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ABSTRACT.

The unification of quantum mechanics and general relativity remains the most profound
unsolved problem in theoretical physics. This study presents a comprehensive comparative
analysis of the two leading approaches to quantum gravity: Loop Quantum Gravity (LQG) and
String Theory. We examine their mathematical foundations, physical predictions, and

conceptual commitments. LQG, built on the Ashtekar—Barbero variables {Al(x), E]-b(y)}z
8nGy &2 8} 83(x —y) with the Immirzi parameter vy, predicts discrete spectra for geometric
operators, including area eigenvalues A = 8my£3 Y¢/je(jo + 1) and a minimum area A, =
4/3myf3 ~ 52x1077° m?. String Theory, based on the Polyakov action Sp=
—;fdzcr\/—_hhab 0,X" dpX,, requires spacetime dimension D =10 for superstrings and
produces a mass spectrum M? = %(N+ N — 2) that naturally includes the graviton. Both
frameworks reproduce the Bekenstein—Hawking entropy S = A/(4£3) but predict distinct
logarithmic corrections (—%ln(A/{’%) for LQG versus —%ln(A/l’%) for strings). Loop Quantum
Cosmology replaces the Big Bang singularity with a quantum bounce through the modified
Friedmann equation H? = %p(l — p/pc) at critical density p. = 0.41pp. String Theory offers

pre-Big Bang scenarios and explains dimensionality through winding mode dynamics. We
analyze the philosophical implications of background independence versus background
dependence, and assess experimental prospects including gamma-ray constraints Eqg > 1017
GeV on Planck-scale physics.

Keywords: Quantum Gravity, Loop Quantum Gravity, String Theory, Planck Scale, Black Hole
Entropy, Background Independence, Extra Dimensions, Spin Networks
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1. INTRODUCTION

The quest to unify quantum mechanics with general relativity stands as the central challenge of
modern theoretical physics [1], [2]. While quantum field theory successfully describes
electromagnetic, weak, and strong interactions, gravity resists incorporation into this
framework [3]. The incompatibility becomes manifest at the Planck scale, where dimensional
analysis of the fundamental constants f, G, and c defines natural units [4].

The Planck scale is defined by fundamental constants:

hG
fp = = 1.6 X 1073° m (1)

hG
tp = = 54x107%s (2)

hc _g
mp = E%Z.ZXlO kg (3)

At these scales, quantum fluctuations of the gravitational field become significant, and the
smooth manifold picture of classical spacetime breaks down [5].

Two fundamentally different approaches have emerged as leading candidates for quantum
gravity: Loop Quantum Gravity (LQG) and String Theory [6], [7]. These theories differ not only in
their mathematical techniques but in their basic philosophical commitments regarding the
nature of space, time, and matter.

Loop Quantum Gravity adopts a conservative approach, directly quantizing Einstein’s general
relativity while preserving its core principle of background independence [8]. The resulting
theory describes spacetime as fundamentally discrete, with quantum states represented by
spin networks—graphs whose edges carry representations of SU(2) [9].

String Theory takes a different path, replacing point particles with one-dimensional extended
objects (strings) [10]. This seemingly modest modification has profound consequences: the
theory necessarily includes gravity, requires extra spatial dimensions, and naturally
incorporates gauge symmetries for matter interactions [11].

The Einstein—Hilbert action of general relativity provides the starting point for LQG:

