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Preface

1. Introduction

In 1915, Albert Einstein presented his original work on General Relativity to the Prussian
Academy of Sciences. It was a new theory of nature, changing previous paradigms about gravity.
Spacetime curvature and gravitation became synonymous in this theory and the new paradigm
has survived direct experimental tests. Yet, a hundred years later, General Relativity cannot be
theoretically quantized using standard methods, and we are still searching for the quanta of gravity.

A decade earlier than the discovery of General Relativity, Max Planck postulated that light
was a stream of photons, which led to the discovery of the quantum world, and Einstein’s paper
on photoelectric effect had used that result. The theoretical discovery of gravitational waves had
followed the formulation of General Relativity as early as 1916, and they were observed in LIGO,
a sensitive laser interferometer, in 2015. However, the quanta of the waves, the gravitons, the
counterpart of the photons for gravity, have not been observed, or even theoretically formulated.

The reason that quantum gravity has not been discovered is connected to what is known as the
hierarchy problem of nature. Gravitational force is 10~2® orders weaker than electrodynamics. One
has to probe length scales of 1072° m and obtain energies of 10'° GeV in colliders to see experimental
evidence of quantum gravity. Theoretically too, the standard quantization schemes require new
techniques to be invented due to the non-polynomial and non-linearity of the Einstein action.
However, Hawking radiation, area quantization, and black hole thermodynamics were predicted
theoretically, which suggested quantum origins, but these require experimental confirmation. The
search for primordial black holes is an effort in that direction. The theoretical computation of graviton
interactions is non-renormalizable, which makes the particles more mysterious. There are various
studies including very recent ones that argue that gravity is perhaps classical all the way through.
This places gravity on a pedestal, different from the other interactions of nature.

With the discovery of very weak gravitational waves, in 2016, the search for gravitons received
new impetus, and ‘Quantum Gravity Phenomenology’ could have a future. Precision experiments
have given us access to the gravitational waves emitted from distant events. Gravitational waves
are measured up to an amplitude of 10~2! using interferometers. As the precision measurements of
nature head towards the quantum gravity scale, there might be indirect verification of the quantum
gravity physics of the microscopic spacetime. Quantum phenomena might have significant effects
at macroscopic and large scales, as these are emergent from the microscopic scale. The very metric
which measures the curvature of spacetime is the classical limit of a quantum operator, and therefore
semi-classical fluctuations should be visible at some length scales larger than the Planck scale. At
this time, there are several competing theoretical formulations of quantum gravity, some extensions
of standard versions, and some new ones. These include loop quantum gravity, path-integral
quantization, discrete models, causal dynamical triangulation, asymptotically safe gravity, and causal
set theory. Various formulations have matured to discuss observational predictions. In this Special
Issue of Universe, we discuss some of these, and provide new insights into the future direction of this
research area.

Of the various ways to verify the theoretical predictions of quantum gravity, two broad
categories exist. These are the following: (i) Using analog models which simulate gravitational
systems and the quantum phenomena associated with these systems. (ii) Direct and indirect evidence
of quantum gravity predictions in natural experiments.

There has been considerable research in both of the above avenues for exploring the existence of



new quantum physics for gravity. A volume dedicated to papers in this field is the need of the hour,

and Universe’s topical collections serve that purpose.

When we were asked to suggest topics for a Special Issue for the journal Universe, the topic
of ‘Quantum Gravity Phenomenology’ was a natural choice. There have been a number of papers
addressing both ways of obtaining experimental evidence on the nature of quantum gravitational
physics in the past few decades. When we embarked on this venture of editing a Special Issue
on quantum gravity phenomenology, we wanted a clear direction to emerge in this field. We
have collected 22 paper contributions, now published in two volumes. We would like to thank
profusely our Assistant Editor from Universe, Ms. Cici Xia, who has made the two volumes of paper
contributions happen. Initially our aim was to seek papers only on the above two approaches (i and ii)
for obtaining observational physics in quantum gravity. However, over the course of the time we took
to finalize the volumes, the focus has diversified. We are very thankful to the authors for publishing
their papers in Universe. Although we are still inconclusive about the true nature of spacetime at
quantum length scales, we have some highlights on the current status of research in this field. In the
following, we offer some general considerations and briefly discuss on the papers in the two volumes,
with Volume I being primarily focused on analog models and Volume II on astrophysics.

2. Observational effects of Quantum Gravity in Astrophysics and Cosmology (Volume II)

Astrophysics and cosmology are two fields where the large-scale structure of the universe is
emergent. What would the physics of these systems have to do with physics of the quantum? The
very gravitational metric which describes these observed in nature is expected to be emergent from
an underlying theory of quantum gravity; thus, everything has origins in the quantum. There would
be direct and indirect evidence from early formation stages of the universe as well as in strong
gravity events of this microscopic structure. The photon theory of light was invented in order to
describe the black body radiation spectrum, a macroscopic effect of the microscopic. We expect
similar evidence in macroscopic geometry, of Planck-scale physics. The phenomena of Hawking
radiation from black holes, and particle creation in curved spacetime, are signatures of quantization
in curved geometry. A detailed discussion of this including the search of Hawking radiation appears
in the review by Dasgupta and Fajardo-Montenegro. The paper also discusses macroscopic effects
such as magnification of quantum effects in the presence of strong gravitating regions like black hole
horizons. Cosmology describes the beginning of a universe from a point, and indeed the physics of
this Planck size universe was quantum. A discussion on quantum cosmology can be found in the
paper of Bojowald in this volume.

Apart from this, we have valuable contributions to various angles of probing for evidence of
quantum gravity. From the papers published in Volume II, we found that the field of quantum gravity
research still has lot of theoretical puzzles. The aspects discussed include the following: (i) The choice
of frames of reference in formulating the Planck scale or doubly special relativity (Carmona et al.).
(ii) The choice of time in evolving the system (Maniccia et al) using WKB approach in cosmology.
(iii) The validity of the equivalence principle in the formulation of a quantum theory (Paunkovic
and Vojinovic). These papers also describe the observational consequences in nature and therefore
are important contributions to the future of phenomenology. In addition, a very interesting paper
reports on the existence of Aether, which might provide a way for a choice of the preferred frame for
quantum mechanics of gravity (Cherkas and Kalashnikov).

For direct observational effects, we have two intriguing papers outlining (i) the consequence of

a generalized uncertainty principle on gravitational wave detection (Sen et al.) and (ii) the effect



of non-commutative geometry in the existence of massive compact objects such as neutron stars
and white dwarfs (Kalita and Mukhopadhay). We also have two contributions to the discussion
from super-symmetric and string motivated theories of cosmology and entropy of curved space-time
(Martinez-Perez et al. and Brahma). Whereas supersymmetry and string theory have not been
detected yet, in the current scenario, these dominate the narrative of the theoretical study of physics
at Planck energies.

Another avenue for direct observation is the search for gravitons, the quanta for the gravitational
wave. Dasgupta and Fajardo-Montenegro as well as the Odutola and Dasgupta papers discuss
semi-classical coherent states for the linearized gravity system, and predict numbers for the
observations. The papers use the formalism of Loop Quantum Gravity to probe semi-classical
geometry, and provide an introduction to this approach to quantum gravity. Whereas at the current
length scales the actual gravitational ‘quanta’ detection cannot be predicted, semi-classical corrections
from these can be obtained. These corrections can be observable, e.g., in the presence of a charged
particle, tiny magnetic fields will be generated from the spacetime fluctuations. Quantum devices
such as SQUIDS which have an accuracy of 1018 Tesla currently can aid in the detection of these.
We require a slightly more accurate SQUID, but in principle the use of high Coulomb charges could
bring the gravitational semi-classical corrections to current levels of sensitiveness.

We think the phenomenological field in the study of use quantum devices and nanodevices in
detecting the quantum effects of gravity has lot of promise. Recent experimental work on testing
gravitational fields using these nanodevices has shown progress.

Finally in Volume II, we have papers which discuss dark matter and dark energy, without which
the discussion of gravitational physics is not complete. One very interesting paper discusses how
vacuum polarization (Cherkas and Kalashnikov), a quantum effect, can provide an explanation for
observations that require the existence of dark matter. There are other approaches to quantization,
like Causal Set theory and asymptotically safe gravity, which have not been discussed in this Special
Issue. Several quantization programs have advanced over the years and discuss observational effects.
At the current time, with the recent discovery of gravitational waves, we think the most promising
quantum search will be for the graviton, and the physics predicted with the gravitational wave as

interferometers deal with the quantum regime.
3. Concluding Remarks

In conclusion, we ask the same question we had asked some years earlier when we began
editing the Special Issue on Quantum Gravity Phenomenology. What might be the unique experiment
which confirms to us that there is a quantum of gravity? The analog models of gravity tell us that
Hawking radiation is a phenomenon for systems with horizons. The graphene experiment, which is
in progress, will hopefully shed light on thermal effects in curved spacetime. At the current length
scales, the semi-classical corrections to matter energy dispersion have been predicted theoretically.
However, any anomaly at the quantum scale has to be systematically detected and verified. Currently,
big science’s search for dark matter, gravitational wave detectors, and cosmological telescopes on

satellites can also be used for quantum gravity detection.

Arundhati Dasgupta and Alfredo Iorio
Editors
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Abstract: With the discovery of gravitational waves, the search for the quantum of gravity, the
graviton, is imminent. We discuss the current status of the bounds on graviton mass from experiments
as well as the theoretical understanding of these particles. We provide an overview of current
experiments in astrophysics such as the search for Hawking radiation in gamma-ray observations
and neutrino detectors, which will also shed light on the existence of primordial black holes. Finally,
the semiclassical corrections to the image of the event horizon are discussed.

Keywords: quantum gravity; astrophysics; quantum gravity phenomenology; loop quantum gravity;
primordial black holes; Hawking radiation

1. Introduction

2

The gravitational quantum is still elusive experimentally and somewhat “elusive”
theoretically [1-3]. In electrodynamics, the quantum of the electromagnetic wave is known
as the photon, and we work with the interactions of photons to derive quantum electrody-
namics (QED) phenomena. In the case of gravity, gravitational waves have been discovered
100 years after their prediction. The question is, are there “gravitons” or quanta of these
waves? Like QED, one can define the “Fock” space quantization for the linearized Einstein
equations and study free gravitons. However, introducing interactions with gravitons
to study scattering amplitudes leads to uncontrollable infinities [3]. This is known as
the “non-renormalizability” of perturbative quantum gravity. General relativity might be
nonperturbative in the quantum regime, and the story of the quanta could be present in the
geometry measurements of area and volume [4]. These “nonperturbative” theoretical ex-
plorations cannot be verified, as they are still in the realm of the microscopic Planck length
regime of 107% m. We investigate the semiclassical fluctuations of the flat geometry using
loop quantum gravity (LQG) coherent states and discuss whether that can be interpreted
as a graviton quantum.

Further in the 1970s, the discovery of black hole thermodynamics and Hawking
radiation were studied as “semiclassical phenomena”, where gravity remained classical
and other fields were quantum. The isolated black hole was found to have a temperature
proportional to its surface gravity and entropy equal to its horizon surface area. For a
solar-mass black hole, which might have formed using stellar collapse, this temperature is
of the order of 1078 K. If we observe the current-day black holes, then they are immersed
in the background cosmic radiation, which has a temperature of 2.783 K. As the heat
flows from higher to lower temperatures, the black holes would not radiate into the
surroundings, and as of now, there is no experimental evidence of Hawking radiation.
The study of black hole mergers using gravitational waves has provided evidence for
the area increase theorem [5]. How would one obtain a verification of the temperature
and radiative properties of black holes? The existence of primordial black holes (PBH) of
small mass, originating in density fluctuations of the early universe, would allow for
high-temperature black holes and Hawking decays in the form of gamma-ray bursts. The

Universe 2023, 9, 128. https:/ /doi.org/10.3390 /universe9030128 1

https:/ /www.mdpi.com/journal /universe



Universe 2023, 9, 128

search for PBH has been a subject of experimental study [6]. We discuss this in some detail,
and the approximations which describe the theoretical derivation of Hawking radiation
are also discussed. The current experiments provide stringent restrictions on the PBH
contributions to photon and neutrino fluxes observed on earth, as well as as fractions of
dark matter [7-11]. Strangely, new observations from gravitational wave data suggest that
there are subsolar mass black holes. Recent work tries to find the origins of these, either as
PBH or from other processes without the Chandrasekhar limit in the collapse process [12].
Whereas this is very interesting, this is not exactly the realm of quantum gravity, though
the research in this area might shed light on semiclassical aspects.

However, astrophysical phenomena, such as the black hole merger event, the collapse
of a supernova to form a black hole, and neutron star mergers, are strong gravitational
events. The energies at which the events happen have strongly coupled gravitational
interactions. The quantum dynamics near these events is interesting, and even though
the effect is weak, one can try and find indirect evidence in the observational data. Using
LQG coherent states, some of these can be studied semiclassically. We discuss these
and also comment on other observational results from the semiclassical gravity program
for astrophysical observations, including that for the image of the event horizon [13,14].
There are several collaborations in quantum gravity phenomenology which, in particular,
discuss Lorentz violations and quantum anomalies. The appropriate discussions on these
topics can be found in [15]. For a previous comprehensive review on quantum gravity
phenomenology, see [16]. One of the aims of this current review is to also provide a
pedagogical introduction to some aspects such as the search for primordial black holes,
which is a very active field currently.

This review has discussions on the (i) graviton, (ii) Hawking radiation, and (iii) semi-
classical corrections to strong gravity systems such as the event horizon. The following
section discusses the theory of the graviton and the experimental bounds. Section 3 de-
scribes the phenomena of Hawking radiation, as well as the experimental efforts to detect
the emitted particles from PBH. Section 4 describes the physics of the event horizon and
quantum correction predictions to the same. The final section concludes with the present
status of the field of research in the above and future avenues of quantum gravity phe-
nomenology.

2. Graviton

The electromagnetic (EM) wave is a solution to Maxwell’s equation and is observed
in nature. The visible spectrum is known as light, the infrared, which we interpret as
heat, and radio waves. The ultraviolet radiation is also detectable and useful as are X-
rays in many practical day-to-day events. These, when quantized, give us the photon
description of the EM wave, and represent the source-free “free” EM fields. The actual
production of EM radiation is from accelerated charges, but as the waves propagate out in
space, they can be studied as “free” EM fields. In the case of gravity, Einstein’s action is
nonlinear, and the gravitational field has self-interactions. To find the “free” plane wave
which propagates on its own, we take a linearized gravity, “weak fluctuations” over a flat
background. Nonperturbative waves, produced using strong gravitational interactions,
have been studied in [17]. As the linearized gravitational waves represent classically “free”
fields, one would expect that the Fock space quantization of these would be obtained
similarly to the photon quantum electrodynamics description. However, herein lies the
problem: the graviton theory is a nonrenormalizable theory [3]. Is it because the graviton
vacuum, which represents the Minkowski spacetime is not a vacuum? Is flat space really a
vacuum state in a true theory of quantum gravity? Can we have a perturbation over the
flat-space system and describe a graviton as a quantum state in the flat-space background?
In the case of the EM theory, the EM field propagates in a flat background that, however,
serves as a noninteractive arena for the EM fields to propagate. The photon is created and
annihilated out of the QED vacuum, which is a state with the photon quantum number
as zero. In the following, we discuss whether seeking a similar quantum field vacuum for
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the graviton is relevant. We also discuss the question of which physics of the systems we
should experiment for the observation of the graviton.

