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Abstract

The thesis entitled, “Study of Some Aspects of Quantum Gravity and Its Some
Implications”, representing an elaborated report of the author’s research work will be

covering in the following seven chapters.

Chapter:1 - loop quantum gravity: a demystified view

There are many theories of quantum gravity in theoretical physics. Among all quantum
gravity theories, the loop quantum gravity (LQG) is one of the supposed candidate of
quantum gravity theory. In this thesis, more emphasis is put on LQG to study the quan-
tum gravity. In the first chapter, prerequisites for LQG (necessary introduction of special
and general theories of relativity, a brief introduction to mathematical theories for LQG,
Lagrangian and Hamiltonian formulations, covariant electromagnetism, a brief introduc-
tion to quantum mechanics and quantum field theories), basic concepts of LQG, viz.
(ADM formalism, metric formulation, Palatini action, connection formulation, Ashtekar's
variable, geometrical operators, spin network, spin foam and application of LQG), are

discussed.

Chapter:2 - the Barbero Immirzi parameter: an enig-

matic parameter of loop quantum gravity

The Barbero - Immirzi parameter -y is one free parameter that appears in the mathematical
framework of LQG which appears in Ashtekar’s variable, black hole entropy calculation in
LQG and in geometrical operators of LQG. The ~ can be real as well as complex valued
in LQG. The exact physical significance of + is still unknown. In the second chapter, the
origin, history and various proposals on the physical significance of the Barbero - Immirzi

parameter () are discussed.



Chapter:3 - solution of black hole information paradox

in loop quantum gravity

Black hole information paradox is one of the frontier topic of modern theoretical physics.
Each quantum gravity theory attempts to solve this paradox. Hence, the third chapter is
about solution of black hole information paradox in LQG. In essence, in the third chapter,
the basics of black hole physics, which includes brief introduction to gravitational collapse,
naked singularity, laws of black hole thermodynamics, Hawking radiation and Bekenstein -
Hawking black hole entropy calculation. In the information theory, the topics covered are
brief introduction to information, quantum framework of information theory and cause
of information paradox. Finally, the solution of black hole information in LQG covering

Planck star and remnant scenario are discussed.

Chapter:4 - new quantum spin perspective and geomet-

rical operators of quantum geometry

In the fourth chapter, firstly, new quantum spin perspective is proposed by using the
framework of thermodynamics out of formula of temperature leading to new definition
the total angular momentum J and reduced Planck constant . Thereafter, the equation
of geometrical operators such as the area and volume operator are modified using this
proposal. In the equation of operators of area and volume, by putting the new formula of
reduced Planck constant /, one can have modified formula of these geometrical operators.
From this proposal, one can also explain smooth transition of quantum geometry from

Planck scale to nuclear scale.

Chapter: 5 - implications of new quantum spin perspec-

tive in quantum gravity

Fifth chapter covers implications of new quantum spin perspective in quantum gravity.
In essence, in the fifth chapter, the new formulas of fundamental constants such as
gravitational constant GG, Boltzmann constant kg, speed of light ¢, fine structure constant
«, the fundamental Planckian quantities such as Planck temperature Tp, Planck mass
mp, Planck length [p, Planck time tp, Planck temperature Tp, the derived Planckian
quantities such as Planck density pp, Planck momentum Pp, Planck acceleration ap,
Planck force Fp, Planck energy Ep, Planck frequency fp, and Planck charge ()p and
the new formulas regarding some quantities of the Planck star are proposed using new
quantum spin perspective. At last, relationship of quantum spin with Planck temperature,

Planck mass, and Planck length is established using new quantum spin perspective.
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Chapter:6 - new quantum spin perspective and space-

time of mind-stuff

In the sixth chapter, the relation between new quantum spin perspective and space-time
of the mind-stuff is established. In Yogic philosophy, there are three sort of space-time:
(1) physical space-time, (2) space-time of mind-stuff and (3) space-time of consciousness.
Using the basic concepts of spin network of LQG and the new quantum spin perspective,
here, the quantization of the space-time of mind-stuff is proposed. This proposal will
create new branch of physics, i.e., Physics of Yoga or Yogic Physics (It will provide a
quantum theory of Yoga). At last, discrepancies between physical space-time and space-

time of mind-stuff are given.

