Entropy

1 Observation of 3K thermal(equilibrium) radiation⇒U. can’t evolve after recombination!?

2 As matter homogenises, entropy increases but gravitation entropy increases when clumps

3 Gravity’s d.o.fs are not in the thermal equilibrium(means very special) near Big Bang
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Puzzle Initial State

The Initial state of the Universe is the Biggest puzzle

1 Entropy of solar mass BH is ∼ 1021, there about 1080 baryon in the Universe

2 Pro. of U. begin in such a low entropy state, 10−10123
; Cosmological const. is∼ 10−120

3 Homogenous & isotropic(zero entropy) state in gravitation is very rare and special
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Puzzles of initial state Inflation won’t help

Inflation is irrelevant in solving the initial state puzzle

1 The uniformity in the universe we now observed should be the result of inflation acting on
its early evolution is basically misconceived

2 Homogenous and isotropic condition is still a MUST for inflation to happen; i.e. the basic
Friedmann eqt. must be kept intacted!

3 Computer simulations requires homogenous within 3 Hubble lengths and vacuum
dominated condition to have inflation to happen

4 There must be a great uniformity in the matter distribution at that time, for otherwise
inflation cannot be introduced; A puzzle!?

5 Inflation only pushed the puzzle to an earlier epoch but didn’t solve the uniformity puzzle

6 Inflation, a property of space-time structure evolution; shouldn’t be driven by matter fields

7 Need to kill gravity entropy(not been thermalised) but keep its d.o.f. in the initial state
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Inflation Physics of Inflation

Conventional wisdoms about Physics of Inflation

1 Starobinsky-like model captures the conformal structure through extra R2

6M2

2 Going to Einstein frame through qµν → eφg̃µν ; and obtain a characteristic potential with

a large Mass scale dictated by M , i.e.

V = R̃+ (∂µφ)2 −
3

2
M2(1− e

√
2

3
φ)

3 The appearance of this large Mass scale(M & 1013GeV ); drives exponential spatial

expansion(inflation) in the Friedmann equation

4 Basically, all inflation models with scalar field inflaton MAKE use of this large mass scale

5 The problem is still requiring homogeneity to simplify the Einstein eqt. to Friedmann eqt.

6 All these models only push the initial condition to an earlier time; none of them explains:

why the homogenous and isotropy initial condition can be achieved at the Big Bang
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Gauge Different gauge structures

Diffeomorphism & Yang-Mills gauge structures
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Canonical Formalism Intrinsic Time

Initial Time Quantum Gravity

1 Decompose (qij , π̃
ij) irreducibly into conjugate pairs: (q̄ij , π̄

ij), (ln q
1
3 , π); identifying

ln q(x) as intrinsic time, π = qij π̃
ij the energy function

2 ADM Hamiltonian constraint( β2 = 1
6

for GR ) delivers dynamical; not gauge evolution

H(x) = −qR+ q̄ik q̄jlπ̄
ij π̄kl − β2π2 = 0; doesn’t generate Temporal gauge

symmetries, otherwise, Universe becomes block diagonal & not consistent with QM

Dynamical eqt & local Hamiltonian density are derived from:

−π =
H̄(x)
β

= 1
β

√
q̄ik q̄jlπ̄ij π̄kl − qR→ 1

β

√
q̄ik q̄jlπ̄ij π̄kl + V

Allow modifications of gravitation potential away from Einstein’s theory

Classically, H = K.E.+ V ; Relativistically, H =
√
momenta2 + V

The square root Hamiltonian correctly captures the dispersion relation v = p
E

&

particle-wave duality with upper limit in speed; readily for carrying out quantization
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No singularity At Big Bang, Singularity is Time→ −∞

Singularity is necessary at the Big Bang to have Time

1 What is diverging at the Big Bang is ln q = T → −∞, which is exactly what we need to

represent the beginning of Time in the Universe

2 Although R diverges(however, is suppressed by the Time factor) but q̄ij is non-zero by

construction and the Cotton-York(C.Y.) tensor(density) is regular at the Big Bang

