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Abstract

This paper attempts to study Quantum gravity (QG) ; that seeks to describe gravity according to the principles
of quantum mechanics, and where quantum effects cannot be ignored under effective field theory, such as in the vicinity
of black holes or similar compact astrophysical objects, and where the effects of gravity are strong, such as neutron stars.
Three of the four fundamental forces of physics are described within the framework of quantum mechanics and quantum
field theory. The current understanding of the fourth force, gravity, is based on Albert Einstein's general theory of
relativity, which is formulated within the entirely different framework of classical physics. However, that description is
incomplete: describing the gravitational field of a black hole in the general theory of relativity leads physical quantities,
such as the spacetime curvature, to diverge at the center of the black hole. This signals the breakdown of the general
theory of relativity and the need for a theory that goes beyond general relativity into the quantum. At distances very
close to the center of the black hole (closer than the Planck length), quantum fluctuations of spacetime are expected to

play an important role.

To describe these quantum effects a theory of quantum gravity is needed. Such a theory should allow the
description to be extended closer to the center and might even allow an understanding of physics at the center of a black
hole. On more formal grounds, one can argue that a classical system cannot consistently be coupled to a quantum one.
The field of quantum gravity is actively developing, and theorists are exploring a variety of approaches to the problem
of quantum gravity, the most popular being M-theory and loop quantum gravity. All of these approaches aim to describe
the quantum behavior of the gravitational field. This does not necessarily include unifying all fundamental interactions
into a single mathematical framework. However, many approaches to quantum gravity, such as string theory, try to
develop a framework that describes all fundamental forces. Such theories are often referred to as a theory of everything.
Others, such as loop quantum gravity, make no such attempt; instead, they make an effort to quantize the gravitational
field while it is kept separate from the other forces. One of the difficulties of formulating a quantum gravity theory is
that quantum gravitational effects only appear at length scales near the Planck scale, around 10—35 meters, a scale far
smaller, and hence only accessible with far higher energies, than those currently available in high energy particle

accelerators.

Key words: Quantum gravity, Planck scale, particle accelerators, effective field theory.

JETIR2201556 | Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org | 376


http://www.jetir.org/

© 2022 JETIR January 2022, Volume 9, Issue 1 www.jetir.org (ISSN-2349-5162)

Introduction

Much of the difficulty in meshing these theories at all energy scales comes from the different assumptions that these
theories make on how the universe works. General relativity models gravity as curvature of spacetime: in the slogan of
John Archibald Wheeler, "Spacetime tells matter how to move; matter tells spacetime how to curve." On the other hand,
quantum field theory is typically formulated in the flat spacetime used in special relativity. No theory has yet proven
successful in describing the general situation where the dynamics of matter, modeled with quantum mechanics, affect
the curvature of spacetime. If one attempts to treat gravity as simply another quantum field, the resulting theory is not
renormalizable. Even in the simpler case where the curvature of spacetime is fixed a priori, developing quantum field
theory becomes more mathematically challenging, and many ideas physicists use in quantum field theory on flat

spacetime are no longer applicable.

It is widely hoped that a theory of quantum gravity would allow us to understand problems of very high energy and very

small dimensions of space, such as the behavior of black holes, and the origin of the universe.

Loop quantum gravity (LQG) is a mathematical formalism that defines a tentative quantum theory of spacetime.
Equally, the formalism provides a description of the gravitational field in regimes in which its quantum properties cannot

be neglected. The distinctive feature of LQG is to be a quantum field theory consistent with general relativity.

According to general relativity, the physical fields that form the world do not live on a background spacetime. Rather,
these fields make up spacetime themselves (“background independence”). Accordingly, the quanta of a quantum field
theory compatible with this principle — the s-knots described below — do not live on a background spacetime: rather,

they themselves form physical spacetime.

This physical idea is realized in the formalism by the gauge invariance under active diffeomorphisms of the manifold
on which the fields are originally defined (“diffeomorphism invariance”). Such gauge invariance renders the localization

of the field’s excitations on the manifold physically irrelevant.

LQG implements these physical motivations by merging two traditional lines of thinking in theoretical physics. The first
is the long-standing idea that gauge fields are naturally understood in terms of variables associated to lines (holonomies
of the gauge connection, Wilson loops, Faraday lines, ...). This idea can be traced to Faraday’s initial intuition that gave
birth to modern field theory: physical fields are real entities formed by lines. The second is the background-independent
canonical or covariant quantization of general relativity developed by following the ideas of Wheeler, DeWitt, and
Hawking. Each of these two lines of research has encountered serious obstructions, but the two turn out to solve each
others’ difficulties: the formulation in terms of holonomies renders the old ill-defined background-independent quantum

gravity well defined; conversely, background independence cures the divergences associated to the Wilson loop basis.

The formalism of LQG can be separated into two parts. A kinematics, describing the quantum properties of space, and
a dynamics, describing its evolution. Here we outline the LQG kinematics, and we give only the main result of the LQG
dynamics. Therefore, physicists lack experimental data which could distinguish between the competing theories which
have been proposed and thus thought experiment approaches are suggested as a testing tool for these theories.