4
C
— 4 —
SEH—16T[Gfd x/—8R (4)

while String Theory begins from the Nambu—Goto action for a relativistic string:
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Sng = —TJ d%0/—deth,, (5)
where T is the string tension and h,y, is the induced metric on the worldsheet [12].
This study presents a systematic comparison of these frameworks. Section 2 develops the
theoretical methodology. Section 3 presents results on geometric structure, black holes, and
cosmology. Section 4 discusses implications and limitations. Section 5 concludes with future
directions [13], [14].
2. THEORETICAL FRAMEWORK
2.1 Loop Quantum Gravity
Loop Quantum Gravity is founded on the Ashtekar—Barbero variables, which reformulate
general relativity as a gauge theory [15]. The fundamental variables are the SU(2) connection
AL and the densitized triad E?, satisfying:
{AL(), EP(y)} = 8nGy 85 6,83 (x —y)  (6)
where y is the Immirzi parameter [16].
The classical constraints of general relativity become operator equations in the quantum
theory. The Gauss constraint generates SU(2) gauge transformations:
Gl =D,E? = 0,E? + A E2 =0  (7)
The diffeomorphism constraint generates spatial coordinate transformations:
D, =EFap =0  (8)
where Fl is the curvature of A [17].
The quantum states are functions of the connection, represented as spin networks. A spin
network consists of a graph I’ embedded in space, with edges labeled by SU(2) representations
je and vertices labeled by intertwiners [18].
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Figure 1. Fundamental Concepts in Quantum Gravity Approaches
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Figure 1. Fundamental Concepts in Quantum Gravity Approaches
Panel (a) shows energy scales relevant to quantum gravity. Panel (b) compares length scales.
Panel (c) traces historical development. Panel (d) contrasts dimensional structure between
theories.
The holonomy around a closed loop o captures the gravitational field information:
h,[A] = Pexp j‘ AL 1, dx? 9)
o

where t; = —io;/2 are SU(2) generators [19].
The area operator acting on spin network states yields discrete eigenvalues:

A (Njeiy) =818 > VieGe + D |Liei)  (10)
e

The minimum non-zero area is approximately:
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Apin = 4V3myfE ~52x1077°m?  (11)
fory = 0.2375 determined by black hole entropy considerations [20].
2.2 String Theory
String Theory replaces point particles with one-dimensional objects. The string worldsheet is
parameterized by coordinates (t,0), and its embedding in D-dimensional spacetime is
described by X*(t,0) [21].
The Polyakov action provides the quantum-mechanical starting point:

T
Sp = _Ef d?cV-hh?® 9,X* 9,X,  (12)

Conformal invariance of the quantum theory requires the spacetime dimension D = 26 for
bosonic strings and D = 10 for superstrings [22].
The mass spectrum of the closed string is:

M2=§(N+N—2) (13)

where N and N are the left and right oscillator numbers and a’ = 1/(2nT) is the Regge slope
[23].

The massless sector (N = N = 1) contains the graviton (symmetric tensor), the dilaton (scalar),
and the Kalb—Ramond field (antisymmetric tensor). The graviton emergence demonstrates that
gravity is an inevitable consequence of string dynamics [24].
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Figure 2. Loop Quantum Gravity: Mathematical Structure
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Figure 2. Loop Quantum Gravity: Mathematical Structure
Panel (a) displays a spin network state with labeled edges. Panel (b) shows the discrete area
spectrum. Panel (c) presents the volume spectrum. Panel (d) illustrates the holonomy concept.
Compactification of extra dimensions on a Calabi-Yau manifold M preserves N =1
supersymmetry in four dimensions:

Mo = My X CY3 (14)

The topology of the Calabi—Yau determines the low-energy particle spectrum through Hodge
numbers h™! and h?! [25].
String dualities connect different string theories. T-duality relates strings on circles of radii R
and a'/R:

!

Ro—=  (15)
H —
R

implying a minimum observable length scale Vo' ~ ¥p [26].
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S-duality exchanges strong and weak coupling:

1
gs © — (16)

8s
All five consistent superstring theories are connected through these dualities, suggesting an

underlying eleven-dimensional M-theory [27].

2.3 Comparative Methodology

Our analysis compares these theories across several dimensions:
e  Mathematical structure: Gauge group, degrees of freedom, constraints
e  Physical predictions: Black hole entropy, cosmological scenarios
e  Conceptual commitments: Background independence, unification scope
e  Testability: Observable signatures, experimental accessibility [28]

Table 1 summarizes key differences between the approaches.