2.1. The Linearized Theory of the Graviton

In the following, we discuss Einstein’s theory of the linearized metric. The field
equations for the Einstein action is “free” in its gauge-fixed form; however, if we try to write
the full Einstein Lagrangian for the gravitational field, then there are interaction vertices to
all orders for the graviton. The quantum amplitudes including these interactions do not
converge, and neither can the theory be renormalized using standard techniques. To begin
with, we write the metric of spacetime g, as a flat space 7, and a weak fluctuation f,, .

Suv = v + h;uw )

It is assumed that |hw,|max < 1(u,v,a Betc. =0,...,3). Note that using standard conven-
tion, the metric is dimensionless and the amplitude of the fluctuations are defined using
the absolute maximum value. From experiments [1], we are aware now that the amplitude
of the “gravitational wave” is of the order of 10722 as received on earth. One can write
the Einstein Lagrangian density as a function of this metric, its determinant g, and scalar
curvature R,

1
L= VgR == V=TH+h[ (") (102 — O hy)|. @)
In the above, we have kept the terms in the Lagrangian which are quadratic in 1.
The linear terms of the form 5/ 5 0p9,h1), are total derivatives and contribute only at the
boundaries, which we ignore. Further, [ = 17"‘58,,‘8/3, and £ is the trace of hy,,. The equation
of motion from the above to a linear order in “h,,,” is

7040, hyp — O hyy = 0. (3)

This still has a gauge degree of freedom due to diffeomorphism invariance, which
can be fixed by putting the 9*/,5 = 0 restriction on the linearized metric. The equation of
motion reduces to a “wave equation”

O hyy = 0. @)

The solution for this is a transverse wave (due to Lorentz’s condition) and has two
polarizations as additional restrictions to fix the residual gauge freedom keeping only
two [18]. The two polarizations are taken as h = A cos(wz — wt) and hy = A cos(wz —
wt), if it is propagating in the z-direction [18], with angular frequency w and amplitude
Ay, Ax. The question is: can these waves, when quantized, give us “quanta” as it is possible
for photon quantization? In other words, can one define a Fock space representation for
the perturbative Hilbert space of Einstein’s gravity? The answer is surprisingly difficult, as
the Einstein action introduces self-interactions of the gravitons to all orders, which cannot
be renormalized using standard field theory techniques. The gravitational propagator can
be calculated, but the quantum corrections cannot be made finite using regularization and
renormalization techniques. One can see the origin of self-interactions even at this order
in the Lagrangian in Equation (2) as the nonpolynomial “measure” v/ —1 + & can give rise
to the interaction terms upon expanding the square root. A simple “degree of superficial
divergence” counting of the gravitational perturbative Feynman diagram gives the number
as D = 2(k + 1), where k is the number of independent momentum interactions [19].
This number therefore increases with the number of loops in the scattering calculations
and cannot be absorbed by redefining the bare Lagrangian. For Yang-Mill’s (YM) theory
the same degree is given as D = 4 — L,, where L, is the number of external legs of the
Feynman diagram. The YM theory is therefore renormalizable, as the number of terms
in the Lagrangian which need to be renormalized is finite (0 < L, < 4). One can use
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asymptotic techniques to obtain a renormalizable effective Lagrangian for gravity, but we
do not discuss this in this review [20]. However, can there be a “free” graviton theory
where we can ignore all the interactions? Up to a certain length scale, a “free graviton”
quantization can be formulated, but the entire theory is also complicated by the definition
of the “gravitational vacuum”. In the theory of gravitational physics, the metric is the basic
degree of freedom, and the graviton is a “perturbation” over the flat-space geometry. In a
true quantization of the theory, the flat spacetime geometry is also an emergent “metric”.
If the metric is an operator, then causality and therefore quantization is not defined. The
vacuum likely is the state with no metric or the state that is such that

g;;v |0> =0. ©)

There have been several attempts to obtain the perturbative quantum state using a
polymer state in the nonperturbative quantization framework of loop quantum gravity. We
report on those works briefly and then describe a semiclassical description of a “gravita-
tional wave” using LQG. It remains though that the most complicated aspect of Einstein’s
gravity is the fact that the field which has to be quantized is the metric of the spacetime, the
causality of the system is complicated by the quantization, and macroscopic configurations
have to be emergent.

2.2. Gravitons in Loop Quantum Gravity

It was shown in [21] that the SU(2) generators of the loop quantum gravity (LQG)
variables decouple into three independent gauge generators in the linearized approxima-
tion. In LQG, the basic variables are obtained from the ADM formulation of the canonical
gravity. The spacetime is foliated by spatial slices X with a timelike normal vector along the
fourth direction, specified using the coordinate ¢. The induced three-metric on % is given
as qap, (a,b = 1,2,3); the metric in the ADM formulation is given as

ds? = —(N? 4 N°N,)dt? + N°dx,dt + qpdx"dx’, (6)

where N? is the lapse, N” is the shift, and g, is the induced metric of the time slices %;.
The second fundamental form of this metric is K;, = L;q,, and is the extrinsic curvature
tensor which characterizes the embedding of the slice.

The LQG variables are defined using the soldering forms el which connect the tangent
space (I = 1,2,3) of the three slices to the world volume. The canonical variables are
defined as

eéebl = qabs E?Ebl =9 qab: Atg = r1£ - KahEbIr )

where el is the triad, E? are densitized triads, and Al have the properties of a connection
due to their definition in terms of the spin connection Tl and the extrinsic curvature tensor
K,p. The details of the variables can be found in [22]. There is usually an Immirzi parameter
in the definition of the gauge connection, and this reflects an ambiguity in the system. We
chose to set it to one, for the purpose of this paper. The internal indices I transform in
the SU(2) group, which is isomorphic to the group of rotations in the three-dimensional
tangent space [22]. The generators of the transformations in the internal directions are the
Gauss constraints

G' = 04" + eT¥ef Ak ®)

In the linearized approximation, g = 1, ¢** = 6" + 1" and A} = 0, if one keeps the
constraint up to a linear order in the fields, the constraint algebra commutes, i.e.,

Glin = 9a(0e™) + 15576 Ak, )
where due to the linearized metric, one has

e =5 66", Ak =0+ 0Auk, (10)
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and
ht = el st, (11)

{eq(x), 6 Axp(y)} = x6°(x — y)5kdap, (12)

where « is related to Newton’s constant G [22,23]. The del and the § Ay, are the linearized
dynamical fields, which are quantized. In the limit x — 0,

{Gin Glin} = 0. (13)

Interestingly, if one keeps the next order in the constraint definition, the algebra is not
zero to a linear order as the Poisson bracket gives a linear result in the fields.

Glin = a(0e™T) + !X (67 + 66 ) sk, (14)

and
{0 i} = (047 — 66408 (x — y). (15)

This term would go to zero in the limit x — 0. To avoid these confusions about the
algebra and also questions about the Minkowski “quantum state” about which perturbation
is being performed, we use the full SU(2) degrees of freedom and imposed the linear metric
only in the semiclassical approximation. The details of the calculations appear in [24].

For the polymer quantization of linearized gravity using the U(1) x U(1) x U(1)
Hilbert space, one can use the work of [25]. This approach is based on the linearized
algebra of LQG variables, as given in Equation (13). The LQG phase space thus has a
U(1) x U(1) x U(1) symmetry in the linearized approximation, instead of the full SU(2).
The Hilbert space quantum states are of the form

&, {q}) = lar, 91)]a2,q2) |3, 93), (16)

where |a;, q;) are elements of a U (1) Hilbert space. g; label integers and « labels the discrete
network. The flux operator defined in terms of the triads is given as [25]

vc{q} qu/dsl €I éI, (17)

where s is a surface in three dimensions, which the discrete edge e; of the graph «
intersects once.

The Fock space quantum vacuum for the graviton is a transform of the state in
Equation (16). Whether this facilitates further study of the perturbation theory of the
graviton is yet to be investigated. The transform is given as

® 1= Y cos, ) @4, as)
aq
where
Cos,{q) = exp<—7 / dx G“ Aa}() (%) * X”b{ Vo )(55)>, (19)
where these are “smeared” operators in the LQG polymer space, and  is a measure of the
Gaussian smearing (X, (¥ j d3yX (7) exp(—|X — ?|2/2r2)/((2n’r2)3/2)).
b
X = LXiuad 20)

The G“ Aa}r )( %) is related to the flux of the two “graviton” polarizations in the light
cone. We refraln from getting into the details of the above, but the reader is urged to follow



Universe 2023, 9, 128

’

the details of the derivation in [25,26]. Whereas this approach to obtaining a “quantum”
of linearized gravity is technically rather involved and involves an additional scale “r”
apart from the usual discretization of quantum variables, it is believed to give a polymer
representation of the “graviton”.

The expectation values of the operators are preserved in the transform and therefore,
one loop corrections to the graviton propagator can be tested. A derivation of a one-loop
correction using a perturbation of reduced loop quantum cosmology states exists in [27].
Another reference for the reduced phase-space quantization of linearized gravitational
waves is [28]. Moreover, a more recent work uses the free graviton Lagrangian and
obtains a “polymer state” for the same. This approach obtains some corrections to the
gravitational wave propagator [29]. However, in none of the above papers the emergence of
the background Minkowski metric is discussed. The self-interaction of gravitons is also not
obtained to all orders, as predicted by the Einstein Lagrangian. In the next section, we try to
find some phenomenological implications of the graviton’s existence in observational data.

2.3. Gravitons in Semiclassical Gravity

In this subsection, we derive the semiclassical phase space of the gravitational wave
metric and obtain a coherent state for the system using the techniques of [22,24]. To begin
with, we find the triads for the metric and the LQG gauge connection, which are the classical
variables for the system. The details can be found in [24]. The spatial metric for a standard
gravitational wave metric in the tt-gauge is (the lapse is one and shift is zero in the ADM
form of the four-metric)

1+hy he O
b = hy 1-hy 0 |. 1)
0 0 1

In the process of obtaining the coherent state for the above metric, we identify the classical
phase space in terms of the LQG variables [30]. The triads ele,; = g, are obtained as

1-(KE+1) 1-(W+13) 1 h

1 f1x x
1 217 pI =y ) 721+2\7 , 1 ﬁjm , 0
el = 1—(hy—hy) —1+(hy+hy) = 1 1y, i — Lo L +%y 0 (22)
a V20 () 0 V2 \/E( +—F) V2 \/Q( ++5)
0 0 1 0 0 1

Obviously, in our gauge choice, the triad is not diagonal at the zeroth order. The
extrinsic curvature of the metric is obtained using the definition K;;, = —0d¢q,p, and the
SU(2)-valued gauge connections defined in Equation (7) are:

1
Al = —m(azhxwzm):fx;
1
A} = ———=(0:hx —0:hy) = —A2
Y 2\/§(z X z +) X
Al = AZ=A}=47=0
1
A3 = S0eMs.

We also computed the nonzero spin connections for this metric [30]. Next, we take a
discretization of the background geometry. This smearing of variables is required to obtain
smooth commutators of the quantum theory, instead of distributional delta functions. For
details, see [22], and the smearing of the gauge connection on one-dimensional curves gives
holonomies which involve path-ordering.

he(A) = Pexp (/ A>. 23)
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The discretization is not dictated by the theory but is motivated from the flat geometry
of the classical three-metric. We take a planar graph, which form a cubic 3-d polyhedronal
decomposition of the three-geometry, as shown in Figure 1. Therefore, there are six links
and/or six faces meeting at a given vertex.

(a) (b)

€2
)
€1 S3

f/\ €

6/21

Y

€3

;_ﬁﬁ_J

€

Figure 1. (a) Building block for the decomposition of the 3-geometry. (b) Example of one of the
smearing surfaces to calculate the momenta.

The holonomies and the momentum are calculated as smeared along the one-dimensional
edges of the graph, and the two-dimensional faces of the cube which the links intersect precisely
at one point. These calculations are done using the techniques of [24]. The holonomies of the
three independent links in the x, y, and z directions and the corresponding momenta are given
up to a linear order in the amplitudes A, Ay,

he, = 1—icAley (24)

he, = 1—12A51 (25)
Ag € . (€

he, = 1+175m(u)(zo—t0+§)>51n(§)03, (26)

where one has taken a vertex at (xo, yo,zo) and the links are of width €. o7 are the Pauli
matrices. Next, one takes the faces centred at the middle of the links, i.e., at xg + €/2,
Yo +€/2, and zg + €/2, and of area €2. The momenta are labelled by the edges which
intersect the faces. The momenta are deflned as P’ ,1( f s, «EL.

Pl %(ez—l-62(124X)cos(w(zo—to))> @7
- <62+ 2A+’A A = A ot (zo—to))> 29)
- ﬁ( 24 2A+2+A )cos(w(zo—to))> 29)
L= ﬁ(ez+ cos(w(zo—to))> (30)
P = %62. (31)

As the densitized triads are smeared over two-dimensional areas and acquire dimen-
sions, the momenta are defined with the dimensional constant 1/x, ¥ = 877G/ c® to make
the variables dimensionless. In the quantum version, this acquires the role of 1/7ix = 1/ 12,
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where [, is the Planck length. The coherent states are defined as peaked at the classical
values of a complexified SL(2,C) element as specified by Hall [31],

Qe = exp(iTIPeI)hg,

and a detailed coherent state can be written for the above classical phase space, now
described only using the discrete one-dimensional smeared holonomies and corresponding
momenta. Note these “coherent states”, as defined in [22] for LQG, are representative
semiclassical states and are not exactly identifiable as “coherent states” as in completely
solvable Hamiltonian systems. However, these states have minimal uncertainty in the time
slice they are defined in. Next, we calculate the semiclassical corrections to the geometry
by using the results of [13]. The coherent states are given for one such discrete element e
and the LQG smeared variables as,

¥ (8o he) = Y (2 + 1) exp(—Fj(j +1)/2)xj(geh 1), (32)

]

where x;(h,) is the character of the jth irreducible representation of SU(2). One can find the
expectation value of the momentum operator P! in this state, and one obtains it to the first
order in the semiclassical parameter F[13]

Wielly') = 21+ 4 (5 —cot(R) ) ) = L1+ TF(R), )

where P, = \/PIP!l'and f(p) = (1/p)(1/p — coth(p)). Therefore, one can calculate the
semiclassical corrections to the metric of the classical gravitational wave, if one writes a
coherent state for each discrete element e which comprises the entire Minkowski three-
volume divided into cubic cells as in the figure. The vertices of the cube which are shared
by three+three coherent states and these can have SU(2) intertwiners [32], but the nature
of the corrections remain the same. Note these coherent states are not exactly similar to
the coherent states for photons, which are Abelian. These coherent states are non-Abelian
in nature.