Chapter:7 - summary and future scopes

The seventh chapter is about summary and the future of scope of this work. New quantum
spin perspective and Physics of Yoga is the outcome of this thesis. Both proposal have
far reaching consequences in theoretical physics, especially in quantum gravity as well as

philosophy.

R.P. Viyas - Ph.D. thesis xii Dec - 2022



Contents

Some conventions

List of some popular symbols

List of some standard abbreviation

List of figures

List of tables

1 Loop quantum gravity: a demystified view

1.1

1.2

1.3

1.4

1.5

Introduction to loop quantum gravity . . . . . . . . ... ... ... ..
1.1.1 Introduction to theory of quantum gravity . . . . . . .. .. ..
1.1.2  Introduction to loop quantum gravity . . . . . . ... .. .. ..
1.1.3 Historical background . . . . . . .. .. .. ... L.
1.1.4 Why loop quantum gravity is promising candidate of quantum

1.1.5 Mathematics of loop quantum gravity . . . . . . . .. .. .. ..
Prerequisites of loop quantum gravity . . . . . . . . .. ... .. .. ..
1.2.1 Special Relativity . . . . . . . . ...
1.2.2 General relativity . . . . . . . ...
1.2.3 Electromagnetism . . . . . . . . ..o
1.2.4  An overview of Lagrangian and Hamiltonian formulation . . . . .
1.2.5 Preliminaries of quantum mechanics . . . . . . . ... .. .. ..
Quantum field theory . . . . . . . . ...
1.3.1 Basictraitsof QFT . . . . . . . . . ...
1.3.2 Dynamics of quantum field theory . . . . . . . ... ... .. ..
1.3.3 Introduction to Yang Mill theory . . . . . . . . ... ... ...
1.3.4 Gauge connectionin QFTs . . . . . . ... ... ... ... ..
1.35 TheDiracaction . . . . . . . . ... ..
1.3.6 Basicsof grouptheory . . . . . . . ... L
1.3.7 Spinorsand QFTs . . . . . . . . ...
1.3.8 Gauge field action . . . . ...
1.3.9 Parallel transport and Holonomy in QFTs and LQG . . . . . ..
1.3.10 Two approaches of dynamics of LQG . . . . . . . .. .. .. ..
1.3.11 Comparison between GRand QFT . . . . . .. . ... .. ...
ADM splitting and connection formulation . . . . . . . ... ... ...
1.4.1 ADM formalism . . .. .. .. ... ... .. ... ...
1.4.2 Transition from metric to connection formulation . . . . . . ..
Ashtekar’s approach in canonical quantization . . . . . . ... ... ..
1.5.1 New variables in quantum gravity — Ashtekar’s variables . . . . .