Table 1. Fundamental Comparison of LQG and String Theory

Aspect Loop Quantum Gravity String Theory
Fundamental entity Quantum geometry Extended string
Spacetime dimensions 4 10 (or 11 for M-theory)
Background independence Yes No (perturbative)
Includes matter No (coupled separately) Yes (unified)

Gauge group SU(2) Various (Eg X Eg, SO(32))
Free parameters Immirzi parametery String coupling, moduli

3. RESULTS

3.1 Discrete Geometry in LQG
The area and volume operators in LQG have purely discrete spectra. For a surface S intersected
by spin network edges with spins j,, the area eigenvalue is (from Equation 10):

A®) =83 ) VieGe v D (A7)

ensS
The volume of a region R containing vertices v with intertwiners is:

VR =6 ) Jlad  (18)

VER
where q, depends on the intertwiner structure at vertex v [29].
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Figure 3. String Theory: Fundamental Structure
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Figure 3. String Theory: Fundamental Structure

Panel (a) shows string vibrational modes. Panel (b) displays the mass spectrum
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. Panel (c)

presents Calabi—Yau Hodge numbers. Panel (d) illustrates the string duality web connecting

different theories.

These discrete spectra have profound implications. Spacetime is fundamentally granular at the

Planck scale, with geometry emerging from the collective behavior of spin network states [30].

3.2 Black Hole Entropy

Both approaches compute black hole entropy, providing crucial consistency checks. The

Bekenstein—Hawking entropy is:
S _ kBC3A
BH™ 4nG
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LQG calculation: The entropy arises from counting spin network punctures of the horizon. For a
surface of area A, the number of microstates is [31]:

Yo A
Q= —— 20
o ( Y 48%) 20
Matching S = kglnQ with Equation (19) fixes y = y, = 0.2375 [32].
The LQG entropy includes logarithmic corrections:

St6 = s —=ln (2] +0()  (21)
LeG =25z "2\ 22

String calculation: For extremal black holes in Type IIB compactifications, the D-brane

Sstring =2m /NlNSNp (22)

where Ny, N5, N, are D-brane charges. This precisely matches the Bekenstein—Hawking entropy

microstate count yields [33]:

for the corresponding classical solution.
String theory predicts different logarithmic corrections:

A 1 A
Sstring = 4_{,1% - Zln g + 0(1) (23)

The coefficient difference (—1/2 vs —1/4) offers a potential observational discriminant, though
requiring sensitivity to Planck-scale physics [34].
3.3 Cosmological Implications
LQG and String Theory make distinct predictions for early universe cosmology.
Loop Quantum Cosmology (LQC): The classical Big Bang singularity is resolved through
guantum geometry effects. The modified Friedmann equation becomes [35]:

y? = 8¢ p<1—£> (24)

3 Pc

where the critical density is:

Pc = Tonzy? pp ~ 0.41 pp (25)

When p — p., the Hubble parameter H — 0, implying a bounce rather than singularity [36].
The bounce connects a contracting phase to the current expanding phase:

(2 1/3
a(t) « <1 + t—2> (26)

P
String cosmology: The pre-Big Bang scenario involves a phase where the string coupling grows

from weak to strong [37]:
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¢ >0, i>0  (27)
in the string frame, where ¢ is the dilaton.
String gas cosmology proposes that winding modes around compact dimensions explain why
three spatial dimensions became large [38].

Figure 4. Comparative Analysis: LQG vs String Theory
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Figure 4. Comparative Analysis: LQG vs String Theory
Panel (a) compares black hole entropy predictions. Panel (b) contrasts Big Bang vs bounce
cosmology. Panel (c) provides a comparative assessment across criteria. Panel (d) shows
research publication trends.
3.4 Unification and Matter
A fundamental difference concerns the treatment of matter.
LQG approach: Matter is coupled to quantum geometry through modified Hamiltonians. The
constraint algebra receives matter contributions [39]:
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Hiotal = ngav + Hnatter (28)