3 This necessary temporal singularity is usually misinterpreted as a curvature singularity

4 Gravitation d.o.fs are well defined and described by the C.Y. tensor at the Big Bang

5 The local Hamiltonian density stays semi-positive definite during the Big Bang

6 Big Bang singularity is necessary to allow the Universe to begin
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Initial state of the universe and Penrose’s Conjecture Initial state of the universe

Conformal flatness initial state & Penrose Conjecture

1 H̄ =
√

(extrinsic curvature)2 + (C.Y. tensor)2 + qK =
√
π̄ij π̄

j
i + (C.Y. tensor)2 + qK

2 H̄ attains classical minimum iff π̄ij & C.Y. vanishes identically, precisely the criterion for conformal flatness(S3) in 3d

3 Vanishing of the extrinsic curvature components & spatial conformal flatness at T → −∞ together with ∇iπ̄ij = 0,

realizes a FRW Big Bang compatible with 4d Weyl tensor = 0

4 ‘Our extraordinarily special Big Bang’ with low entropy emerges naturally from the ground state of H̄ = 0 in the C.Y.

tensor dominance era & rules out the possibilities of primordial black hole

5 2nd Law thermodynamic ‘arrow of time’&‘gravitational arrow of intrinsic time’(increasing vol.)point in same direction

6 Nontrivial realisation of Poincare conjecture;∞ nos. 3d simply connected diff. structures all conformally equiv. to S3
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ITQG Quantum Initial state

The initial Quantum State

1 C.Y. dominating era(right after Big Bang), H̄ =
√

ˆ̄π
†i
j

ˆ̄π
j
i + g2~2C̃ijC̃

j
i + qK; [ˆ̄π

j
i , C̃

j
i ] = 0

2 ˆ̄πij → Q̂ij = egWT ˆ̄πije
−gWT = ~

i
Eij(mn)[ δ

δq̄ij
− g δWT

δq̄mn
] = π̄ij + ig~C̃ij ;WT = WCS +WEH

= g
4

∫
ε̃ijk(Γlim∂jΓ

m
kl + 2

3
ΓlimΓmjnΓnkl) d

3x−α
∫ √

qRd3x;Qij , Q
†i
i are unitarily inequivalent SL(3R) reps.

3 C̃ij =
δWCS
δqij

; is the C.Y. tensor(density); analogous to the magnetic field in the Yang-Mills Hamiltonian density,

qij
2

(EiaEja + BiaBja) =
qij
2
Q̂†iaQ̂ja; Q̂ja = eWCSEiae−WCS = Eia + iBia & Bia =

δWCS
δAia

4 Hamiltonian density becomes H̄ =
√
Q̂
†i
j Q̂

j
i + qK with Q̂ije

±gWT |0〉 = 0; Q̂
†i
j and Q̂

j
i are not symmetrical;

the generalised coherent state generated is given by e

∫ 1√
q
Ĉ·Q̂†

|0 >

5 Classical conformally flat(C.Y.=0) is an extremum of W , and thus precisely a saddle point for the quantum ground

state wavefunctional Ψ0[q̄ij ] = Neg(W−Wo)〈q̄ij |0〉

6 Imaginary momentric means Ψ0[q̄ij ] is a quantum tunnelling solution, however, for compact manifolds, i.e.S3;

< Ψ0|ˆ̄π
†i
j |Ψ0 >= 0, < Ψ0|C̃ij |Ψ0 >= 0 (metric can still fluctuate; steepest descent)

⇒ Ψ0[q̄ij ] is barely classically allowed; therefore the initial state indeed satisfies the Weyl hypothesis

7 Important feature: Q Time=Semi-classical Time=Classical Time; Asymptotic free quantum state is also

a semi-classical state⇒ classical world is always possible

8 Intrinsic time framework allows continuation of β across zero from real to imaginary values(Lorentzian to Euclidean)
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Observation Inflation without inflaton

Inflation by ground state property without Inflaton

1 < ˆ̄πij >= 0, force metric fluctuations buried inside < C̃ij >= 0⇒< π >∝< H̄ >= 0(allowβ → 0)

⇒ zero extrinsic curvature, the junction condition needed for Euclidean to Lorentzian continuation of the metric