Furthermore, in the field of quantum gravity there are several open questions - e.g., it is not known how spin of
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elementary particles sources gravity and thought experiments could provide a pathway to explore possible resolutions

to these questions, even in the absense of lab experiments or physical observations

Objective:

This paper intends to explore and analyze Effective field theory, as a holistic way of organizing the calculations in a
way that separates the reliable part of the theory (low energy — which we have explored experimentally) from the high

energy portion of the theory, in quantum gravity.

fundamental forces: gravity

The observation that all fundamental forces except gravity have one or more known messenger particles leads
researchers to believe that at least one must exist for gravity. This hypothetical particle is known as the graviton. These
particles act as a force particle similar to the photon of the electromagnetic interaction. Under mild assumptions, the
structure of general relativity requires them to follow the quantum mechanical description of interacting theoretical spin-
2 massless particles.  Many of the accepted notions of a unified theory of physics since the 1970s assume, and to some
degree depend upon, the existence of the graviton. The Weinberg—Witten theorem places some constraints on theories
in which the graviton is a composite particle. While gravitons are an important theoretical step in a quantum mechanical

description of gravity, they are generally believed to be undetectable because they interact too weakly.

General relativity, like electromagnetism, is a classical field theory. One might expect that, as with electromagnetism,
the gravitational force should also have a corresponding quantum field theory. However, gravity is perturbatively
nonrenormalizable. :xxxvi-xxxviii,211-212 For a quantum field theory to be well defined according to this
understanding of the subject, it must be asymptotically free or asymptotically safe. The theory must be characterized by
a choice of finitely many parameters, which could, in principle, be set by experiment. For example, in quantum

electrodynamics these parameters are the charge and mass of the electron, as measured at a particular energy scale.

On the other hand, in quantizing gravity there are, in perturbation theory, infinitely many independent parameters
(counterterm coefficients) needed to define the theory. For a given choice of those parameters, one could make sense of
the theory, but since it is impossible to conduct infinite experiments to fix the values of every parameter, it has been
argued that one does not, in perturbation theory, have a meaningful physical theory. At low energies, the logic of the
renormalization group tells us that, despite the unknown choices of these infinitely many parameters, quantum gravity

will reduce to the usual Einstein theory of general relativity. On the other hand, if we could probe very high energies
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where quantum effects take over, then every one of the infinitely many unknown parameters would begin to matter, and
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we could make no predictions at all.

It is conceivable that, in the correct theory of quantum gravity, the infinitely many unknown parameters will reduce to
a finite number that can then be measured. One possibility is that normal perturbation theory is not a reliable guide to
the renormalizability of the theory, and that there really is a UV fixed point for gravity. Since this is a question of non-
perturbative quantum field theory, finding a reliable answer is difficult, pursued in the asymptotic safety program.
Another possibility is that there are new, undiscovered symmetry principles that constrain the parameters and reduce
them to a finite set. This is the route taken by string theory, where all of the excitations of the string essentially manifest

themselves as new symmetries.

In an effective field theory, not all but the first few of the infinite set of parameters in a nonrenormalizable theory are
suppressed by huge energy scales and hence can be neglected when computing low-energy effects. Thus, at least in the
low-energy regime, the model is a predictive quantum field theory. Furthermore, many theorists argue that the Standard
Model should be regarded as an effective field theory itself, with "nonrenormalizable” interactions suppressed by large

energy scales and whose effects have consequently not been observed experimentally.

By treating general relativity as an effective field theory, one can actually make legitimate predictions for quantum
gravity, at least for low-energy phenomena. An example is the well-known calculation of the tiny first-order quantum-

mechanical correction to the classical Newtonian gravitational potential between two masses.
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Effective field theory structure of space

Loop quantum gravity seriously considers general relativity's insight that spacetime is a dynamical field and is therefore
a guantum object. Its second idea is that the quantum discreteness that determines the particle-like behavior of other

field theories (for instance, the photons of the electromagnetic field) also affects the structure of space.

The main result of loop quantum gravity is the derivation of a granular structure of space at the Planck length. This is
derived from following considerations: In the case of electromagnetism, the quantum operator representing the energy
of each frequency of the field has a discrete spectrum. Thus the energy of each frequency is quantized, and the quanta
are the photons. In the case of gravity, the operators representing the area and the volume of each surface or space region
likewise have discrete spectra. Thus area and volume of any portion of space are also quantized, where the quanta are
elementary quanta of space. It follows, then, that spacetime has an elementary quantum granular structure at the Planck

scale, which cuts off the ultraviolet infinities of quantum field theory.

The quantum state of spacetime is described in the theory by means of a mathematical structure called spin networks.
Spin networks were initially introduced by Roger Penrose in abstract form, and later shown by Carlo Rovelli and Lee
Smolin to derive naturally from a non-perturbative gquantization of general relativity. Spin networks do not represent

guantum states of a field in spacetime: they represent directly quantum states of spacetime.