In fact, if we take the pure Minkowski space and use the coherent state as a measure
of the quantum fluctuation, what would we generate as the corrected metric? All the P/’s
for the Minkowski metric can be obtained as given above and, in the limit, A« = 0
would represent the Minkowski metric. In this particular gauge, the corrections generate
semiclassical fluctuations in the 7y, 175y, and 7.z components but not in the 7, directions.

Next, we discuss the fluctuations to the gravitational wave metric as generated from
the coherent state which peaks at the gravitational wave metric. Obviously, the metric
would fluctuate and generate semiclassical corrections to the geometry at order . We set
the semiclassical parameter (which has to be dimensionless) as a ratio of the Planck scale
to the gravitational wave, wavelength, or F= l% /A2, We take the wavelength as that is
the length scale which characterizes the wave system. A relevant-frequency gravitational
wave, which might generate detectable semiclassical fluctuations, has to be of very high
frequency. Let us say a 10%° Hz gravitational wave will have the semiclassical parameter as
Fa 10778,

In the above, have we predicted a “quantum origin” of the gravitational wave that
would comprise the “graviton”? Obviously, the story is not about particles in gravitational
physics, or matter quanta, but the quantum of geometry. The tiny area measurements in
each basis state of the operator P! represent the “graviton”, the condensate of which is
represented by the coherent-state wave packet. It thus remains that from our perspective,
the Minkowski geometry is not the gravitational vacuum, but also emergent from a semi-
classical state. Therefore, one should not confuse the quantum gravity vacuum state with
the “matter vacua”. We suggest two ways to search for quantum gravity bounds/origins
in a gravitational wave experiment:
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(i)  As the coherent states are non-Abelian in nature, the expectation values of operators
have semiclassical corrections which originate due to self-interactions. These can be
detected for high-frequency gravitational waves.

(ii) The search for individual “gravitons” or quanta of geometry would require much
more precise instruments, able to resolve the coarse-graining of geometry itself.

The latter (ii) will require further investigations, in particular about what the dynam-
ical fundamental “quanta” of LQG is. One also has to find if there is a gauge invariant
observable which is measurable in experiments. Our questions seem to seek answers by
quantizing matter and the gravitational degrees of freedom simultaneously. However, due
to the hierarchy problem, it is preferred that matter is quantized and the gravitational degrees of
freedom are semiclassical in the current epoch. In the combined Hilbert space of the matter
and gravitational degrees of freedom Hmatter @ Hgray, the combined matter-gravity state
should be taken as

|1Y> = ‘wmatter> @ ‘lp;gerrarzclassicaO' (34)

For previous work in adding matter interactions in LQG, refer to [23].

Using criterion (i) and the idea that matter quanta interact with gravitational degrees
of freedom at semiclassical length scales, one finds that the semiclassical fluctuations of
the metric are relevant. We therefore calculate the metric corrections as predicted from the
coherent states for LQG constructed by Thiemann, Winkler, [22] and as observed in [13].
They emerge as

gxx = (A+hp)A+2Ff(P,)) (35)
gy = (L=hy)(1+2Ef(P,)) (36)
Sy = M(I+Ef(Pe,)+Ef(P,)) (7)
82z = 1+Zf(P8z)~ (38)

The gauge invariant momenta are found to be:

€2 1

P, = ?<1+§h+> (39)
€2 1

ng = ?<1—§h+> (40)
2
€

P, = - (41)

The continuum limit is obtained using lim, o P, /€?. This gives the metric fluctuations
ata location (g, 1o, z0) and one can solve the propagation of matter in this corrected metric.
As evident in the continuum limit, the corrections are functions of the classical triads, and
thus dependent only on the z coordinate. Moreover, the corrections are relevant only at one
instant t = ty of the spacetime. For a 100 Hz frequency, the gravitational wave will have a
semiclassical correction of the order of 1078, which is way smaller than the gravitational
wave amplitude. If one probes higher-frequency gravitational waves, and therefore shorter
wavelengths, the Planck scale coarse-graining will start manifesting itself and the effects
might be evident in a gravitational wave detector. The Minkowski metric is also corrected
semiclassically, and one can probe these using quantum fields in these geometries.

2.4. Summary

In this section, we gave a “semiclassical” state which could describe a gravitational
wave at one instant. It predicted fluctuations which could be measurable for high-frequency
waves > 10% Hz. These frequencies were way above the ones observed in the LIGO
detectors. From the current observation of gravitational waves, there are bounds on the
“graviton mass”. From LIGO, the bound is 1.2 x 10~22 eV. This bound does not shed
light on the origins of the mass from the methodology. Theoretically, the graviton mass
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can originate from quantum corrections to the Einstein theory, as well as from matter
interactions which preserve diffeomorphism invariance. In this review, we do not discuss
massive gravitons.

3. Search for Hawking Radiation and Primordial Black Holes

The discovery that quantum mechanics near black hole horizons results in particle
creation originates in the paper by SW Hawking [33]. In that paper, a quantum field
vacuum was time-evolved in the collapsing geometry of a star. The quantum state evolved
into a thermal state, with a temperature inversely proportional to the mass of the black
hole. In [33], it was shown that the exact temperature of a solar-mass black hole was 108 K.
However, it would not radiate into the surrounding, which was at 2.78 K. This led to
the search for black holes with mass ~ 104 g, and these could have formed in the early
universe. Due to the Chandrasekhar limit, astrophysical black holes have a bounded mass
if formed from stellar collapse. On the other hand, early universe density fluctuations can
lead to the formation of tiny black holes, with horizon size fractions of a millimetre. These
black holes have intrinsic temperatures higher than the current CMB temperature of 2.78 K.
Even if the early universe had been hot, as the primordial universe cooled down, these
black holes would start radiating and evaporate eventually or form Planck size remnants.

3.1. Formation of Primordial Black Holes (PBH)

The story of the collapse of matter to form black holes is well-studied in the work of
Choptuik [34]. Scalar data in an initial slice undergo collapse, and the mass of the black
hole formed has a scaling equation. This physics is true for early universe cosmology. It
is noted that the matter undergoing collapse is taken as dust in most calculations and the
Fermion/quark composition (required for the Chandrasekhar limit) of the cosmic soup is
mostly ignored. For a comprehensive review of primordial black hole formation, one is
referred to [6]. Here, we briefly outline the methods used to study matter collapse in the
early universe. One of the main ingredient in the study of collapse in the early universe is
Jean’s instability. This instability characterizes density fluctuations in a fluid. The formula
for Jean's instability is obtained by equating the time for free fall (or the time taken for an
object of radius R to collapse under its own gravity) to the time taken by a sound wave to
cross the radius. It is therefore a critical radius for which a pressure wave in the fluid gets
trapped. Jean’s critical length can also be obtained by solving for perturbations flowing in
a fluid and the self-gravitational force generated by the perturbation. In the following, we
discuss Jean’s instability.

3.2. Jean’s Instability

In this section, we discuss the collapse in a fluid of density p. This process also gives a
rough description of the physics of a “density” collapsing under “perturbations” or under
its own weight. The time for “free fall” of a mass in an elliptic orbit of eccentricity one,
according to Kepler’s laws (of planetary motion) is

2 p3
, m R
=== 42

=M (42)
where M is the mass causing the orbit, and R is the distance from the focus of the ellipse.
We use this to model self-collapse of a mass under its own gravity. If the mass collapses,
then only half of this time is taken. Given that the total mass in a radius R of a spherical
distribution of constant density p is

_Arm

M= =

R3p, (43)

approximating the mass using this formula, the time for free fall is given as a function of
density as

10
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3
T= 1/—32(;‘0. (44)

If the speed of sound in the fluid is cs, then the time for sound to flow through a

distance R is R
R (45)

Cs
This time would be the same as that a pressure wave flowing through the medium
would take. If the gravitational collapse time is greater than the pressure wave time, the

mass is unstable, and the critical length scale of the fluid region is given as

37\ /2 Cs
Ry = (2= : 46
It (32) V/Gp (46)

The same “collapse formula” can be derived using a spherical homogeneous mass M,
whose radius increases by a perturbation AR = —aR, where « is a small perturbation. The
change in pressure using the formula 6p/dp = c2 can be related to the change in density
due to the compression, and this gives rise to a force and “acceleration” obtained as

Sp  3ac?
ap = ——= .
poR R

(47)
In the above, we took dp = 3app, where pj is the original density. Simultaneously the
shrinking of the radius gives rise to an increase of the Newtonian acceleration

2GMu
ag = R2

(48)

If the gravitational acceleration exceeds the “pressure acceleration”, the mass is ex-
pected to collapse, which gives a critical length

3ac?  2GMa 4w 542G

= = =pPoRc -5
Rc R% 3 R%:

Cs
VP0G

Thus, the critical radius for the collapse in a fluid of density p is proportional to the
speed of pressure waves c; in the medium. Here, one of the important assumptions for
the calculation of the speed of sound is the assumption that for the early universe fluid,
entropy is conserved. We next discuss if a change in the description of the fluid of the early
universe might change this Jean’s length. The above discussion on Jean’s instability can be
found in many references, including [35,36].

— R, (49)

3.3. A Quantum Entropy Production Fluid and Jean’s Instability

In the above Newtonian derivation of gravitational collapse, the requirement that the
fluid be isentropic may not be true in the early universe. In fact, entropy production causes
the flow of the universe to be as in an “open system”, where the big bang singularity is
resolved [37]. We take a slight detour and discuss the situation where there is entropy
production in the fluid as anticipated in [37]. In [37], it is conjectured that spacetime can
generate particles which add to the fluid, the energy momentum tensor of the Einstein
equation. This particle creation is a quantum process and might add insight to the origins
of today’s cosmological observations. In [37], it is shown that in such open systems,
cosmological singularity is not formed. In this review, we briefly discuss whether the open
system allows for PBH formation. The conservation law for open thermodynamic systems
is given as

d(pV) + pdV — Zd(nV) =0, (50)

11
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where 1 is the particle number and 1 = p + p is the “enthalpy” of the system. In most
irreversible systems, as in systems with chemical reactions, enthalpy is a measure of the
energy of the system, and is a path-independent quantity. The thermodynamics of these
systems is controlled by the chemical potential y, and the entropy per unit volume “s” is
defined as

un=h—Ts, (51)

with T being the temperature of the system. The pressure for this fluid is given as

ne .

p= (52)
If one assumes a fluid in the form of “radiation”, i.e., p = aT* and n = bT?, where a
and b are dimensional constants [37], obviously, from Equation (52), the equation of state is
p = p/3. In such an open system, if one obtains the propagation equation of a “pressure
wave”, then the conservation of mass and momentum equations are different. In previous
work, the speed of sound in such a fluid was taken as c; = V/1/3, which was at constant
entropy for the calculation of the Jean’s instability. However, the speed of sound changes in
a fluid with entropy production. We try to see the origin of the speed of a pressure wave in
a gravitating fluid, and it is nonisentropic, with dynamics given by the equations above. To
describe the propagation of pressure waves in a system, one uses the following equations:

For the conservation of mass equation in the fluid, one has

9 = o .

£ + V- (p¥) =1, (53)
where we have the “convective” derivative of the density and any particle production on
the other side of the equation. The conservation of momentum equation or Euler’s equation
gives (we assume that the fluid is not viscous)

9(pd)

5 +7-V(p7) = —Vp + pg. (54)

In the above, the Navier-Stokes equations have been reduced by setting the viscosity
to zero. On the right-hand side, there is a potential term which can be a gravitational
potential term. In all discussions for the speed of sound, or the speed of pressure waves
in the system, the velocity is taken to be small, and the density and pressure undergo
perturbations. We assume no gravitational potential at this stage. If there is a linear
perturbation in the velocity, density, and pressure of the fluid, with the 7 remaining the
same, the perturbations lead to the following equations

CLLUNS VB Ay (55)
ot
and .
dov =
Pooy = —Viép. (56)

If the system is isentropic, i.e., homogeneous, one can take a partial derivative of
Equation (55) and obtain

%60 - v
In the above, using Equation (56), one obtains
0%5p >

12
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In the isentropic approximation

_ (90
op = <3T70>55p' (59)
one plugs in the above and obtain
R _
s~ Vip =0, (60)

and one obtains the speed of propagation of the density perturbations as

1 9
— = (ﬂ) . (61)
Cs apo /s
In case the fluid has entropy changes, they induce a change in volume. One therefore
can obtain for nonisentropic fluids

900 ) <8p0 )
bp=\=—)dp+|=s—) s 62
P <ap0 s F 950 p ©
If we use the thermodynamic equation for entropy production as
aSO )
os=|=—1] op, 63
<3P0 T : ©)

then, in the formula for the “density perturbation” velocity, we have

c2c?

— P
‘=\zva 3 (64)
where
1 Bpo ) ( 850 )
- == — ] . (65)
3 (850 p\0P0/ 1

If we add the gravitational potential in Euler’s equation, then the wave equation has
an inhomogeneous term which has a “force driving term” obtained from the gradient of
a gravitational potential. If we take the potential to originate from the density, we have
Vz(P] = 47TGp0, then

2
aa% — 2V%5p = —4rGpodp. (66)

(wt+k-X)

We assume a plane wave solution for the density wave dp ~ ¢’ , and we find

w? — 2 = 47tGpo, (67)

so a critical “pressure wave” is identified. For waves with wave numbers above that, the
system will see instability. The critical wave number is given as

47tGpo

K = )
CZ

(68)

Jean’s instability is thus identified as perturbations having a wavelength greater than

T
A >/ —=—rc. 69
"7\ Gpo ()

Unlike the previous estimate of the length scale where the gravitational instability sets
in, here, the speed of sound is not a mere 1/1/3 as given in the formula for an isentropic

13
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radiation fluid but is obtained using Equation (64). In a turbulent early universe, therefore,
it is expected that the fluid would be nonisentropic. In addition, the open universe will
ensure entropy production as spacetime generates particle species to add to the fluid. As the
speed differs, so will the threshold for the formation of PBH. Note the origin of this change
from an underlying quantum theory is implicit in the velocity change of the pressure wave.
Note our results for a nonisentropic fluid is just one way to see how some of the formulas
used for PBH might change; for other origins of change in Jean’s instability formula in
cosmic fluids, see [38].