Xiii

XVii

xviii

xXi

xxiii

XXIV

IS [ QSO



Contents Contents

1.5.2 The importance of Barbero Immirzi parameter . . . . . . . . .. 59
1.5.3 The Wheeler-Dewitt equation and canonical formulation of LQG . 60
1.5.4  Wilson loops in LQG — origin behind the name loop gravity . . . 61
1.6 Spin network and spin foam . . . . .. .. ..o 62
1.6.1  Kinematical picture of loop quantum gravity . . . . . . . . . .. 62
1.6.2 Dynamical picture of loop quantum gravity . . . . . . . . .. .. 71
1.7 The applicationsof LQG . . . . . . . . .. ... 75
1.7.1 Black hole thermodynamics . . . . . . .. . ... ... .. ... 75
1.7.2 Black holeentropy . . . . . . . . ... 75
1.7.3 Black hole entropy in LQG. . . . . . . . .. ... ... ... .. 76
1.7.4 Introduction to Loop quantum cosmology . . . . .. .. .. .. 83
1.8 Summary . . . .. 91
2 The Barbero Immirzi parameter: an enigmatic paramater of loop quan-
tum gravity 99
2.1 Introduction . . . . . ... 99
2.1.1 Ashtekar's formalism . . . . . . .. ... ... L. 100
2.1.2  Why the Bl parameter was introduced in LQG? . . . . . . . . .. 100
2.1.3 The Holst action and the Bl parameter . . . . . . . .. . .. .. 101
2.2 Various proposals on the physical significance of the Bl parameter . . . . 102
2.2.1 Historical timeline . . . . . . .. ... oo 103
2.2.2 The area operator and the Bl parameter . . . . . ... ... .. 104
2.2.3 The Bl parameter and black hole entropy calculation in LQG . . 107
2.2.4 The Bl parameter as Immirzi ambiguity . . . . . .. ... .. .. 112
2.2.5 Origin of the Bl parameter. . . . . . . . . ... ... ... ... 114
2.2.6  On a covariant formulation of the Bl connection . . . . . . . .. 115
2.2.7 The Bl parameter as a scalar field . . . . .. .. .. ... .... 116
2.2.8 Topological interpretation of the Bl parameter . . . . . . . . .. 118
2.2.9 The Peccei-Quinn mechanism in gravity and the nature of the Bl
parameter . . . .. L 119
2.2.10 The Kodama state and the Bl parameter . . . . . . .. . . . .. 121
2.2.11 The quantum gravity Bl parameter - a general physical and topo-
logical interpretation . . . . . . .. ... 122
2.2.12 A correction to the Bl parameter of SU(2) spin networks . . . . . 123

2.2.13 Physical effect of the Immirzi parameter in loop quantum gravity 123
2.2.14 A relation between the Barbero-Immirzi parameter and the stan-

dard model . . . . . ... 124
2.2.15 The holographic principle and the Bl parameter of loop quantum
gravity . ... 125
2.2.16 Discussion . . . . ... 126
2.3 Summary . ... 126
3 Solution of black hole information paradox in loop quantum gravity 132
3.1 Introduction . . . . . ... 132
3.2 Gravitational collapse and black hole thermodynamics . . . . . . . . .. 133
3.2.1 Final outcome of gravitational collapse: black hole or naked sin-
gularity? . . L 133
3.2.2 Laws of black hole thermodynamics . . . . . . . .. .. ... .. 137
3.2.3 Bekenstein-Hawking entropy formula and Hawking radiation . . . 138
3.3 What is information and information paradox ? . . . . . . .. ... ... 139