The theory is based on the reformulation of general relativity known as Ashtekar variables, which represent geometric
gravity using mathematical analogues of electric and magnetic fields. In the quantum theory, space is represented by a

network structure called a spin network, evolving over time in discrete steps.

The dynamics of the theory is today constructed in several versions. One version starts with the canonical quantization
of general relativity. The analogue of the Schrddinger equation is a Wheeler-DeWitt equation, which can be defined
within the theory. In the covariant, or spinfoam formulation of the theory, the quantum dynamics is obtained via a sum

over discrete versions of spacetime, called spinfoams. These represent histories of spin networks.

Derivation using perturbation theory and improved Newtonian calculations

Beyond using perturbation theory and improved Newtonian calculations, exact solutions to the Einstein's equations
have been found that describe an inhomogeneity embedded in an expanding FLRW spacetime. As discussed in detail
in , two alternatives have been investigated. The first amounts to matching two known solutions of Einstein's equations,
one representing the cosmological FLRW spacetime and the other the geometry induced by the isolated inhomogeneity.

This has been the basis for the Einstein—Straus vacuole solution . The second requires finding exact solutions of
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Einstein's equations, with the only constraint of approximating each of the two known solutions of interest in some

region.

In this work, we will follow the second strategy and consider it as a viable approach for describing a local system
embedded in an expanding spacetime whose metric is the so called McVittie metric. Firstly derived in the early '30s ,
the McVittie metric is a spherically symmetric solution to Einstein's equations and describes a non-charged, non-rotating
compact object in an expanding cosmological FLRW spacetime. As such, the McVittie metric reduces, by construction,
to the exterior Schwarzschild solution at small radii and to FLRW asymptotically. We restrict ourselves to the case in
which the FLRW asymptotic metric describes a spatially flat spacetime, in accordance with current cosmological
observations. The analytical properties of the McVittie solution were carefully analyzed in where also the properties

of the timelike and lightlike geodesics of the metric are considered 4 .

In the following, we use mainly two coordinate representations for the McVittie metric, always assuming to be at
distances from the central object much larger than its Schwarzschild radius. We also set ¢ = G = 1 unless otherwise

stated. In isotropic spherical coordinates, the McVittie metric reads

r

ron ) 4
y - 2 (1 NG 2 2 ) 2 .2 2
ds* = —- —-f;:);dr‘ + (l + m;-)) a(t)~(dr® + r~df” + r~sin” 0do”), (1)

where we are using the (—+++) signature. Here, a(t) indicates the scale factor of the asymptotic FLRW metric. As
discussed in and references therein, the matter content of the McVittie spacetime is assumed to consist of a perfect
fluid moving along the integral curves of the (normalized) vector field ot. Following , from the Einstein's equations we

have m(t) = mo/a(t) with mo = rs/2 the mass of the central object 5 and rs its Schwarzschild radius.

A second set of coordinates that will turn out to be useful are the areal radius coordinates. The areal radius is defined as

n(t :
R(t,r) = (l - %’) a(tr. (2)

We can then adopt the change of coordinates t — t, r — R and rewrite the metric, in the region R > 2my, in areal radius

coordinates as

R S 2h(R, 1)
ds® = — (1 = 2u(R) — h(R, 1)*) dt* — ———=——dtdR
. ( #(R) — h(R, 1)°) v 1= 2u(R)
"1 2u(R) dR? + R2d6? + R sin® 0de?, 3)

where u(R) = mo/R, h(R, t) = H(Y)R, and H(t) = a'(t)/a(t)—where the prime indicates derivative with respect to the

coordinate time—is the Hubble parameter as usual.

Before proceeding it should be noted that, considering the current estimates for the value of the Hubble parameter at the
f
current time Ho ~ 70 s km Mpc™ ~ 2 x 108 s7* in the ACDM paradigm (cf appendix A), * 0 is of the same order of

.
magnitude as HH. Thus, in the following we will consider terms in H' as quadratic corrections in the Hubble parameter.
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Conclusion

One of the main goals of quantum gravity is to provide a better understanding of the big bang singularity in cosmology.
This is essential for cosmology to be a truly predictive science, that explains how the distinctive features of the universe
emerged from the early quantum gravitational phase and why they are what they are. A long-standing issue is whether
cosmological singularities represent a true beginning or end of evolution. More generally, one would like to understand
how semiclassical spacetime and our usual notion of time arise from the past singularity. Various suggestions have been
made for how this quantum gravity transition happens. These include the no boundary wave function that describes
creation ex nihilo, and the chaotic initial conditions proposed in . Alternatively, it is possible that evolution essentially

continues through the singularity, with an immediate transition from a big crunch to a big bang .

The main reasons for interest in loop quantum gravity are: that its physical assumptions are only QM and GR, namely
well-tested theories; the fact that the theory is background independent; and that it is a well developed attempt to
incorporate the general relativistic notions of space and time into QFT. The theory makes no claim of being a final
“Theory Of Everything”. It is ultraviolet finite, without requiring high-energy modifications of GR, supersymmetry,

extra dimensions, or other unobserved physics.
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