3.4. PBH Formation

How does one obtain the dynamics of formation of PBH in the early universe? It
is postulated that the FLRW universe metric could have perturbations induced by the
density fluctuations of the fluid. These can be modelled using a spherical symmetry, and
the conditions for the formation of “trapped surfaces” or apparent horizons derived using
the “Misner-Sharp” equations. These PBH can then accrete and grow in size, and there
can be PBH formed of masses which are bigger than the solar masses of 10M,-30M.. A
great deal of the current work on PBH discusses these and the fraction of PBH contributing
to dark matter halos fppp. For further reading on the PBH production and the interest
in them as contributors to dark matter and physical processes such as microlensing, etc.,
refer to [8]. As the black hole formation follows the same numerical flow as in the spherical
collapse obtained by Choptuik, the PBH’s mass has the following “scaling” formula

Mppn = K My (ty)(0m —oc)7, (70)

where 6, = (0 — pp)/pp is the fluctuation in the fluid density over the Hubble density, at
the radius where a compaction function is maximum. J. is the fluctuation at the critical
radius related to the Jean’s instability in the fluid found earlier. J. represents the threshold
of black hole formation. This equation can only be trusted in the regime é,; — 6, ~ 1072
My (ty) is the Misner-Sharp mass of the horizon, K is a numerical constant. -y is a universal
scaling exponent and varies depending on the fluctuation profile and the equation of state
of the fluid. This equation provides the basis for PBH formation, though using classical
equations. The compaction function C(r, t) is defined as the excess of mass over the FLRW
mass Mj, defined as M, = 47tp,R3/3,

M(r, t) — My(r,t)

C(r,t)=2 R )

1)

If one takes the perturbation of the FLRW metric to be modelled by a function (7, ),
in the FLRW metric three-slice as a2 (t)e2¢("!)r2d(), one gets a formula for the compaction
function in terms of this parameterized fluctuation as

e =2(1-a-'mP). 72)

This facilitates the study of this function in terms of the curvature fluctuations of
the metric. The various calculations of the “peak” values of this compaction function
use different ensembles for the fluctuations and accordingly, obtain different values. It is
postulated that when the compaction function exceeds a critical value, a collapse occurs,
otherwise the fluctuation dissipates away. The density contrast parameter is related to the
peak value of the compaction function as

S = Clrm). 73)

In this article, we refrain from discussing the various ways of finding PBH compaction
function but only show a way the change in threshold value ¢, of PBH formation influences
the collapse process. This critical value is related to Jean’s instability in the cosmic fluid

14
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and as shown previously, vary according to the approximations used. A dependence on the
formula for PBH on the nature of the fluid is discussed in [8]. As shown in Equations (69)
and (64), the threshold of the onset of the instability of a fluid changes if quantum “particle
creation” is allowed. In [37], the fluid exchanges particles with the gravitational “quantum
field”. In this open universe, there is no initial singularity [37], and as we anticipate, the
formation of PBH would also differ. The masses would be different, and the nature of the
cosmological fluctuations of the gravitational metric would also differ as per the “entropy
production” of this open universe. A more detailed calculation using quantum cosmology
is required for the exact changes required in the theoretical predictions of the PBH’s mass,
and the PBH formation from the cosmic soup.

The formation of PBH can vary from masses of the order of 10°~10°° g, and therefore,
they can range from small black holes to larger-than-solar-mass black holes. The lower
limit is based on the Planck mass and the upper limit is based on the cosmological mass.
How can we verify the existence of PBH? The existence of PBH can be verified using the
observation of particles received on earth, which might have originated from the PBH
using the Hawking radiation process. It is this process which we describe next. We discuss
PBH whose evaporation time o« M? is about the age of the universe. These PBH might have
radiated away their mass in the form of photons and neutrinos and would provide evidence
for the phenomena of Hawking radiation. The mass of these black holes is estimated as
<10" g.

Curiously, there was an attempt to find quantum gravity effects on PBH production
using loop quantum cosmology (LQC) corrections to the scale factor and the density [39].
The authors found that using the LQC-corrected early universe cosmology, the production
of PBH was increased theoretically compared to estimates from other theoretical models as
that of the Brans—Dicke gravity.

3.5. Evaporation of PBH

The mechanism of radiation from black holes can be studied using the power law for
the emission of particles. In the 1970s [33,40,41], one typically calculated the power law
using Hawking’s formula for the particle flux from black holes. The total energy radiated
per unit time from PBH of Hawking temperature T} is given as

dE ' ' Cestm
dt / dw/dg%exp(w/TH)il 74)
where T, is the grey-body factor for the black hole geometry and represents matter
waves scattering off the gravitational potential outside the black hole. s,,m represent
the spin and angular momentum quantum numbers of particles with frequency w. The
sign in the denominator is positive for bosons and negative for fermions. The Hawking
temperature for a nonrotating black hole is inversely proportional to the mass. The grey-
body factor is calculated using the solutions to the classical equation of motion of the
particles in the black hole background and is a function of the spin, angular momentum,
mass, and frequency of the emission. The fraction of power radiated in different species
can be calculated. The total power radiated can be calculated numerically as

P =2011x 10 *hc®°G 2M 2, (75)

where M is the mass of the black hole. Most of the above is radiated out in the form of
neutrinos (81.4%), 16.7% as photons and 1.9% as gravitons, as long as the black holes have
mass M > 10'7g [40] After the black hole has shrunk further, the temperature being higher,
and the mass being denser, the black hole radiates quarks in the form of muons and other
particles such as electrons and positrons. For this range of black holes, 1014 g<M< 1017 g
the power radiated was found to be

P=36x10"*rG2M72, (76)
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90% is equally divided in electrons, positrons, and neutrinos, 9% in photons, and 1%
in gravitons [40]. In this work, when computing the power of Hawking particles, the
numerical calculations of the grey-body factors were used, and the above division into
fractions were based on the spin of the particles. The emission of massive particles would
have a different calculation, but for a detection on earth, the massless particles acquire
relevance.

In a follow up work [41], the emission of gamma rays with energy of about 120 MeV
was discussed, and a study of “gamma ray bursts” from evaporating PBH was introduced.
In there, a mass distribution was assumed for PBH, and this is an ingredient in the current
analysis of the data received on earth. The search for Hawking radiation phenomena in the
universe is thus a search for primordial black holes and the particles emitted from them.
There are several searches for primordial black holes using gamma-ray bursts which might
be the evidence of these black holes evaporating. In the next, we describe some of these
searches in detail and provide a bibliography.

3.6. Archived Data

The Imaging Compton Telescope (COMPTEL) [42] was decommissioned in 2007, but
there remained the archived data to analyze gamma rays. The search from these data has
shown bounds for the primordial black holes (PBH) < 10Y7 g [43].

3.7. Gamma-Ray Bursts

There are several satellite-based experiments, which are functional or at the planning
stage such as AMEGO and e-ASTROGRAM. AMEGO is an abbreviation for the All-sky
Medium Energy Gamma-ray Observatory experiment and comprises a silicon tracker,
a cesium iodide calorimeter, and a scintillator anticoincidence detector. All these will
form the payload of a satellite. The detector will operate in the MeV range and provide
a wider field of view than the Fermi-LAT detector. This detector is planned by NASA.
e-Astrogram is a European Science Commission gamma-ray detector, based on similar
instrumentation as AMEGO [44]. The e-Astrogram project aims to observe the frequency
range of 0.3 MeV to 3 GeV. It is also aiming to be more sensitive at a particular frequency
than previous instruments. These instruments will send data about the gamma-ray bursts
and other sources which will give a clue on the existence of primordial black holes in the
early universe.

3.8. HESS

The HESS is a gamma-ray observation experiment using an array of atmospheric
imaging Cerenkov telescopes with energy in the TeV range. The telescopes are in Namibia.
We report on the techniques of the HESS experiment in details here as an example, but it is
one of several developments for PBH observations [45]. As the PBH which are smaller than
10'7 g might have evaporated by now, one searches for gamma-ray burst signals. The PBHs
are expected to have evaporated with an explosion of gamma rays, which have a high
energy and last only for a few seconds. Using statistics and the methods of [46] Feldman
and Cousins, one can estimate the “rate of” the PBH formation density ppgp, with 95% and
99% confidence levels. Further, we discuss this experiment’s data analysis [45] in details to
illustrate the methodology of the search of PBH. Let us say an unknown parameter y is
being assessed using the measurements of a variable x. Usually, one uses Bayesian statistics
to estimate the “belief” in a system’s parameter being y;. This is given using the formula

P(pslx0) = L(xo]p) Ifgjgg (77)

where L(xg|p;) is the “likelihood” of obtaining x( given ;. However, it is assumed that
there is prior knowledge of the probability P(y;) of finding y; independent of what xg is,
which might not be the case. The probability P(xj) can be absorbed in the normalization
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of the conditional probability. In Bayesian methods, the belief in finding y; given the
measured values of x is expressed as a “confidence”. This is mathematically

M2
/ P(ue|xo)dus = a, (78)
M

where « is the degree of confidence for i+ to be in the confidence interval [y, ji2]. In [46], a
variation of this is given, for estimating the value of a parameter y given the measurements
of the variable x. If one takes the ratio of two likelihoods, then the “prior knowledge”
required in Bayesian statistics is not there.

R= L&) 79)
L (x | Vbest)
where Jipeg; is the value of the parameter which maximizes the conditional probability. This
ratio determines the acceptance region in the x variable, for a given value of . A sum
of the observation probabilities in decreasing order of R, until the required confidence
limit is reached, provides a good estimate for the confidence intervals or upper limits for
a parameter.

In the HESS observations, gamma rays were detected using the Cerenkov telescopes
on earth. The number of photons detected could vary from one to infinity in a given time
interval Af. A time interval of At = 10 s was taken for the purpose. We assumed that the
detection of photon “clusters” of size k followed a Poisson distribution

NN

P(k,N) = T

(80)

where N(r,a,d, At) is the number of -y rays emitted from PBH from a distance r in the
angular interval in the sky specified by a, § in unit time At. Integrating this over all space,
i.e., r,a,0,and over all runs of the experiment, the number of significant clusters of photons
detected were estimated to be

nsig(k, At) = pppp Ve (k, At), (81)
where

Sr(k
Vi (k, Af) = ZTi/in/dr 2 P(k,N) = L. T0; (ro‘/zﬁ‘]) rék(k f{)z) 82)

where N is the number of photons emitted from PBH at a distance of (. T; is the run’s
live time of the experiment, and (); is the solid angle of the observations. Based on the
observed data, the statistical analysis using the techniques of Feldman and Cousins was
implemented. The parameter being sought was 1y given 1 as the observed variable. Note
that these photon clusters, which might be from evaporating PBH, were received along
with the background photons, whose number was taken as 7, or off photons.

(n]a + nSIg)
R= H L(nla) (83)

Here, the maximal value of the likelihood function was taken as that of the background 7.
The x? estimate of the above can be found as [46]:

LNR = —2In(R) =2 ang +n(In(n) —In(71 — ngg)), (84)

where 7 is the number of observed photon signals in the on position of the telescopes
and 7 is the number of mean observed signals in the off data. This is an estimate of the
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background photons, obtained by averaging over “scrambled” time intervals. In deriving
the above, we used the Poisson distribution.

This LNR had a maximum of 0.006 in the preliminary data for At = 10 s and 6240 runs
of four of the five telescopes [45]. This showed that there was not much of the PBH excess
data. However, if one sets LNR = 4,9, one can obtain an upper-limit estimate for pppp,
with 95% and 99% confidence levels. The upper limit was found to be

pp < 2.5 x10%/pclyr (95%), (85)
ppg < 5 x 10%/piyr (99%), (86)

These data points were further updated with other experiments such as VERITAS, MILA-
GRO, FERMI-LAT, and SWGO [47]. A comparative plot of the experimental predictions of
evaporating PBH or final bursts at the 99% confidence limit is given in Figure 2. The data
for this are quoted from [48] (2021). For some recent updates in the field of constraints on
PBH see [49].

10? bursts/pe® -year

MILAGRO
L ]

mm VERITAS

FERMI-LAT

Figure 2. The upper estimates of the number of final bursts at the 99% confidence limit from some
experiments [48].

For recent data on HESS, one can refer to the experiment’s website [50].

3.9. Neutrino Experiments

The Hawking radiation from PBH releases neutrinos. The flux of these as a function
of the PBH production and then a further analysis for “secondary effects” producing
neutrinos were analyzed. The data from several experiments were taken and showed
almost no or a very small estimation of the PBHs. Using a recent work [51], we comment on
the results. A neutrino spectrum rate was defined using the Hawking emission spectrum
as in Equation (74). Further, there can be secondary neutrino production due to the decay
of hadrons produced initially:

(87)

- AM \ dwydt prim, Ayt sor

d2N, 7/°°dM dN [ d2N, N d2N, .
dwydt 0

where the black hole’s mass distribution could be taken as a Gaussian log-normal profile,

aNveo 1 ox ~ In*(M/Mpgp)
aM ~ Vamom O F 202 ’

(88)
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or simply a delta function profile centred at M = Mpgg. In the above, Mpgyy is an average
mass, and ¢ is the standard deviation, as the mass of the black hole is allowed to vary. A
plot of the differential neutrino flux from extragalactic sources and the milky way can be
calculated using publicly available software [51] and plotted. The differential flux of the
neutrino plotted as a function of the energy w, varied between 10? and 10>, as the energy
varied from 1 to 100 MeV for PBH of mass 10'% g. The evaporated PBH were taken as a
fraction of the cosmic background which is 107!® to obtain this result.

The experimental bounds obtained from the Super-Kamiokande data showed that
for PBH which were already evaporated, the abundance ratio was about 10~ for 103 g
black holes and a confidence limit of 90%. The question is of course what the above bounds
imply for quantum gravity phenomenology? Whereas the PBH production cannot be ruled
out completely, using the above estimation methods, it remains that the mechanism of
PBH formation could be different, and the emission flux calculations greatly modified
by intervening cosmic flows and quantum effects. In this aspect, one has to wait for
future experiments such as JUNO, DARWIN, ARGO, and DUNE, and perhaps quantum
cosmology predictions of the PBH formation from a more fundamental theory such as loop
quantum gravity.

It is obvious from the above discussions that the detection of bursts of photons and
neutrinos on earth gives a very small window for the PBH to exist which would be
evaporating now, i.e., those having masses 10°>-10'* g. However, as we know, there can
still be the option that there are PBH which have not evaporated away but have formed
remnants. These will still be candidate dark matter contributors. The fraction of PBH
which contribute to dark matter and have not been evaporated yet is also estimated as
~1073 for masses of the order of 101© g as in [52]. There are other papers investigating this
using various data sources such as microlensing, accretion disk luminosity, radio signals,
anisotropies of the CMB, etc. We refer the reader to reviews in this field [8]; there are also
discussions of the PBH formation and evaporation using LQG corrected metrics, though in
reduced phase-space formulations [53]. In our opinion, whereas the search is now much
focused than earlier on what a gamma-ray burst or a neutrino flux from PBH may be, the
research is still nascent.