R.P. Viyas - Ph.D. thesis xiv Dec - 2022



Contents Contents

A

3.3.1 Brief overview of information theory . . . . . . . ... ... 140
3.3.2 Information paradox . . . . . . .. ... 143
3.3.3 Various solution of information paradox outside LQG in brief . . . 150
3.4 Loop quantum gravity . . . . . ... 152
3.4.1 Solution of black hole information paradox in LQG . . . . . . .. 152
342 Planckstar . . . . . ... 152
343 Remnantscenario . . . . . ... ... ... ... ... 158
35 Summary . ... 166
New quantum spin perspective and geometrical operators of quantum
geometry 172
4.1 Introduction . . . . . ... 172
4.2 Quantum spin and spin network . . . . . . . ... .. 172
4.3 The area operator of quantum geometry . . . . . . . . .. .. ... .. 174
4.4  The volume of operator of quantum geometry . . . . . . . .. ... .. 177
4.5 The transition of the quantum geometry from the Planck scale to the
nuclearscale . . . . . . . .. 179
4.6 Summary . ... 180
Implications of new quantum spin perspective in quantum gravity 184
5.1 Introduction . . . . . . . . ... 184
5.2 Universal constants from quantum spin . . . . . . .. ... ... ... 185
5.3 The fundamental Planck units from quantum spin . . . . . . . . . . .. 186
5.4 The derived Planck units from quantum spin . . . . . . . .. ... ... 188
5.5 Other consequences of this novel quantum spin perspective in quantum
gravity . . oL 191
5.5.1 Planck temperature and quantum spin . . . . . .. .. ... .. 191
5.5.2 Planck mass and quantum spin . . . . ... ... 192
5.5.3 Planck length and quantum spin . . . . ... ... ... ... 193
5.6 New quantum spin perspective and Planck star . . . . . . ... ... .. 194
5.7 Summary . ... 196
New quantum spin perspective and space-time of mind-stuff 199
6.1 Introduction . . . . . . . ... .. 199
6.2 Brief overview of the loop quantum gravity . . . . . . . ... ... ... 201
6.2.1 Introduction to the spin network . . . . . . . . ... ... .. .. 201
6.2.2 New quantum spin perspective and mind-stuff . . . . . . .. .. 204
6.3 The space-time of the mind-stuff . . . . . .. ... ... ... ..... 204
6.3.1 Various type of space-time . . . . . .. ... ... 205
6.3.2 The Space-time of mind-stuff and its quantization . . . . . . . . 207
6.3.3 Comparison between physical space-time and space-time of mind-
stuff . . 209
6.4 Summary . . .. 210
Summary and future scopes 213
7.1 Introduction . . . . . . ... 213
7.2 General conclusions . . . . . . .. ... 215
7.3 Achievements . . . . . .. ... 216
7.4 Future scopes . . . . . . . .. 217
List of publications 221

R.P. Viyas - Ph.D. thesis XV Dec - 2022



Contents Contents

B Conference attended 223

R.P. Viyas - Ph.D. thesis xvi Dec - 2022



Some conventions

e a,bc, ...=1,2 3.— Lower case letters - Spatial indices. In general, it shows curved
space. (unless otherwise specified).

o o, 3,7, .., V..., p,0 ...,w - Greek alphabets spatial-temporal indices. (unless
otherwise specified).

e [.J K L...=0,1,2,3.— Upper case middle indices - Internal indices of Lie algebra
elements in gauge theory. It also comes in the range 1,2,3. (unless otherwise
specified).

e 0,7, k... =1,2 3.~ Lower case middle indices - Internal indices. In general, it

shows flat space (unless otherwise specified).

XVil



List of some popular symbols

U(l) Unitary (1) group
SU(2) Special unitary (2) group
SU(3) Special unitary (3) group
Ep Planck energy
tp Planck time
Tp Planck temperature
lp Planck length
mp Planck mass
SL(2,C) Special linear group
SO(3) Special orthogonal group
c Speed of light
~y Lorentz factor
ds? Line interval
U Four vector
D Four momentum
G Universal gravitational constant
G Metric tensor
€ Basis vector or one form
w? Basis one form
0y Kronecker delta
Ay transformation matrix or Jacobian matrix
Ned Minkowski metric
T Tensor
ANB Wedge product
re, Christoffel symbol
V. Covariant derivative
LxY Lie derivative
giik Levi -Civita symbol
Ry, Riemann tensor
G Einstein tensor
T, Energy - Momentum tensor
R, Ricci tensor
R Ricci scalar
Aor A, Gauge connection
Frv Field tensor
h Reduced Planck constant
] D’Alembertian operator
yH Dirac matrices
o; Pauli matrices