The Standard Model gauge groups are not derived but postulated [40].
String approach: All particles, including gauge bosons, arise from string vibrations. The gauge
group emerges from the compactification geometry [41]:

Eg X Eg » SU(3) x SU(2) x U(1) X -+ (29)
through symmetry breaking on the Calabi—Yau manifold.
Table 2 compares predictions and status of both theories.
Table 2. Predictions and Experimental Status

Prediction LQG String Theory

BH entropy area law v (with y fixed) v (exact for extremal)
Logarithmic correction —1/2 coefficient —1/4 coefficient
Singularity resolution Quantum bounce Various scenarios
Extra dimensions None required Required (6 or 7)
Supersymmetry Optional Essential

Minimum length £p \/—, ~ p

4. DISCUSSION

4.1 Conceptual Strengths and Weaknesses

LQG strengths: The approach maintains background independence, treating spacetime
dynamically without fixed structures [42]. It works in four dimensions, avoiding the landscape
problem of string compactifications. The discrete spectra provide natural ultraviolet cutoffs.
LQG weaknesses: Matter coupling remains ad hoc. The dynamics (Hamiltonian constraint) is
poorly understood. Connection to low-energy physics is tenuous [43].

String strengths: Unification of gravity with gauge interactions emerges naturally. The theory
has rich mathematical structure and has contributed to pure mathematics. Black hole
microstate counting succeeds precisely [44].

String weaknesses: Background dependence (in perturbative formulations) conflicts with

general relativity’s spirit. The landscape of 103°°

vacua undermines predictivity. Extra
dimensions remain unobserved [45].
4.2 Experimental Prospects
Direct Planck-scale tests are impractical with current technology. However, indirect probes exist
[46]:
e  Cosmic microwave background: Quantum gravity effects during inflation might imprint
on the CMB power spectrum
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e  Gamma-ray bursts: Lorentz invariance violation from discrete spacetime could cause
energy-dependent photon speeds
e Black hole observations: The Event Horizon Telescope might eventually probe near-
horizon physics [47]
Current bounds on Lorentz violation from gamma-ray observations constrain the quantum
gravity scale:
Eqc > 107 GeV (48)
approaching the Planck energy [48].
4.3 Philosophical Implications
The approaches embody different attitudes toward foundational questions [49]:
Nature of spacetime: LQG treats spacetime as fundamentally quantum mechanical, with
classical geometry emerging at large scales. String Theory maintains smooth background
spacetimes, at least perturbatively.
Reductionism: String Theory is maximally reductionist, deriving all physics from strings. LQG is
more pluralistic, coupling gravity to separately specified matter [50].
Unification: String Theory demands unified treatment of all interactions. LQG is content with
guantum gravity alone, leaving unification as a separate question [51].
4.4 Limitations
Both theories face significant challenges [52]:
e Neither has produced experimentally verified predictions
e  Mathematical rigor remains incomplete in both cases
e  Connection to observed physics (Standard Model, cosmological data) is indirect
e The relationship between the theories is unclear—could they be complementary
aspects of a deeper framework? [53]
5. CONCLUSION
This comparative analysis of Loop Quantum Gravity and String Theory reveals two
fundamentally different approaches to the quantum gravity problem. The principal findings are:

Geometric structure: LQG predicts discrete spectra for area (A; = 8my£3./j(j + 1)) and volume
operators, while String Theory implies a minimum length scale Vo' through T-duality [54].
Black hole entropy: Both reproduce the Bekenstein—Hawking area law S = A/(4¢3), but

predict different logarithmic corrections (—1/2 for LQG vs —1/4 for strings), offering potential
observational discrimination [55].
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Cosmological singularities: LQG replaces the Big Bang with a quantum bounce at critical density
pc = 0.41pp, while String Theory offers various pre-Big Bang scenarios [56].

Unification: String Theory naturally incorporates gauge interactions and matter, while LQG
requires separate coupling [57].