4. Event Horizon

In the initial days of the discovery of the black hole metric solution to Einstein’s equa-
tion, the existence of the horizon was one of the most bizarre predictions. The existence of
trapped surfaces in general relativity was later firmly established with the Ray—Chowdhury
equations and Hawking-Penrose singularity theorems. However, the debate continued on
whether the event horizon existed, as it was unobservable. With the discovery of compact
objects and the observation of X-rays from them, various models were tested for the exis-
tence of the event horizon. As the conclusions were model-dependent, the search continued,
until the event horizon telescope project produced an “assembled image” of the photon
sphere surrounding a black hole [14,54]. This confirmed some of the predictions about
the behaviour of geodesics near a black hole’s horizon, but did it confirm the presence
of an event horizon? Perhaps not, but this is as “good as it gets”. The snapshot of the
photon sphere assimilated from eight infrared telescopes captured the electromagnetic
waves circulating a compact object. The question we are asking in this article is: can we use
the observations of geodesics around a black hole to measure semiclassical physics? In a
work using semiclassical states in loop quantum gravity [13], it was shown that quantum
fluctuations could cause instabilities in black holes, and these could produce tangible
detectable effects for astrophysical black holes [13]. The main results of the paper were the
calculation of a nonpolynomial correction to the metric of the Schwarzschild black hole.
The semiclassically corrected metric was shown to be of the following form
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v
(1frg/r)
+(r2+fh )d92+(2 in?6 4 f 2

00 resm +th¢¢ d¢ . (89)

ds? = —(1—%—?htt)dt2+fh”dtdr+{ +£h,,}dr2+

where rgis the Schwarzschild radius, and the location of the horizon is at re =2GM, where
M is the mass of the black hole. hyt, hyt, hyr, hgg, and hgpy are the perturbations motivated
from the corrections to the metric [13]. The perturbations of the metric could be attributed
to other quantum models of gravity, but we used the one motivated from [13], and a shift
was generated, /¢, breaking the “static” nature of the metric. The f which appears in this
coherent state was obtained using the length scales of the system and was thus a ratio of
Planck’s area to the area of the horizon f = l% / r;. Using this, we solved for the geodesics
of the black hole. The geodesics were taken as circular orbits and the radial coordinate
r was solved as a function of the coordinate ¢. These orbits described the trajectory of
light rays which were incident on the black hole geometry from a distance, and the impact
parameter measured the perpendicular distance of the light ray from the horizon. Using
the invariant distance on the Schwarzschild geometry, one can write the equation of motion
for the geodesic of a photon as a differential equation in the azimuth ¢, which was taken as
the affine parameter along the geodesic. The deviations in geodesic computations for the
rotating black hole from the nonrotating black holes were small [55] but detectable. For
rotating black holes, the cross section of the photon scattering might not be circular [55],
but the difference was about 4%. However, quantum corrections might be different, and
one needs to formulate coherent states for rotating black holes separately. The effect of
the presence of “echoes” might still be true. The results stated in this paper thus apply to
nonrotating black holes strictly but pave the way for realistic ones.

If we arrange the terms in a way they can be grouped into terms which are zeroth
order in f and then first order in f (in the equatorial plane), one gets [14]:

1/dr\%> 1 re hey 1 Chey - hy
74(@) +r—2(177><1+tr—27th,‘,‘>—ﬁ<l+2tr—27thrr+t1_rg/r). (90)

As one traces the trajectory through the entire path, the asymptotic angle of “scattering”
from the black hole geometry emerges as a function of the impact parameter of the photon.
The solution is obtained using a set of elliptic integrals and one finds

exp(— o) = S1TO2BT o +%
) (0.676 +0.225 F)1/2

+023F+1.712 ;) 1)

where § = b — b, and ¢ is the asymptotic angle the geodesic makes as it re-emerges to
the asymptotic region. The difference of the photon geodesic impact parameter with the
impact parameter of the critical orbit b, = 31/3M is expected to be zero as the photon can
orbit an infinite number of times round the horizon. One can see that in Equation (91), the
F — 0 reduces to a linear term in 8. Most importantly, § — 0 as oo = pt + 21T — 0. 1
counts the number of times the geodesic encircles the black hole, and this goes to infinity
for the critical geodesic with the critical impact parameter. The photon circles the black
hole an infinite number of times, when the critical impact parameter is reached. If we take
the semiclassical corrections, then the plot of w(J) (the RHS of Equation (91) as a function
of J shows that the function does not reach zero but bounces off (see Figures 3 and 4), and
this we can associate with the presence of a quantization.
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Figure 3. Plot of the semiclassically corrected photon geodesic impact parameter relation. The plot
shows a bounce as the distance from the critical radius approaches the semiclassical length scale of
F ~ 1078 units.
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Figure 4. Plot of the semiclassically corrected photon geodesic impact parameter relation. The plot
shows a bounce as the distance from the critical radius approaches the semiclassical length scale of
F ~ 107 units.

This observation is commensurate with the work in fuzzballs and ECHOS [56]. In
these models, the horizon is replaced by a “wall” at a particular distance from the black
hole. In our calculations with the LQG coherent states [13], we found the explicit location
of the “wall” as a function of the semiclassical parameter f. We expect that our results can
be eventually verified from observational data from astrophysical black holes [56].

5. Conclusions

As it happens, the search for quantum gravity in experiments is still nascent. However,
we expect that in the early universe, the length scales were quantum, and therefore the
search for relics of quantum gravity is ongoing. There are a number of papers in this
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Universe special issue in quantum gravity phenomenology which discuss cosmology and
the effect of quantum cosmology in observational physics. In this review, the experiments
we discussed only provided bounds on the mass of the graviton, the PBH production. We
discussed the quantum effects which could be “directly” observable in recent experiments
including in gravitational wave detectors and event horizon telescope images. We also
reported on the numerous experiments which observe particles from distant celestial events
on earth. We showed theoretical calculations and reported on bounds from experiments
on Hawking emission from PBH. The experimental bounds did not violate any theoretical
predictions. The observations provide directions for the experimental community to seek
for more precise measurements. The plot of the electric and magnetic polarizations from
the EHT [57] and the launching of LISA [58] are ongoing efforts in that direction. The
study of fast radio bursts (FRB) provided an effort towards finding the quantum origins
of astrophysical phenomena. The most promising experiments on earth for the quantum
effects of gravity remain the GW detectors and the possibility that one would detect a
“graviton” or its semiclassical version in the near future.
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Abstract: Over the last couple of decades, there have been direct and indirect evidences for mas-
sive compact objects than their conventional counterparts. A couple of such examples are super-
Chandrasekhar white dwarfs and massive neutron stars. The observations of more than a dozen
peculiar over-luminous type la supernovae predict their origins from super-Chandrasekhar white
dwarf progenitors. On the other hand, recent gravitational wave detection and some pulsar observa-
tions provide arguments for massive neutron stars, lying in the famous mass-gap between lowest
astrophysical black hole and conventional highest neutron star masses. We show that the idea of
a squashed fuzzy sphere, which brings in noncommutative geometry, can self-consistently explain
either of the massive objects as if they are actually fuzzy or squashed fuzzy spheres. Noncommutative
geometry is a branch of quantum gravity. If the above proposal is correct, it will provide observational
evidences for noncommutativity.

Keywords: noncommutative geometry; white dwarf; neutron star; equation of state; Chandrasekhar limit

1. Introduction

Quantum mechanics (QM) and general theory of relativity (GR) are widely regarded
as the two most promising discoveries of the twentieth century. QM is used to describe
different microscopic phenomena, whereas GR is used to explain phenomena in which
gravity plays a significant role. QM is primarily based on the Heisenberg algebra, which
relates the position operator (£;) and the momentum operator (p;) as [9?,', P j} = ihé;;, where
I = h/2m, with h being the Planck constant. Note that in QM, position and momentum
operators commute among themselves, i.e., [£;, J?j] = [pi, f)j] = 0. GR, on the other hand,
is based on the equivalence principle, which can account for the perihelion precision of
Mercury, the generation of gravitational waves (GWs), gravitational lensing, and a variety
of other fascinating phenomena. Both QM and GR are required to understand the structure
of compact objects, such as white dwarfs (WDs) and neutron stars (NSs). GR primarily
governs the hydrostatic balance of a star, which is a macroscopic property; whereas, QM
determines the equation of state (EoS), i.e., the relation between pressure and density of the
constituent particles.

If a progenitor star has mass approximately in between 10 and 20 M, it becomes a NS
at the end of its lifetime. A NS typically possesses central density, p. of about 10™ to a few
factors of 10° g em 3 [1]. Although NSs predominantly consist of neutrons, various other
particles, including hyperons, may also be present at such a high density. This uncertainty
arises from the fact that such a high density has yet to be achieved in the laboratory, and
hence, the specific nuclear reactions, as well as their rates, are unknown. Researchers have
so far provided various NS EoSs, each comprising different particle contributions and
strong nuclear forces. Most of these EoSs are based on the relativistic energy dispersion
relation E? = p2c? + m2c*, where c is the speed of light and E denotes the energy of the
particle with mass m with p being its momentum. Although most NSs have masses of
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approximately 1 to 2 Mg, recent pulsar observations PSR J2215+5135 and PSR B1957+20
show that they have masses of about 2.3 and 2.4 M, respectively [2,3]. Similarly, the
LIGO/Virgo collaboration detected a GW merger event, GW 190814, where one of the
merged objects has a mass of about 2.6 M, [4], which is mostly thought to be a NS [5-8].
Nevertheless, there was no detection of electromagnetic counterpart for this GW event, and
hence various other proposals for this object, such as black hole [9,10], quark star [11], etc.,
have been put forward. In this article, however, we only talk about NSs while referring
to this GW event. Based on these observations, various simulations have been performed
and it has been suggested that those EoSs, which give the maximum mass of a non-rotating
and non-magnetized NS less than 2 M, should be ruled out [5,12,13]. Hence, considering
GR formalism, various EoSs, such as FPS [14], ALF1 [15], etc., seem to be inappropriate for
NSs. Modified gravity, on the other hand, has emerged as a popular alternative to replace
GR in the high-density regime over the last decades. It can be shown that modified gravity
alters the hydrostatic balance of the star and thereby increases the mass of a NS [16-18]. As
a result, some of these EoSs may still be valid in the modified gravity formalism.

On the other hand, WDs are the end-state of stars with mass < (10 £ 2) Mg, [19]. They
possess p. typically ranging approximately from 10° g cm™2 to a few factor of 10" g cm 3.
A WD achieves its stable equilibrium configuration by balancing the outward force of
the degenerate electron gas with the inward force of gravity. If the WD has a binary
companion, it pulls out matter from the companion, resulting in the increase of WD mass.
Once the WD hits the Chandrasekhar mass-limit, which is about 1.4 Mg, for a carbon-
oxygen non-rotating, nonmagnetised WD [20], this pressure balance is lost, and it bursts
out to create a type Ia supernova (SN Ia). However, recent observations of more than
a dozen of peculiar over-luminous SNeIa [21-29] reveal that they had to be produced
from super-Chandrasekhar limiting mass WDs, i.e., the WDs burst significantly above the
Chandrasekhar mass-limit [30,31]. Various theories incorporating magnetic fields [32,33],
modified gravity [34-36], etc., can explain this violation of the Chandrasekhar mass-limit,
although each has its own set of limitations.

The goal of this work is to introduce noncommutativity (NC) among position and mo-
mentum variables and examine how it affects WDs and NSs. A popular way of proposing
NC is by defining [x;, xj} =iy and [p;, p]-] = 10 with 17 and 6 being the NC parameters. It
was shown that in the presence of NC, the spacetime metric alters [37], causing the event
horizon to shift and the singularity at the centre of a black hole to vanish, which is replaced
by a regular de-Sitter core [38—40]. It further alters some other properties associated with
black holes, such as the stability of Cauchy horizon [41], mini black hole formation with
the central singularity replaced by a self-gravitating droplet [42], the Hawking tempera-
ture [43]. Various researchers also utilised this NC to describe a variety of other phenomena,
including Berry curvature, fundamental length-scale, Landau levels, gamma-ray bursts,
and many more [44-49]. Note that the basic assumption in the structure of this NC is quite
ad-hoc. In 1992, Madore introduced the idea of a three-dimensional fuzzy sphere NC [50],
which has been used to better understand the thermodynamical features of non-interacting
degenerate electron gas [51,52]. This formalism was later refined by projecting all the points
of the fuzzy sphere onto an equatorial plane and named this configuration a squashed fuzzy
sphere [53]. This NC model was also proven to imitate the magnetic field by producing
distinct energy levels, which are similar to the Landau levels created in the presence of a
magnetic field [54].

Apart from a few black hole applications, the implication of NC on compact objects
is a relatively novel concept. We earlier showed its applications on the structure of WDs.
We considered both the formalism of NC separately and showed that they modify the
energy dispersion relation of electrons [55,56]. We further used this relation to obtain a
new EoS of the degenerate electrons present in WDs and showed that it can explain the
super-Chandrasekhar limiting mass WDs, which are believed to be the progenitors of the
observed over-luminous type Ia supernovae. We obtained the maximum mass of a WD to
be about 2.6 M, in the presence of NC, and this mass-limit decreases as the strength of NC
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reduces. We further showed that the NC is prominent if the separation of electrons is less
than the Compton wavelength of electrons, and it turns out to be an emergent phenomenon.

The EoS obtained for WD is valid only up to neutron drip density, above which
neutron starts contributing to the degenerate pressure. In this article, we obtain a new EoS
above the neutron drip density taking into account of NC and derive a new mass-radius
relation for NSs. With the advancement of technology, different proposed electromagnetic
and GW detectors are likely to detect numerous WDs and NSs. If their observed masses
and radii follow the mass-radius relations predicted based on NC, it would be a direct
proof of NC’s existence.

The following is a breakdown of how this article is structured. In Section 2, we briefly
review the squashed fuzzy sphere formalism and the modified energy dispersion relation,
which we utilize in Section 3 to derive the EoS for degenerate particles reside inside WD
and NS in the presence of NC. We further use this EoS to obtain the new mass—radius
relation of the NS in Section 4. Finally, we present our concluding remarks in Section 5.