XViii



Contents Contents
t’ Gauge group generator
U(dx*) Parallel transport operator
P Path ordered integral
We Wilson loop
R Flat space
M Manifold
N Lapse function
NH Shift vector
n# Normal vector
PN Hypersurface
Red Intrinsic metric
Red Extrinsic metric
H Hamiltonian constraint
ce Diffeomorphism constraint
! Spinorial field
J Lie algebra index
e Tetrad
ATK Lie algebra valued connection
EY Triad field
wi™ Spin connection
Geq Gauss constraint
f Scalar density
E Triad density
vy Barbero - Immirzi parameter
Hepa Einstein - Hilbert - Ashtekar Hamiltonian
S} Graph or network
gj Group element
Cyl Cylindrical function
dp Haar measure
Ag Classical observable of area
AS Area operator
J? Casimir operator
Vg Classical observable of Volume
Vs Volume operator
Seu Black hole entropy
ks Boltzmann constant
Hyrarrer Hamiltonian for matter field
a(t) Scale factor
Vo volume of fiducial cell ¥V
HyrarTER Hamiltonian for gravitational field
(C, P) Two ¢ - number
r Scalar two-complex connection
@ Operator
Q7K Curvature
Qonm Frequency of quasi normal modes
% Tortoise coordinate
p Density matrix
|p) State of entangled pair
|D) Complete quantum state of black hole
R.P. Viyas - Ph.D. thesis xix Dec - 2022



Contents

Contents

| Pmatter) State of matter that forms black hole
1% Planck area
J Total angular momentum
e} Fine structure constant
op Planck density
ap Planck acceleration
Pp Planck momentum
Fp Planck force
Ep Planck energy
fr Planck frequency
Qp Planck charge
Pt Physical space-time
My Space-time of Mind-stuff
Cqt Space-time of Consciousness
R.P. Viyas - Ph.D. thesis XX

Dec - 2022



List of some standard abbreviation

ADM
AdS/CFT

AMPS firewall

BF theory
BI parameter
CM
EFFE
EM
GR
GFT
LQG
LQC
NY term
OSD model
QM
QFT
QED
SR
TOCY

Arnowitt - Deser - Misner

Anti De - Sitter/ conformal field theory
Almheiri - Marolf - Polchniski - Sully firewall
Background field theory

Barbero - Immirzi parameter

Classical mechanics

Einstein field equation
Electromagnetism

General relativity

Group field theory

Loop quantum gravity

Loop quantum cosmology

Nieh - Yan term

Oppenheimer - Snyder - Datt model
Quantum mechanics

Quantum field theory

Quantum electrodynamics

Special relativity
Turaev—Ooguri—Crane—Yetter

XXi



List of Figures

1.1

1.2
1.3
1.4

1.5
1.6
1.7

1.8
1.9

1.10
1.11
1.12
1.13
1.14

1.15

2.1
2.2
2.3

3.1
3.2
3.3

Stationary (left side) and constant velocity (Right side) inertial reference

frames. . . . . . L 10
Schematic diagram of light cone with different interval. . . . . . . . .. 11
Parallel transport of any vector in flat geometry. . . . . . . . . . . . .. 18

Parallel transport of vector in curved geometry — 90° angle is made between

initial and final vector due to curved geometry. . . . . . . .. ... ... 19
Active (left side) and passive (right side) diffeomorphism invariance. . . . 23
Square shaped closed path analogy of Wilson loop. . . . . . . . ... .. 39

Schematic diagram of 3+1 decomposition or ADM formalism in which ¥,
and 3., are hypersurface, t* is vector field, n* is normal vector, N is
lapse and N* is shift vector. . . . . . . . . . ... ... ... ... ... 41
Schematic diagram of intrinsic (left side) and extrinsic curvature (right side). 44

Schematic diagram of Spin network in which edges are denoted by group

elements. . . . ... 63
Quantized area obtained by surface puncture by line of spin network. . . 68
Atom of space. . . . . . . .. L 71
Evolution of spin network gives spin foam. . . . . . . .. ... .. ... 74
Splitting of one node to two node. . . . . .. .. ... 74
Puncture of boundary of event horizon of black hole by lines of spin network

that gives the value of quantized area. . . . . . .. .. .. ... .... 78
Big bounce model. . . . . . ..o 90
A diagram of spin network. . . . . ... ..o 105
A diagram of surface puncture. . . . . .. ..o 106