2 Exponential growth in spatial volume as time changes is a result forced by geometries of the initial state at the throat

of the de Sitter junction after the Big Bang. No need for scalar field inflaton!
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Observation Experimental tests

Observational Tests of the New Model

1 Zero extrinsic curvature & C.Y. tensor exclude the possibility of k = 0, spatially flat R3& k = −1, spatially open H3

2 This will be confirmed by the future high precision mass density measurements

3 The de Sitter expansion period is controlled by Tf − Ti = 2
3
ln
Vf
Vi

; af = aie
N with

N = 1
2

(Tf − Ti) ∼ 50− 60 e-folding before the Ricci scalar terms begin to dominate

4 Neither scalar field inflaton nor large v.e.v. is needed to drive the Universe into the de Sitter expansion period, instead,

the self-determined geometries fix all the details of the Universe’s evolution/expansion at the beginning of the Big Bang
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Quantum State Initial state Creation of Universe & Excitations above ground state

Predictions of primordial scale invariant tensor modes

1 C.Y.=0 is the classical extremum of W , & thus precisely a saddle point for the quantum ground state wavefunction;

Ψ0[q̄ij ] = Neg(W−Wo)〈q̄ij |0〉

2 The Quantum ground state therefore contains primordial fluctuations(CS is a topology inv. entity under infinitesimal

variation of metric); expansion of W about the saddle point δW
δq̄ij

= C̃ij = 0⇒ primordial tensor mode fluctuations

Wq̄ij −Wo = W
C̃i
j
=0

+ 1
2

∫
d3x

∫
d3yδq̄ij(x)Hijkl(x, y)|

C̃mn =0
δq̄kl(y) + ...−Wo

3 Predicts ∼ 1/k3 scale invariance tensor mode fluctuations; can be measured by the BICHEP experiments
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Full Quantum Hamiltonian Emergence of Einstein’s Theory I

Quantum Hamiltonian

1 H̄ =
√
Q
†i
j Q

j
i + qK =

√
π̄
†j
i π̄

i
j + ~2(gC̃ij − α

√
qR̄ij)(gC̃

j
i − α

√
qR̄
j
i )− iα~

√
q[π̄ij , R̄

j
i ] + qK;

C̃ij = Ēij(mn)
δWCS
δq̄mn

, WCS = g
4

∫
ε̃ijk(Γlim∂jΓ

m
kl + 2

3
ΓlimΓmjnΓnkl) d

3x & [π̄ij , C̃
j
i ] = 0

2 Q
†i
j & Qij related to π̄ij by e∓WT , are non-Hermitian, generate 2 unitarily inequivalent rep. of the non-compact

group SL(3, R) at each x; π̄ij = 1
2

(Q
†i
j +Qij) generates a unitary rep. of

∏
xSU(3)x. In fact, the commutator

term in H̄ can be identified as −iα~√q[π̄ij , R̄
j
i ] = [Q†

i
j , Q

j
i ]

3 The commutator at coincident spatial position in functional Schrodinger representation is,

[Q
†i
j(x), Q

j
i (x)] = −α~2√

qĒ
i
jkl(x)

δR̄
j
i (x)

δq̄kl(x)
= −α~2

√
q(x)

∫
d
3
yδ(x− y)E

i
jkl(x)

δR
j
i (y)

δqkl(x)

4 Variation of the Ricci tensor;

δRmn = −
1

2
(∇2

+ R)δqmn +
3

2

(
R
s
nδqsm + R

s
mδqsn

)
+

1

2

(
∇m∇sδqsn +∇n∇sδqsm

)
−
(
Rmn −

1

2
qmnR +

1

2
∇m∇n

)
δlnq
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Full Quantum Hamiltonian Emergence of Einstein’s Theory II

Emergence of Einstein’s Theory I

1 Through integration by parts, the point split commutator term becomes

[Q
†i
j(x), Q

j
i (y)] = −

5

6
α~2

√
q(x)(−∇2

x + R)δ(x− y). (1)