2. Squashed Fuzzy Sphere Formalism and Modified Energy Dispersion Relation

In this section, we recapitulate the basic formalism of a squashed fuzzy sphere. In R3,
the equation of a sphere with radius r is given by

x% + x% + x% =72, 1)

where (x1, X3, x3) are the Cartesian coordinates of the points on the sphere. A fuzzy sphere
is similar to a regular sphere, except that its coordinates x; (i = 1,2, 3) follow the regular
QM angular momentum algebra [50]. Hence, if J; are the generators of SU(2) group in an
N-dimensional irreducible representation, we have

x;j = «Jj, )
with
h2
R+B+R =T (N -1)I=cL, €]

where « is the proportionality (scaling) constant, Cy = 2 (N2 —1)/4, and I is the N-
dimensional identity matrix. Substituting J; in terms of x; and defining k = xr, we obtain

72

r
K:ﬁ and k:ﬁ. 4)

Since the angular momentum algebra follows the commutation relation [ Jis ]k} =
ihejiJ;, the coordinates of the fuzzy sphere follow [50]

ki
[x]-,xk] = 17€jk1xl. (5)

When all the points of a fuzzy sphere are projected on any of its equatorial planes,
the result is a squashed fuzzy sphere. It should be noted that this is not a stereographic
projection. The projection of all the points of a fuzzy sphere on the x; —x; equatorial plane
is shown in Figure 1. The points of the upper hemisphere are projected on the equatorial
plane’s top side, while the points of the lower hemisphere are projected on the plane’s lower
side, and then they are glued together. Writing x3 in terms of x; and x,, using Equation (1)
and replacing it in Equation (5), we obtain the squashed fuzzy sphere’s commutation

relation, given by [53]
[x1,%2) = iig Jr-d-x ©)
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Ha]

Figure 1. Schematic diagram of a squashed fuzzy sphere where all the points of the fuzzy sphere are
projected on xq —x; plane.

The Laplacian for the squashed fuzzy sphere is given by [53]

1
TR

2
) X 7)

i=1
which satisfies the following eigenvalue equation
2

N of
O}, = {10 +1) i} 77, ®)

where (I + 1) — 1i1? are eigenvalues of the squashed fuzzy Laplacian with [ taking all the
integer values from 0 to N — 1 and 7 taking all the integer values from —I to I. Using this
Laplacian, one can obtain the energy dispersion relation in the squashed fuzzy sphere,

given by [53,56]

2hic? .
B2 =—— [+
bt k\/NZ—l[(

Moreover, Equation (6) in spherical polar coordinates (7,0, ¢) can be recast as

1) — (£ 1)]. )

[sin 6 cos ¢, sin O sin ¢| = :ti];—zl cos 6. (10)

This shows the NC is between 6 and ¢ alone, while they are commutative with r-
coordinate. In other words, the formalism of a squashed fuzzy sphere is such that it actually
provides a NC between the azimuthal and polar coordinates. This is because the squashed
plane in a fuzzy sphere can be any of its equatorial planes, which means that the squashed
fuzzy sphere possesses rotational symmetry about the equatorial plane. Regardless of the
squashed plane, the above energy dispersion remains unchanged. As a result, a particle
travelling along the r-coordinate in a squashed fuzzy sphere is not affected by NC and the
exact energy dispersion relation is given by

2h

E2 =2+ w1+ {I(0+1) —m(m+1))}————— |,
vy {1+ 1) —m( )}mzczkm

(11)
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where p; is the momentum of the particle in the radial direction. In the limit N > 1, the
above expression reduces to [56]

E% = p2c® + m2c* (1 + 2v6p), v ez, (12)

where 0p = 2h/m?c%k. It is noticeable that this expression is very similar to the dispersion
relation of Landau levels in the presence of a magnetic field. If the magnetic field is present
along z-direction with strength B, the energy dispersion relation for an electron with mass
me is given by [54]

E? = p2c® + m2ct (1 + 21/B£>, v ez, (13)
C

where p; is the momentum of the electron along the z-direction and B, = m2c/he is the

critical magnetic field (Schwinger limit) with e being the charge of an electron. Comparing

Equations (12) and (13), we obtain

2c
B= R (14)

Hence, in a squashed fuzzy sphere, k=1 behaves as the strength of NC. A detailed
discussion on the equivalence of magnetic field and NC was given by Kalita et al. [56].
Equation (12) provides the energy dispersion relation of one squashed fuzzy sphere, inside
which k is constant. If we consider a sequence of concentric squashed fuzzy spheres with
same N, from Equation (4), we have k o 2, i.e., k increases and thus the strength of NC
reduces from centre to the surface. As a result, all concentric spheres with a radius greater
than r contribute to the effective NC at a point with radius r. From Equation (6), it is evident
that NC vanishes at the surface.

3. Noncommutative Equation of State for Degenerate Particles

In this section, we first discuss the commutative cases. In 1935, Chandrasekhar
provided EoS for the degenerate electrons [20]. This EoS is valid for a system whose
density is less than the neutron drip density (approximately 3.18 x 10! gcm™3), above
which neutron also starts contributing to the degenerate pressure. Harrison and Wheeler
(hereinafter HW), in 1958, provided an EoS considering a semi-empirical mass formula,
which is valid even at higher densities than neutron drip density. Denoting p to be the
matter density and P the total pressure, HW EoS is given by [1]

 NionM(A, Z) + €e(ne) — netmec? + €n(1n)
p= 2 ' (15)

P =Pe+Pa,

where €, is the energy density of neutrons and €. is the same for electrons. Similarly, Pe
and Py are, respectively, the pressures due to electrons and neutrons. Here, 11, 11, and njon
are the number densities of electron, neutron, and ion, respectively, while M(A, Z) is the
energy of nucleus with mass number A and atomic number Z.

In commutative physics, where E2 = p2c? + m2c* holds true, the pressures and energy
densities are given by

2 2 2

meC mMnpC mpC
Pe = ;3 ‘P(xF,e)r Pn = ;\\3 (P(xF,n)r Pp = %(P(XF,IJ)/ (16)
e n P
Mo Hinc? Mipc?
€e = )(53 X(xF,e)/ €n = ;3 X(XF,n)r €p = %X(XF,p)/ (17)
e n P
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where Ao = Ti/mec, An = It/ mnc, and A, = Tt/ mypc are the reduced Compton wavelengths
of electron, neutron, and proton, respectively, with m, being the mass of a neutron and
nyp the mass of a proton. Moreover, Xge = Pge/MeC, XEn = PEn/MnC, and Xgp = pp/mpc
with pge, pEn, and pgp being the Fermi momentum of electron, neutron, and proton
respectively, and

1 2x%

P(xp) = 52 {xF\/l+x%<§F - 1> +ln{xp+ ,/1+x12:}
1

x(xg) = 5 {xm/l +x}%<2x12: +1> fln{xp+ MH

This EoS can explain physics beyond the neutron drip density regime. However,
above 4.54 x 10'2 g cm~3, the neutrons contribute most in the pressure and density. Hence,
beyond this density, HW used the idea n-p-e EoS where neutrons, protons, and electrons
are considered to be degenerate and non-interacting. In the commutative picture, the n-p-e
EoS is given by [1]

7

P = Pe+ Pn+ Pp,
€ teéentep (18)
c? '

HW and n-p-e EoSs together provide the pressure-density relation of the non-interacting
degenerate particles.

In NC, these EoSs are expected to be modified. Vishal and Mukhopadhyay earlier
derived a modified HW EoS of degenerate particles in the presence of a constant magnetic
field [57]. Later, to study the effect of varying NC on degenerate electron gas, we obtained
the following relation [56]

1 12n2/3
D Emm2er

19)
where ¢ is a dimensionless proportionality constant. The dependency 6p o ng/ 3is required
to match the modified EoS with the Chandrasekhar EoS at a low density where NC does
not have any significant influence. Thus, we obtained the modified EoS for degenerate
electrons when all the electrons reside in the ground level, given by [55,56]

2033 23 Ege + prec
Pe = éhyg/e?)m}z)/S pF,eEF,e — mec ln( mecz ’ (20)
64peny p% R
— e PlEe 21
Pe 63]’13 ( )

where i, is the mean molecular weight per electron and Ef, is the Fermi energy of electrons,
which is related to pg. as

E%,e = plz:,ec2 + m§c4(1 + ZVOD)' (22)

Since, for the present purpose, we require the modified HW and n-p-e EoSs in the
presence of NC, we also assume a similar form of pressure-density relation except that
the various properties of the electron are now replaced by the same for the corresponding
particle. After performing some simplifications using Equations (19) and (21), we obtain

16 x2

fp = == L. 23
D {:3 T ( )
Note that we do not put any subscript for the electron in this equation, which means
that it is valid for electrons, protons, and neutrons. We further denote the NC parameters

of neutron, proton, and electron as 0p n,, GD,p, and 0p . respectively. Thus, the modified HW
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and n-p-e EoSs are given by the same expressions of Equations (15) and (18), except the
pressures and energy densities of the respective particles are modified as follows:

2 2 2
MeC“0p e MnC=0p n 1mpc=Op p
_ g — , = P 24
Pe 27273 1(xge), Pn 2203 17(xXEn), Pp 27_[2)% U(xF,p)f (24)
2 2 2
mec”Op e Mnc“0p n Mpc=6p,p
€e = 27‘[2)\3 II](XF,e)r €n = 27_[2/\% lI}(XF,n)r €p = 27_[2)% lP(XF,p)r (25)

where
1 1
n(xg) = ExFq/l-&-x%— Eln(xp—&— w/l—i—x%),
1 1
P(xp) = ExF\/l+x%+§ln<xF+ \/1+x12:>.

We already showed that if all the electrons reside only in the ground energy level, we
require e ~ 1.5 to match the noncommutative EoS with the Chandrasekhar EoS at the low
density [55]. However, the corresponding parameters for neutron and proton (¢, and ¢p)
remain arbitrary. We choose ¢n and ¢p in such a way that the maximum mass of NS in
the mass-radius curve is above 2 M, which we discuss in the next section. Thereby, we
calculate both the noncommutative HW and n-p-e EoSs when all the particles are in their
respective ground levels (see Figure 2). Note that the neutron drip density changes in the
presence of NC, which was also shown earlier in the presence of strong magnetic fields
forming Landau levels [57].

T T T T

107 — HW
.......... n-p-e

[ ———- HW (NC)

1
10 10" 10" 10
p (101 gom )

Figure 2. HW and n-p-e EoSs in the commutative and noncommutative formalisms.

4. Mass—Radius Relation of Noncommutativity Inspired White Dwarfs and
Neutron Stars
We assume a semi-classical approach to obtain the mass-radius relations for WDs and
NSs. In other words, we use classical pressure balance and mass estimate equations (also
known as the Tolman-Oppenheimer-Volkoff or TOV equations) while the EoS is governed
by the NC. The TOV equations are given by [58]
dm

= an?
Ep 47trep,

&P _ G(, P M+47‘rr377 | G !
a - 2\ a c? c2r ’
where Mis the mass of the star inside a volume of radius r and G is the Newton gravitational

constant. We earlier showed that NC is prominent when the inter-particle separation is less
than the Compton wavelength of the respective particles [55,56]. When we consider the

(26)
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hydrostatic balance equations for the entire star having a macroscopic size, the length-scale
of the stellar fluid is much larger than the Compton wavelength of the constituent particles.
Thus, the TOV equations remain commutative in the semi-classical limit. Furthermore,
when all the electrons reside in the ground energy level, we already found the mass-radius
curve earlier [55,56], and for recapitulation, we display it again in Figure 3. It is evident
that NC inspired WDs can possess more mass than the conventional WDs following the
Heisenberg algebra. The maximum mass of such a non-rotating WD is estimated to be
around 2.6 M, explaining the origins of many over-luminous SNeIa.

. T T T T T T T T T T T
10°F Ssssee___ 3

T LNy T b

2t T 1

S [ ---- Noncommutative \\ 1

\

103:-— Chandrasekhar N
10°F 7

T, s

5107 7

&0

S

Z10 - 7

<

Figure 3. Upper figure: Mass-radius relation; Lower figure: variation of central density with the
mass of WDs. Here M and R are the mass and radius of the star, respectively.

In the case of a NS, p. is high, and we employ a combination of HW and n-p-e EoSs
to derive its mass-radius relation, as illustrated in Figure 4. In the commutative picture,
the maximum mass turns out to be just 0.7 M, while it is increased to about 2M, in
the case of NC, which is supported by the observations of massive pulsars. However,
the radius increases to 20 km in this situation, which is almost ruled out by existing GW
observations [59-61]. Note that the relation 0p x% in Equation (23), is valid for electrons
and we extrapolate it for neutrons and protons too. If we choose a different dependency of
0p on xg, the EoS alters and so does the mass—radius relation for NS. Figure 5 depicts several
mass-radius relations for various powers of xp. It is evident that as the power decreases,
the radius for maximum mass falls as well and when p « /Xg, the maximum mass is
about 2.08 M, with radius being 12 km. These masses and radii obey the observational
bounds of NSs, and hence, such an EoS is a realistic one.

2F 1 /—"N 7
E —— Noncommutative
\g S — Commutative 7
| e et !
10 20 30 40
R (km)
2—|I T T T T T ! ! Tty
s
~— 1 - ]
§ _____________________________________
|'-1:1_—__-—'_ L |15 L Lt
10 10
Pe (ng 3)

Figure 4. Upper figure: Mass-radius relation; Lower figure: variation of central density with the
mass of NSs.
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2
- eD,pn Xxp eD.pn X Tp

Figure 5. Mass-radius relations of NC induced NSs for various 6 — x relations. 9D,pn means 0p for

proton and neutron.

5. Conclusions

For a long time, scientists have been fascinated by the possibility of massive WDs and
NSs from several direct or indirect observations. Various ideas, such as magnetic fields and
rotation, modified gravity, etc., have been thoroughly investigated in recent years. Rotation
can explain massive NSs, which, however, alone fails to elucidate the massive WDs with a
mass of about 2.8 M. High magnetic fields can, in principle, explain both these massive
objects. Nonetheless, the maximum field that a compact object can possess is always a
source of contention. Similarly, despite the fact that modified gravity can explain such
high masses, it has so far been impossible to identify the most appropriate one from the
hundreds of such modified gravity models. In this regard, each of these theories suffers its
own limitations.

In the context of astronomical objects, the concept of NC is relatively new. With
the exception of a few applications on black holes and wormholes, it has received little
attention in astrophysics. We earlier self-consistently used NC for the first time to explain
the super-Chandrasekhar WDs [55,56]. We first employed a basic planar NC model and
later used a squashed fuzzy sphere model to modify the EoS of the degenerate electrons
present in a WD. This modification leads to increasing the mass of a WD. If the electrons
solely occupy the ground energy level, i.e., NC is the strongest, the new mass-limit of
WD turns out to be about 2.6 M. As NC weakens and electrons occupy higher energy
levels, this mass-limit decreases. It is to be noted that the effect of NC is only prominent
at sufficiently high densities and negligible at low densities. Hence, our model supports
the observed bigger WDs, which generally have very low densities, and it does not violate
any observable at such low densities. We have already established that the strength of
NC depends on the length scale of the system. If the inter-particle separation distance is
smaller than the Compton wavelength of the corresponding particle, NC starts becoming
prominent [55]. Furthermore, NC does not have any classical effect, unlike magnetic fields
(i.e., field pressure, tension, etc.), and hence, the problem of instabilities that occurred in
magnetic fields does not arise in the case of NC, making the NC model preferable over that
of magnetic fields.