The black hole entropy through puncture in the surface of the event horizon.109

Inward tilting of light cone after r=2m in Eddington Finkelstein coordinates.135
A diagram of Kruskal metric with different regions. . . . . . . . . . . .. 135
(a) Naked singularity as final outcome of gravitational collapse if event
horizon is delayed. (b) Spacetime diagram of dynamical evolution in OSD
model that create Schwarzschild black hole. . . . . . . . ... .. .. .. 136

XXil



List of Figures List of Figures

3.4

3.5
3.6

3.7

3.8
3.9
3.10
3.11
3.12

3.13
3.14

3.15

4.1

5.1
5.2
5.3

6.1
6.2
6.3
6.4
6.5

Black hole with few virtual pairs of particles near event horizon from infinite
pairs in spacetime and one pair in which ingoing particle and out going
particle (Hawking particle) is shown. . . . . .. ... ... ... ..., 139
A Penrose diagram of black hole that created through collapse. . . . . . 146
A diagram of Schwarschild’ black hole in which the stretching of spacelike
slices during evolution of black hole with correlated pairs is shown. . . . 148
With each new Hawking pair creation, the earlier one is pushing away from
event horizon of black hole. . . . . . . ... ... ... ... ... .. 149
Quantum transition through Planck star from black hole to white hole. . 153
Planck star in Eddinton Finkelstein coordinates without evaporation [42]. 154
Planck star in Eddinton Finkelstein coordinates with evaporation [42]. . . 155
Penrose diagram of star life [42]. . . . . . . .. ... ... ... 156
(a) Black hole's inner geometry exhibits finite long thin tube. Along with
the time, the radius of this tube decreases with length increment. (b) The
classical black hole is shown in conformal diagram; in which the effect of
quantum gravity is manifested at Region P and Q [43]. . . . . . .. .. 160
Quantum transition from BH to WH with inside geometry depiction [43]. 162

A diagram of Q region in which, surface of identical radius of Schwarzschild

(left) and the null Kruskal coordinate sign (right) are shown [43]. . . . . 163
The territory of Q transition [43]. . . . . . . .. ... ... .. .. ... 164
Theplot of Ag —n2 . . . . ... 178
Theplot of Tp —n2. . . . . . . . . .. ... 192
The plot of mp —n2. . . . . .. 193
Theplotof lp —m. . . . . . . . . . 194
The 2D diagram of the spin network. . . . . . . .. .. ... ... ... 202
The vertex of the trivalent spin network. . . . . .. . ... ... .... 203
A schematic diagram of atom of space. . . . . . . . .. .. ... .. .. 203
A schematic Venn diagram for Py C My CCq. . . . . . . . . . . L. 207
The functioning of the mind-stuff thorough the physical body. . . . . . . 208

R.P. Viyas - Ph.D. thesis xxiil Dec - 2022



List of Tables

1.1
1.2
1.3

1.4

2.1

3.1

4.1

5.1

5.2
53
5.4
55
5.6

6.1

Planck scale physical quantities. . . . . . . . ... . ... ... .....

Comparison between loop quantum gravity and string theory. . . . . . .

Important conceptual development in LQG is shown in chronological order

[5] .~ . 6
Comparison between GR and QFTs. . . . . . . . . . ... .. ... ... 40
Time line of research on the Barbero Immirzi parameter. . . . . . . . .. 104
Discrepancies between black hole and naked singularity . . . . . . . . .. 137
The value of n2, n and Ag for the value of ji. . . . . . . . . ... ... 177
Comparison between the old formula and new formula of fundamental

constant. . . . . . Lo 186
Fundamental Planck scale physical quantities. . . . . . ... ... ... 188
Derived Planck scale physical quantities. . . . . . . ... ... ... .. 190

The relationship between the Planck temperature T and the integer n. . 192
The relationship between the Planck temperature mp and the integer n. 193

The relationship between the Planck temperature [p and the integer n. . 194

The physical space-time vs. the space-time of the mind-stuff. . . . . . . 210

XXIV