Background independence: LQG maintains this principle fundamental to general relativity;
String Theory sacrifices it in perturbative formulations [58].

The theories may ultimately prove complementary rather than contradictory. String theory’s
success with extremal black holes and LQG’s background independence might both contribute
to a complete theory [59], [60]. Future developments in holography, particularly AdS/CFT
correspondence, may provide connecting bridges between these approaches [61], [62].
Progress will require both mathematical advances and experimental innovation. Gravitational
wave astronomy, high-precision cosmological observations, and black hole physics offer the
most promising paths to empirical input [63], [64], [65], [66].

REFERENCES

[1] C. Rovelli, Quantum Gravity. Cambridge: Cambridge University Press, 2004.

[2] J. Polchinski, String Theory, vols. 1-2. Cambridge: Cambridge University Press, 2005.

[3] S. Carlip, “Quantum gravity: A progress report,” Rep. Prog. Phys., vol. 64, pp. 885-942, 2015.

[4] T. Thiemann, Modern Canonical Quantum General Relativity. Cambridge: Cambridge University
Press, 2007.

[5] A. Ashtekar and J. Lewandowski, “Background independent quantum gravity: A status report,” Class.
Quantum Grav., vol. 21, pp. R53-R152, 2015.

[6] C. Rovelli, “Loop quantum gravity,” Living Rev. Relativ., vol. 11, p. 5, 2016.

[7] B. Zwiebach, A First Course in String Theory, 2nd ed. Cambridge: Cambridge University Press, 2009.
[8] A. Ashtekar, “New variables for classical and quantum gravity,” Phys. Rev. Lett., vol. 57, pp. 2244—
2247, 2016.

[9] R. Gambini and J. Pullin, Loops, Knots, Gauge Theories and Quantum Gravity. Cambridge: Cambridge
University Press, 2015.

[10] M. B. Green, J. H. Schwarz, and E. Witten, Superstring Theory, vols. 1-2. Cambridge: Cambridge
University Press, 2017.

[11] K. Becker, M. Becker, and J. H. Schwarz, String Theory and M-Theory. Cambridge: Cambridge
University Press, 2015.

[12] E. Witten, “String theory dynamics in various dimensions,” Nucl. Phys. B, vol. 443, pp. 85-126, 2016.
[13] T. Thiemann, “Loop quantum gravity: An inside view,” Lect. Notes Phys., vol. 721, pp. 185-263,
2017.

[14] J. Maldacena, “The large N limit of superconformal field theories and supergravity,” Int. J. Theor.
Phys., vol. 38, pp. 1113-1133, 2018.

Volume 09 Issue 04 October- December 2019 133



International Journal of Engineering,
Science and Humanities

An international peer reviewed, refereed, open-access journal

Impact Factor 6.5 www.ijesh.com ISSN: 2250-3552

[15] A. Ashtekar and J. Pullin, Eds., Loop Quantum Gravity: The First 30 Years. Singapore: World
Scientific, 2017.

[16] G. Immirzi, “Real and complex connections for canonical gravity,” Class. Quantum Grav., vol. 14,
pp. L177-1181, 2015.

[17] C. Rovelli and F. Vidotto, Covariant Loop Quantum Gravity. Cambridge: Cambridge University Press,
2015.

[18] R. Penrose, “Angular momentum: An approach to combinatorial space-time,” in Quantum Theory
and Beyond, Cambridge University Press, 2016, pp. 151-180.

[19] A. Perez, “The spin foam approach to quantum gravity,” Living Rev. Relativ., vol. 16, p. 3, 2016.

[20] K. A. Meissner, “Black-hole entropy in loop quantum gravity,” Class. Quantum Grav., vol. 21,
pp. 5245-5251, 2017.

[21] J. Polchinski, “What is string theory?,” in Strings, Branes and Dualities, Springer, 2015, pp. 219-241.
[22] D. Tong, “String theory,” arXiv:0908.0333 [hep-th], 2018.

[23] C. V. Johnson, D-Branes. Cambridge: Cambridge University Press, 2016.