In this article, we have extrapolated NC to higher densities and investigated for
its effect on the structure of NSs. For simplicity, we have only considered the effects of
neutrons, protons, and electrons, and assumed they are non-interacting. In commutative
physics, it is well known that such an EoS gives the maximum mass of a NS to be about
0.7Mg [1]. However, current observations demand the maximum mass of a non-rotating
NS has to be at least 2 Mg, [5,12,13]. Once we introduce NC, we have found that even such
non-interacting particles can constitute an EoS which generates NS with a mass of about
2.1 Mg and radius 12 km. Such an EoS is perfectly legitimate with the current observation
constraints. Note that we have only considered the case where all the particles are in their
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respective ground energy levels, which is the scenario for the strongest NC. One can, in
principle, consider higher occupancy in the energy levels. However, it only reduces the
mass of the NS, as we have seen in the case of WDs [56], and the maximum mass could
fall below 2 Mg and those cases would be unrealistic. In such instances, one must account
for the interactions that may occur between the various particles at these high densities;
which, however, is beyond the scope of this paper. In such cases, even the EoSs, which are
considered non-physical, might not be ruled out if they are affected by NC. In the future,
GW observations may detect numerous massive WDs and NSs [33,62,63], allowing us to
constrain more EoSs and examine the NC effect on these compact objects more closely. If
observed masses and radii of WDs and NSs follow the respective predicted mass-radius
relations based on NC, it would be a direct confirmation for the existence of NC at scales
far away from the Planck scale.
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Abstract: We considered a vacuum polarization inside a galaxy in the eikonal approximation and
found that two possible types of polarization exist. The first type is described by the equation of state
p = p/3, similar to radiation. Using the conformally unimodular metric allows us to construct a non-
singular solution for this vacuum “substance” if a compact astrophysical object exists in the galaxy’s
center. As a result, a “dark” galactical halo appears that increases the rotation velocity of a test particle
as a function of the distance from a galactic center. The second type of vacuum polarization has a
more complicated equation of state. As a static physical effect, it produces the renormalization of the
gravitational constant, thus, causing no static halo. However, a non-stationary polarization of the
second type, resulting from an exponential increase (or decrease) of the galactic nuclei mass with
time in some hypothetical time-dependent process, produces a gravitational potential, appearing
similar to a dark matter halo.

Keywords: vacuum energy; dark matter; vacuum polarization; active galaxy nuclei

1. Introduction

Among the various issues of combining general relativity (GR) and quantum mechan-
ics, one encounters the problems of vacuum energy and black holes.

The first problem is to explain why enormous zero-point vacuum energy density
0o ~ ke (here kyay is the UV energy scale of quantum field theory associated with a hard
3-momentum cutoff of the order of the Planck mass M) does not influence a universe
expansion (e.g., see [1-3] and references herein). The second problem is associated with
the loss of unitarity and information inside of the black hole horizon (e.g., see [4,5] and
references therein), that prevents the definition of a pure quantum state.

On the other hand, the basis of GR is a notion of manifold [6], i.e., a metric space,
which could be covered by coordinate maps. When a concrete space-time possessing some
symmetry is considered, one aims to introduce a system of coordinates allowing maximal
covering of this particular manifold. For instance, the Schwarzschild solution only describes
the region outside the horizon, and one has to introduce the Kruskal coordinates to cover
the complete domain [7]. Nevertheless, one could admit an opposite view: restricting the
manifold by sewing all the black hole horizons by some coordinate transformation. This
approach is similar to a case when a man finds a hole in their trousers at the knee. In such a
case, he steps back a little from the hole border and then subtends it into a node with the
help of sewing.

It is allowed using the conformally unimodular (CUM) metric [8], where an ultra-compact
black hole-like astrophysical object appears as a non-singular ball named “eicheons” [9].
Besides, the vacuum energy problem could be partially solved in the CUM metric if one
builds a gravity theory admitting an arbitrary choice of the energy density level [8]. That
is possible because the equations for evolution of the Hamiltonian #H and the momentum
constraints P admit not only the trivial solution 7 = 0, H = 0, but also P = 0, H = const.
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The constant compensates for the main part of the vacuum energy density proportional
to the Planck mass in the fourth degree [8,10]. Residual energy density, remaining after
omitting the main part of the vacuum energy density, is some kind of dark energy and
results in a cosmological picture containing a period of linear evolution in cosmic time [10,11]
followed by late accelerated expansion.

Both dark energy and dark matter (DM) are unknown “substances” appearing in
modern cosmology and astrophysics [12-14]. DM appears not only on cosmological
scales but also on galaxy scales. The lowest scale at which there is evidence for DM is of
~kpc [15,16]. Dark energy is associated with vacuum energy, whereas DM is expected to
be some kind of a non-baryonic matter weakly interacting with the known particles of the
standard model [17-19]. Nevertheless, there are attempts to explain the DM by a DM-like
behavior of vacuum energy [20], or a vacuum polarization induced by the gravitational
field. Heuristic models of vacuum polarization such as [21-25], which would demand
dipolar fluid [26], anti-gravitation [27] or hydrodynamical phenomena in a vacuum treated
as hypothetical (super-)fluid [28-30], are of interest.

The conventional renormalization procedure of the quantum field theory applied to
vacuum energy near a massive object [31-36] leads to the modification of the gravitational
potential only at small distances of the order of gravitational radius that are unobservable
with current technologies. That is, the renormalization excludes the manifestation of micro-
scale phenomena on the macro-scales (nevertheless, see [20]). This conclusion assumes
the general covariance of the mean vacuum value of stress—energy tensor < 0|T},,|0 > on a
curved background. However, regarding the vacuum state |0 >, the invariant relatively
general transformation of coordinates does not exist [37]. That raises a question: is it
reasonable to demand the covariance of < 0|T},,|0 > in the absence of invariant [0 >? If
invariance violation, which implies the existence of “aether”, takes place, then, similar to
condensed-matter physics, DM still could be treated as an emergent phenomenon produced
by vacuum polarization.

The outline of this paper is as follows: In Section 2, we argue the necessity of consider-
ing a vacuum polarization from a cosmological point of view and explain that the CUM
metric is needed to omit the main part of vacuum energy. Section 3 contains a perturbation
formalism in the CUM metric, which is required to introduce a vacuum polarization as
some media, i.e., “aether”. The eikonal approximation is used in Section 4 to obtain the
vacuum energy density and pressure of a quantum scalar field by summating the contri-
butions from the distorted virtual plane waves. The expression for a vacuum equation
of state is obtained. In Section 5, the F-type vacuum polarization, possessing a radiation
equation of state, is used in the Tolman—Volkov—-Oppenheimer (TOV) equations for two
substances. This type of vacuum polarization results in a dark halo if eicheon is situated in
the galactic center. In Section 6, the ®-type of vacuum polarization is considered. This type
of polarization leads to the renormalization of the gravitational constant in the stationary
case. However, it can contribute to the DM halo for the non-stationary processes. In the
Conclusion, we summarize the consequences of two types of vacuum polarization for
galaxies. In the Appendix A, we consider the static and empty universe to demonstrate an
example of an exact solution for the system of perturbations, taking into account the F-type
vacuum polarization.

2. A Spatially Uniform Universe in the CUM Metric
2.1. CUM Metric in the Five Vectors Theory of Gravity

We based our analysis on using the CUM metric, which is the foundation of the so-
called five vectors theory (FVT) [8]. In the course of this analysis, we will use the particular
cases of the CUM metric appropriate to the physics considered.

A general class of CUM metrics is defined as [8]

ds? = gdxtdx’ = a*(1— A P")2dn? — vij(dx’ + Nidy)(dx + Nidy), 1)
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where x" = {5, x}, 7ij is a spatial metric, a = ’yl/ 6isa locally defined scale factor, and ¢y =
det7;j, 7 is a conformal time connected with a cosmic time f through dt = a(1, x)dy. The
spatial part of the interval (1) looks as

dr? = 'yi]-dxidxj = uz(iy,x)%jdx"dxj, (2)

where ¥;; = i/ a? is a matrix with the unit determinant. The interval (1) is similar formally
to the ADM one [38], but the lapse function is taken in the form of a(1 — 9,,P™), where P"
is a three-dimensional vector, and 9, is a conventional partial derivative. In the gravity
theory admitting arbitrary choice of the energy density level [8], there are the Lagrange
multipliers P, the shift function N, and three triads e’ to parameterize the spatial metric
Vij = e?e;’. Such model was named the FVT of gravity [8]. In contrast to GR, where the
lapse and shift functions are arbitrary, the restrictions 9, (9,,N™) = 0 and 9,(9,,P™) = 0
arise in FVT. The Hamiltonian H and momentum P; constraints in the particular gauge
Pl=0,N =0 obey the constraint evolution Equations [8]:

i =3 (7P)), @)
1
8,77)1' = gain (4)
which admits adding some constant to . In the FVT frame, it is not necessary that H = 0,

but H = const is also allowed. The particular cases of the CUM metric corresponding to
the Bianchi I model and the spherically symmetric space-time were analyzed in [39,40].

2.2. Uniform, Isotropic and Flat Universe

Let us consider a particular case of (1)
ds* = a(n)*(dy® — dx?) (5)
corresponding to a spatially uniform, isotropic and flat universe, where the Friedmann

equations take the form [11,41,42]:

1
M;ze‘l"‘p - Eez"‘tx’z = const, (6)

o +a? = M;zez"‘(p —3p). (7)
Here a(17) = loga(y), the prime denotes the derivative with respect to the conformal
time. We use the system of units # = ¢ = 1 and the reduced Planck mass M, = %

(in physical units M, = % )- According to FVT [8], the first Friedmann Equation (6)
is satisfied up to some constant, and the main parts of the vacuum energy density and
pressure

4
kmax
167204’

Po = gpv (9)

Po = (Nboson - Nferm) )]

do not contribute to the universe expansion because the constant in (6) compensates the
vacuum energy density, whereas there is no vacuum contribution in Equation (7) by virtue
of the equation of state (9).

Bosons and fermions contribute with opposite signs into a vacuum energy den-
sity (8) [43,44]. Here, we do not consider the supersymmetry hypotheses Nyoson — Nferm
due to the absence of evidence for supersymmetric partners to date [45].

For the contributions of massive particles and condensates, we imply the Pauli sum
rules [44,46]. These rules are not fulfilled at this moment due to the incompleteness of the
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standard model of particle physics. Nevertheless, one may hope that they will be satisfied
after possible discoveries beyond the standard model.

Other contributors to the vacuum energy density are the terms depending on the
derivatives of the universe expansion rate [10,41,42,46]. They have the correct order of
magnitude p, ~ M%HZ, where H is the Hubble constant, and explain the accelerated
expansion of the universe driven by the residual energy density and pressure [10,41,42,46]:

a? M3 (2+ Nso)So /1 1
Po = ﬁMf,(z + Nsc)So,  po = paié (5”/2 ~3 ”a>, (10)
where Sy = Kax Equation (10) includes the number of minimally coupled scalar fields

82M3°
Ngc plus two degrees of freedom of the gravitational waves [41]. The massless fermions
and photons do not contribute to (10) [41].
According to (10), the accelerated expansion of universe allows finding a value of the

momentum UV cut-off
12M,

V2 + Ng¢
from the measured value of the universe deceleration parameter and other cosmological
observations [10,41]. It should be noted that the UV cut-off of the 3-momentums k5 in (8)

and hereafter also reflects the diffeomorphism symmetry violation! (e.g., see [47-52] and
references herein).

(11

kmax ~

3. Perturbations of a Uniform Background in the CUM Metric

In this section, the scalar perturbations2 of the CUM metric (1) are considered [53]:

2 _ 2 42 1 ;
ds* =a(y,x) (dr] <<1+3 Y

Here the perturbations of the locally defined scale factor are expressed through a
gravitational potential ®:

9% F(n, x)> 5;j — 0:0;F (1, x)) dx"dxf) . (12

a(y,x) = "% = ) (1 4 @(y, x)). (13)
A stress—energy tensor can be written in the hydrodynamic approximation
Ty = (p+p)uptty — p Suv- (14)

The perturbations of the energy density p(17,x) = p(17) + ép(y7,x) and pressure
p(n,x) = p(n) + ép(n, x) are considered around spatially uniform values.
Let us introduce new variables

o(n,x) = a*(n,%)p(y,%), (15)
(7, x) = a*(y,%)p(y, %) (16)

for reasons which will be explained below. The perturbations of (15), (16) around the uni-
form values can be written now as p(1,x) = e* o (y) 4+ 5o (i, x), T1(1, x) = XD p(y) +
0I1(y, x). The 4-velocity u is represented in the form of

— 0(1,%)  \ L rmaln(q 3a(y) (1, x)
v Yy ey T ) Y O gy @)

where v(77,x) is a scalar function. Expanding all perturbations into the Fourier series
Sp(n,x) = Lg S (17)e’** ... etc. results in the equations for the perturbations:
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18

—6®), + 60/ Dy + K*Fj + ﬁ%e*h kai =0, (18)
1

18 _
—18a'®} — 6(K* + 30">) D) + K*F + ﬁ%e 2 )_:apk,. =0, (19)
1
—12® — 3(F/ +24'F) +k*F. =0, (20)

—9(®) + 24/ D)) — (20" + 20”2 + K2y + K Fy — %e*zﬂ‘ (): 36T, — 5pk,-> =0, (21)
4 i
where the index i denoting the kind of substance has been introduced. It is remarkable
that, as a result of the choice of the variables (15)—(17), the unperturbed values p and
p do not appear in the system (18)—(21). This allows us to avoid the influence of the
large uniform energy density and pressure (8) and (9) on the evolution of perturbation.
Equations (18) and (19) are consequences of the Hamiltonian and momentum constraints,
while Equations (20) and (21) are equations of motion. For consistency of the constraints
with the equations of motion, every kind of fluid has to satisfy the continuity and Euler
equations:
o (S pri — 30Ty;) — (3TL; — o) (D) — 4Pxa’) + 4| @y — Spp; + Kog; =0, (22)

1

@k(pi — 31—11') + (SHk; -+ U;ci =0. (23)

Equations (18)—(23) have the same form as in GR, but for the consistency of Hamilto-
nian and momentum constraints (18) and (19) with the equations of motions (20)—(23), it
is sufficient for the first Friedmann Equation (6) to be valid up to some constant. Namely,
for such consistency, it is necessary that the differentiation of constraints with the subse-
quent substitution of the second-time derivatives from the equations of motion (7), (20)—~(23)
leads to identical equalities. This consistency is a feature of using the CUM metric, in par-
ticular, and the FVT theory, in general. In any other metrics different from CUM (that is,
in a frame of GR), the first Friedmann Equation (6) with the const = 0 in the right hand
side is needed for consistency of the constraints and the equations of motion.