2 Heat kernel, K(ε; x, y) with limε→0K(ε; x, y) = δ(x− y), regulates the coincident limit in (1) for generic metrics;

∇2
K(ε; x, y) =

∂K(ε; x, y)

∂ε
;

Seeley-DeWitt coefficients an, 2σ(x, y) square of the geodesic length, & ∆V the Van Vleck determinant,

K(ε; x, y) = (4πε)
− 3

2 ∆
1
2
V

(x, y)e
−σ(x,y)

2
ε
√
q(y)

∞∑
n=0

an(x, y;∇2
)ε
n
,

wherein ε is of dimension L2. In the coincidence x = y limit, the coefficients for closed manifolds are

a0 = 1; a1 =
R

6
; a2 =

1

180
(R
ijkl

Rijkl − R
ij
Rij) +

1

30
∇2

R +
R2

72

3 Coincidence limit of limε→0K(ε; x, y) = δ(x− y) regulates δ(0), and limε→0
∂K(ε;x,x)

∂ε
for −∇2δ(0),
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Full Quantum Hamiltonian Emergence of Einstein’s Theory III

Emergence of Einstein’s Theory II

1 [Q†
i
j(x), Q

j
i (x)] = limε→0 − 5α~2q

6(4πε)
3
2

[
3
2ε

+ 13R
12

+ (a1R−
a2
2

)ε + terms with εn≥2
]
;

2 This yields the full fledge local Hamiltonian density

H̄ = limε→0

√√√√√√√√
π̄
†j
i π̄

i
j + ~2

(gC̃
i
j − α

√
qR̄
i
j)(gC̃

j
i − α

√
qR̄
j
i ) +

q(K−
5α~2

32π
3
2 ε

5
2

)−
5α~2q

6(4πε)
3
2

( 13

12
R + (a1R−

a2

2
)ε
)
;

3 fundamental coupling constants g,K and α. Upon regulator removal, ε→ 0, divergences are countered by K and α

3 Renormalized values are identified phenomenologically, with 1
(2κ)2

= 5α~2

6(4πε)
3
2

( 13
12

) to yield the correct Newtonian

limit, and read off the effective cosmological constant Λeff. from
2Λeff
(2κ)2

= (K− 5α~2

32π
3
2 ε

5
2

) = (K− 2432

13κ2ε
)

4 α =
72(4πε)

3
2

65~2(2κ)2
, and finiteness of κ implies α→ 0 as ε→ 0. The theory actually produces all the Seeley-DeWitt

coefficients, but these higher curvature terms with positive powers of ε all disappear upon regulator removal

5 Finally H̄ =
√
Q†ij Q

j
i + qK =

√
π̄†ji π̄

i
j + ~2g2C̃ijC̃

j
i −

q
(2κ)2

(R− 2Λeff)
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Four Pillars of the Universe Four Pillars

Four Pillars of whys, that make the Universe as it is

1 Causality: Foundation of orders→ allows our mother nature being accessible to human minds

Gravity forces {, }P.B. to be replaced by [,]→ Causality regained dynamically

Realised by a single Ψ(therefore can globally be agreed) in Quantum Mechanics

2 Unitary: Information preserving, none will be left behind→ Universe to evolve as a whole inside the Ψ

3 Computability: Dimensionless Schrödinger eqt. ( ~ & κ being conversion factors ) unifies everything into a single GI Ψ

{, }P.B. replaced by [,] → evolution guaranteed; Universe needs no reboot

Gauged→To get rid of the ∞ d.o.fs in the field operator for ‘Time’→ integrability

Completeness → 1st order S-eqt. guarantees consistency with trillions of H-J eqt.

Integrability & Complexity → only ONE Time & flows in the direction of entropy↑

4 Renormalizability: Allow structureless point-like Quantum Fields to make Geometrodynamics possible

Each point between the Small/Large Universe can be identified

Geometrodynamics allows the Universe to expand without leaving out anything
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100 years of GR Time

Meaning of Time - A physicist’s response to Bergson

Time and Causality is to evoke existence: Things come into beings and facts become true all the

time & therefore flows in the same direction as entropy↑

Meaning requests causality & the reality of time, therefore must be QM
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