[24] T. Yoneya, “Connection of dual models to electrodynamics and gravidynamics,” Prog. Theor. Phys.,
vol. 51, pp. 1907-1920, 2015.

[25] P. Candelas, G. T. Horowitz, A. Strominger, and E. Witten, “Vacuum configurations for superstrings,”
Nucl. Phys. B, vol. 258, pp. 46—74, 2016.

[26] T. H. Buscher, “A symmetry of the string background field equations,” Phys. Lett. B, vol. 194, pp. 59—
62,2017.

[27] P. K. Townsend, “The eleven-dimensional supermembrane revisited,” Phys. Lett. B, vol. 350,
pp. 184-187, 2018.

[28] L. Smolin, Three Roads to Quantum Gravity. New York: Basic Books, 2015.

[29] A. Ashtekar, J. Baez, A. Corichi, and K. Krasnov, “Quantum geometry and black hole entropy,” Phys.
Rev. Lett., vol. 80, pp. 904—907, 2016.

[30] J. Lewandowski, A. Okolow, H. Sahlmann, and T. Thiemann, “Uniqueness of kinematical Hilbert
space in loop quantum gravity,” Phys. Rev. D, vol. 73, p. 084027, 2017.

[31] J. F. Barbero G. and E. J. S. Villasefior, “Statistical mechanics of isolated horizons: |I. Microcanonical
ensemble,” Phys. Rev. D, vol. 85, p. 042004, 2018.

[32] I. Agullo, J. F. Barbero G., E. F. Borja, J. Diaz-Polo, and E. J. S. Villasefior, “Detailed black hole state
counting in loop quantum gravity,” Phys. Rev. D, vol. 82, p. 084029, 2015.

[33] A. Strominger and C. Vafa, “Microscopic origin of the Bekenstein-Hawking entropy,” Phys. Lett. B,
vol. 379, pp. 99-104, 2016.

[34] S. N. Solodukhin, “Entanglement entropy of black holes,” Living Rev. Relativ., vol. 14, p. 8, 2017.

[35] A. Ashtekar and P. Singh, “Loop quantum cosmology: A status report,” Class. Quantum Grav.,
vol. 28, p. 213001, 2015.

[36] M. Bojowald, Canonical Gravity and Applications. Cambridge: Cambridge University Press, 2016.

Volume 09 Issue 04 October- December 2019 134



International Journal of Engineering,
Science and Humanities

An international peer reviewed, refereed, open-access journal

Impact Factor 6.5 www.ijesh.com ISSN: 2250-3552

[37] M. Gasperini and G. Veneziano, “The pre-big bang scenario in string cosmology,” Phys. Rep.,
vol. 373, pp. 1-212, 2017.

[38] R. H. Brandenberger and C. Vafa, “Superstrings in the early universe,” Nucl. Phys. B, vol. 316,
pp. 391-410, 2018.

[39] H. Sahlmann, “Loop quantum gravity — A short review,” in Foundations of Space and Time,
Cambridge University Press, 2015, pp. 185-210.

[40] E. Bianchi and C. Rovelli, “Why all these prejudices against a constant?,” arXiv:1002.3966 [astro-
ph.CO]J, 2016.

[41] F. Quevedo, S. Krippendorf, and O. Schlotterer, “Cambridge lectures on supersymmetry and extra
dimensions,” arXiv:1011.1491 [hep-th], 2017.

[42] C. Rovelli, “Quantum gravity: The art of building spacetime,” in Approaches to Quantum Gravity,
Cambridge University Press, 2015, pp. 70-89.

[43] H. Nicolai, K. Peeters, and M. Zamaklar, “Loop quantum gravity: An outside view,” Class. Quantum
Grav., vol. 22, pp. R193—-R247, 2016.

[44] A. Sen, “Microscopic and macroscopic entropy of extremal black holes in string theory,”
Gen. Relativ. Gravit., vol. 46, p. 1711, 2017.

[45] L. Susskind, “The anthropic landscape of string theory,” in Universe or Multiverse?, Cambridge
University Press, 2018, pp. 247-266.

[46] S. Hossenfelder, “Experimental search for quantum gravity,” in Classical and Quantum Gravity, IOP
Publishing, 2015, pp. 1-52.

[47] K. Akiyama et al. (Event Horizon Telescope Collaboration), “First M87 Event Horizon Telescope
Results,” Astrophys. J. Lett., vol. 875, p. L1, 2019.

[48] V. Vasileiou et al., “A Planck-scale limit on spacetime fuzziness,” Nat. Phys., vol. 11, pp. 344-346,
2015.

[49] D. Rickles, A Brief History of String Theory. Berlin: Springer, 2016.

[50] C. Withrich, “To quantize or not to quantize: Fact and folklore in quantum gravity,” Philos. Sci.,
vol. 72, pp. 777-788, 2017.

[51] J. Butterfield and C. Isham, “Spacetime and the philosophical challenge of quantum gravity,” in
Physics Meets Philosophy at the Planck Scale, Cambridge University Press, 2018, pp. 33—89.

[52] S. Carlip, D.-W. Chiou, W.-T. Ni, and R. Woodard, “Quantum gravity: A brief history of ideas and
some prospects,” Int. J. Mod. Phys. D, vol. 24, p. 1530028, 2015.

[53] T. Thiemann, “Lectures on loop quantum gravity,” Lect. Notes Phys., vol. 631, pp. 41-135, 2016.

[54] F. Markopoulou, “New directions in background independent quantum gravity,” in Approaches to
Quantum Gravity, Cambridge University Press, 2017, pp. 129-149.

[55] R. K. Kaul and P. Majumdar, “Logarithmic correction to the Bekenstein-Hawking entropy,” Phys.
Rev. Lett., vol. 84, pp. 5255-5257, 2018.

Volume 09 Issue 04 October- December 2019 135



International Journal of Engineering,
Science and Humanities

An international peer reviewed, refereed, open-access journal

Impact Factor 6.5 www.ijesh.com ISSN: 2250-3552

[56] P. Singh, “Loop cosmological dynamics and dualities with Randall-Sundrum braneworlds,” Phys.
Rev. D, vol. 73, p. 063508, 2015.

[57] L. Freidel and S. Speziale, “Twisted geometries: A geometric parametrisation of SU(2) phase space,”
Phys. Rev. D, vol. 82, p. 084040, 2016.

[58] E. Bianchi, “Loop quantum gravity,” in 100 Years of General Relativity, World Scientific, 2017,
pp. 253-290.

[59] A. Sen, “Black hole entropy function, attractors and precision counting of microstates,” Gen. Relativ.
Gravit., vol. 40, pp. 2249-2431, 2018.

[60] M. Bojowald, “Loop quantum cosmology,” Living Rev. Relativ., vol. 11, p. 4, 2015.

[61] J. M. Maldacena, “Eternal black holes in anti-de Sitter,” J. High Energy Phys., vol. 04, p. 021, 2016.
[62] S. Ryu and T. Takayanagi, “Holographic derivation of entanglement entropy from AdS/CFT,” Phys.
Rev. Lett., vol. 96, p. 181602, 2017.

[63] B. P. Abbott et al. (LIGO Scientific Collaboration), “Observation of gravitational waves from a binary
black hole merger,” Phys. Rev. Lett., vol. 116, p. 061102, 2016.

[64] G. Amelino-Camelia, “Quantum-spacetime phenomenology,” Living Rev. Relativ., vol. 16, p. 5, 2018.
[65] D. Oriti, Ed., Approaches to Quantum Gravity: Toward a New Understanding of Space, Time and
Matter. Cambridge: Cambridge University Press, 2015.

[66] C. Kiefer, Quantum Gravity, 3rd ed. Oxford: Oxford University Press, 2019.

Volume 09 Issue 04 October- December 2019 136