4. Vacuum as a Medium: The Eikonal Approximation for Quantum Fields

Generally, a vacuum could also be considered as some fluid (e.g., see [28-30]),
i.e., “aether” [54], but with some stochastic properties along with its elastic ones [42,46,55].
Here we are interested in its elastic properties only. In Refs. [42,46], the speed of sound for

/
the scalar waves of vacuum polarization c; = L ,”E”; was introduced, where p, and p, are

given by (10). That is the only heuristic Conjecttﬁe’?

Here, the actual calculations of the vacuum density and pressure on the curved back-
ground are performed in the eikonal approximation. The last one has a very transparent
background. In the Minkowski’s space-time, the virtual plane waves penetrate space—
time and, to obtain a vacuum energy density, we must summarize the contributions of
every wave. In the curved space-time, it is necessary to summarize the contributions of
the distorted waves to obtain the spatially non-uniform energy density and pressure. It
should be mentioned that the eikonal approximation was successfully used in high energy
physics [56] and even in gravity [57], where the small-angle scattering amplitude of two
massive particles were calculated in all orders on gravitational constant G.

A massless scalar field in the external gravitational field obeys the equation

1

——9 —g¢"a,)p = 0. 24
\/jg H(\/ig(g )4’ (24)
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Using the gauge N = 0, P = 0 in (1) reduces the CUM metric to
ds? = a?(dy* — ydx'dx), (25)

so that Equation (24) takes the form

!
1Ty~ Lo (24003 g —
9" 279 = —0,(a5773;)9 = 0. (26)
This leads to
1 iaa — a9 x + X (7005 + 00037 = 0 27
X' =Xy =700 — 0y o x + |77 0idja+ 0jadiy” ) = (27)

after the change of variables ¢ = x/a. Further, in the terms of the metric perturbations ®
and F, we come to

X' —Mx+Vx=0, (28)
where a “potential” operator V has the form

V= a0 20D — D AD 4 SAFA - PP g(V(AF)) v (29)
3 oxioxi 9xfoxi 3 ’

A quantization of the scalar field in terms of creation and annihilation operators
implies [37]
R07,x) = Y uk(, %)ak + uie(7, )., (30)
k

where the function uy, satisfies Equation (27), and the orthogonality condition is [37]
/(ukaﬂu,“; — udyuy)d’x = i0kgq- (31)

A solution of Equations (27) and (29) for the functions uj can be written in the eikonal
approximation

1 . . .
ug(n,x) = ﬁ exp(—ink +ikx — i® (1, x)), (32)

which leads to the equation for the eikonal function
2kO), + (kamf - iammf) 90 + %(n” — 710:0;0 — 0,a9:57) +
k0™ — kyk; " = 0, (33)

and, according to Equations (12) and (13), is written in the terms of the metric perturbations
(1, x), F(1,x):

k@) + kVO(y,x) = %Vk, (34)
where 5
Vk(I’], x) =20/ — D" + AD + k,k]a,a]F — %AF (35)

A solution of (34) can be obtained in the form

1 k
Or(n,x) = 2% ), Vi (T,x + E(T - 17))1711', (36)
Y10
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where the lower integration limit 7y depends on the cosmological model. In particular, it
could be 0 or —co. The mean value of the stress—energy tensor of a massless scalar field

N oA 1 ) PO
Tpv = ay 4731/4’ - Eg;wglxﬁaa (Paﬁ(P (37)

can be averaged over the vacuum state and compared with the hydrodynamic expression
(14). This gives

2 5)2 I/
_ ol g (V9P TP kYO
52 )2 1/
ol o2 (V9P L kYO
OTI(17, x) = ™ < 0|3 o lo> 2; A B (39)
U ko), '
Vo= -0 <o w0 Ik - ve -, o
k

where only spatially non-uniform parts of the vacuum averages are implied in the second
equalities on the right-hand side of (38)—(40). The last depends on the metric perturbations
F(y,x) and @(7, x) contained in Equations (12) and (13). The final equalities in (38)—(40)
result from calculations in the eikonal approximation (32).

Considering the quantity dp(#,x) — 30I1(#, x) and using Equations (34) and (35),
result in

kVO o' @’
(5@(17,x)—3(5H(17,x):—2 k k-&-@;(-&- "
k
1 o/ ® 1 K2 N,
- Zk: Vet = Zk: % (q>” — AD — kik;0;0,;F + EAF) = 87;; I (@ — AD), (41)

where summation has been changed by integration Y — [ d®k/(27) and it is taken into
account that |, k<Ko i (kikj — k3—zz5ij> d3k = 0. The number Nj of the scalar fields minimally
coupled with gravity has been introduced as in (10).

In consequence of Equation (41), two types of spatially non-uniform vacuum polariza-
tion exist. Namely, the F-polarization has a radiation-type equation of state?

1
OlLyp (1, x) = §5pvp(i7,x), (42)

whereas the ®-polarization has an equation of state

SMTaa (%) = 30000 (1) — 57 Kous (@ — A). 43)

Both types of spatially non-uniform vacuum polarizations correspond to the uniform
component of (8), (9), whereas the uniform polarization given by (10) has no non-uniform
counterpart with an accuracy of our consideration, i.e., in the second order on derivatives.
It must be emphasized that it is easy to obtain the equation of state (9) for a spatially
uniform main part of the vacuum energy density, but it is not so trivial to do that for a
spatially non-uniform vacuum energy density.

In principle, the system (18)—(23), (42) and (43) is a fundamental system allowing
to consider a broad range of cosmological and astrophysical phenomena including CMB
and BAO. However, below, we restrict ourselves to a galactic DM, which scales from kpc
to Mpc.
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5. Galactic DM as a F-Vacuum Polarization

As it was shown in Section 4, the F-component of vacuum polarization has the equation
of state analogous to radiation (see Equation (9)). In this sense, it is similar to the uniform
part of vacuum energy density in Equation (8).

At the same time, it is difficult to determine the concrete value of the non-uniform
vacuum energy density because, according to (38), it contains an eikonal function ®, which
is determined by the integral (36). For instance, one has ®(,7) = ¥, Ok (7)€" and
from (35), (36) finds

~ 1/1 U .
Ouyn) = 1 (387~ (ab?) [ Fy(orehate . (@)

Calculation of the integral (44) requires one to know the full evolution history of F;(7).
It is simpler to use only the fact that the F-contribution to the vacuum polarization has the
equation of state

Por = PvF/3- (45)

The distributions of matter—energy density and potential are not determined for the
static case in the first order on perturbations (see Appendix A). However, it is possible to
consider a nonlinear heuristic model treating the F-vacuum as an abstract substance with
the above equation of state. The model consists of a core of some incompressible substance,
modeling a baryonic-like matter placed on the radiation background, i.e., the F-polarized
vacuum or “dark radiation”, which interacts with this core only gravitationally. Below, we
find a spherically symmetric solution for an incompressible substance with the constant
energy density p; on the background of radiation density ps.

5.1. Equations in the CUM Metric

The CUM metric in the case of spherical symmetry acquires the form [9]
ds* = a®(dy* — '7ijdxidx/) =™ (dl’]z — e M (dx)? — (e - e’”‘)(xdx)z/rz), (46)

where r = |x|, 2 = exp &, and A are functions of #, . The matrix ;; with the unit determi-
nant is expressed through A(#, r). The interval (46) could be also rewritten in the spherical
coordinates:

x =rsinfcos¢, y =rsinfsing, z = rcosb (47)

to give
ds? = e (d;yz — dr?e*h — o722 (d@z + sin? 6d4)2>) . (48)

Restricting ourselves to static solutions, the equations for the functions a(r) and A(r)
are written as [9]

ersz _ﬁ_;'_e—‘m L_édjdi_i_l dia 2+£d7a+ldzl+
a 6r2 6r2  3drdr  6\dr 3rdr  3dr?

7(dA\? 5dA 1420\ ™
E(E) ywa#)*w;”f@—”’”‘“' @

a2 2

2 Cdrdr

dr

toa 3 dr rdr

r dr
Q24N Z
3———) pi—3p;, (50)
2 J ]
MP ;

Pa 3 3 dadA 7<dzx>2 10 da <d/\>2 6dA
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Pr 5t 5 dad) (dtx) 18 da (d/\>2 14dA
rodr

T2 2 12 18800 1y o0t g A
dr? r2 + r2 dr dr + dr + r dr * dr
2a+4)\

Zp] 3pj,  (51)

where Equation (49) is the Hamiltonian constraint, which could be rewritten in a form
containing no second derivatives using Equations (50) and (51):

He (S (8) e () - (1) ) e e )

Each kind of substance has to satisfy

d
Tk o) = (53)

A vacuum solution of Equations (49)—(51) corresponding to the point massive particle
was considered in [9] where an absence of evidence for a horizon was demonstrated. Let
us consider another solution, corresponding to the substance of a radiation-type filling all
the space. This particular solution is written as

a(r) =Inr— %ln7, Alr) = %lrﬂ, (54)

and, under (45), it follows from (53):

d 1 4
E(pe‘*"‘) =0, p=5" 47173, (55)

if we use (54) and (49) with const = 0 in the right hand side of Equation (49). Here, p
is measured in the terms of re ZM; 2 and r is measured in the units of rg, which is not
a gravitational radius, but some arbitrary spatial scale. It should be noted that, for (45),
Equations (50) and (51) look similar to those for an empty space, whereas Equation (49)
could also be considered as that for an empty space, but with const # 0. Thus, in the
CUM metric of the FVT where the Hamiltonian constraint is satisfied up to some constant,
one could alternatively consider the F-vacuum polarization solution similar to that for an
empty space, but with some non-zero value of const in Equations (49) and (52).

Since the solution (55) is singular, it could be treated as unphysical. To obtain a realistic
model, one has to consider at least two substances: a compact object in the center consisting
of a substance with a constant energy density and a substance with the radiation equation
of state (42). We must emphasize the importance of such a dense kernel for obtaining
non-singular vacuum polarization of F-type.

5.2. Equations in the Schwarzschild-Type Metric
It is more convenient to begin a consideration from the Schwarzschild-type metric [58]

ds* = B(R)dt*> — A(R)dR* — R%dQ, (56)

where Equations (54) and (55) correspond to the well-known solution [58]

1
p2(R) = 14R2’ (57)
obeying the TOV Equation [59,60] for a radiation fluid
3 47R%p2/3
oy = - Szl L nR ea/3) (58)

7TR(R 271)

45



Universe 2022, 8, 456

in all the spatial region R € (0, c0), where m(R) is defined by
m'(R) = 4R?p,. (59)

Again, p; is measured in the terms of rgsz,, and R is measured in the units of Tg.
The solutions (57) and (55) are singular at R = 0 and, thereby, non-physical. The situation
changes cardinally in the presence of a core consisting of incompressible matter. More
exactly, in the presence of incompressible matter of low density pj, the corresponding
solution remains singular. However, if p; > 5 (9) a solid ball in the metric (48) looks
similar to a shell over r¢ in the metric (56) [9] that is shown in Figure la. Here, we again
imply the gravitational radius r; as a measure of the distances, but calculate it taking into
account only an incompressible matter. Such a matter occupies a region between R; and

Rf, where
/ 1
— 3/ R3
Rp={/R; + 20 (60)

in the units of ;. Here the energy density p; is constant and measured in the terms of
3my
27M3
A compact object of such a type arising in FVT is known as “eicheon” [9] and replaces a
black hole of GR. The appearance of eicheon in the center makes the solution (58) to be

non-singular because it allows for setting the finite boundary conditions for radiation.

re ZMf,, where the gravitational radius is defined as rg = and m; = %npl (R? — R?’ ).

Figure 1. (a) Schematic picture of an eicheon in the metric (56), taking into account a vacuum
polarization in the form of dark radiation; (b) an eicheon in the metric (48) looks similar to a solid
sphere with a “dark radiation” of the finite energy density in the center.

To explain this, let us consider two fluids in the metric (56) obeying the TOV equations:

3(p1+p1)(m +47TR3(P1 +%))

P ) 61
P1 47’[R< ) ( )
3pa(mt 4nR3<p +8))
b= 222, 62
where the function m(R) satisfies
m'(R) = 4R?(p1 + p2). (63)
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For p; > %(g), the above equations hold for the internal range R; < R < Ry, where
R; > ¢, and the border of a region, occupied by p1, is defined through (60).

The pressure of incompressible fluid must turn to zero at the edge of the range filled
by matter R = Ry, and it is a boundary condition for p;. Then, one could set an amount
of radiation at R = Ry and solve the system of equations in a region of {R;, Ry} assuming
m(R;) = 0. A solution allows determining m(Ry), and, using this value as an initial
condition, one should solve the equation for the radiation fluid (58) in an outer region of
{Rf,c0}. The metric obtained by solving the equations is [58]

148 _ 2 dn___ 2 dp (64)
B dR p1+p1 dR p2+p2dR'
ﬁ(;) =1-6R(p1 +p2). (65)

Comparing the metrics (46) and (56) leads to relation for the radial coordinates R and
r[9]
dR  (r\2B32
@ = (&) 2
where the dependencies B(R(r)) and A(R(r)) are implied. Equation (66) has to be in-
tegrated with the initial condition R(0) = R;, which means that R; in the metric (56)
corresponds to r = 0 in the metric (46). Knowing R(r) allows plotting p>(R) shown in
Figure 2a as the r— dependent function p(R(r)) (Figure 2b).

(66)

P2 P2

a b
1073 10-3
5107 5x107
10?; 104
5x10 5x10-5

Rirg rirg
11 1.2 1.3 1.4 1.5 02 04 06 08 1.0 12 14

Figure 2. (a) pp—nergy density of the vacuum polarization in a form of “dark radiation” in the
coordinates R > R; calculated for the eicheon parameters p; = 7M%,r§2, R; = 1.001rg, Rf = 1.024rg,
p2(Rf) = O.OOZM}%rSTZ. Red part of the curve corresponds to R; < R < Ry, i.e., lies inside an
eicheon. (b) p; calculated in the coordinates r of the metric (48). Red part of the curve corresponds to

0<r<rf.

Let us consider the motion of a test particle on a circular orbit in the metric (56).
The angular velocity on a circular orbit is calculated as [58]:

dp 1 dB
2t =\ arar (67)

A spatial interval followed by a particle along the circular orbit is given by dl = Rd¢ =
R%‘fdt. To obtain the rotation velocity observed by an observer situated at rest near the

moving particle, one has to divide the spatial interval over the proper time \/ﬁdt = /Bdt
of such an observer [61]:

ot = — L _ JRAB_ [ R dpp 1 [ Rdpp ©69)

o0 VBdt V2BdR  \| pp+padR 2\ ppdR
A qualitative example of the general form of the numerical solution for the rotation
velocity is shown in Figure 3. Although the shape of the curve resembles observational
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data, the asymptotic of the rotation curve corresponds to v,,; ~ 1/v/2 = 0.71. This very
large velocity (in units of speed of light) corresponds to asymptotic value p, ~ R~2in (57),
whereas, in the reality, the rotation velocities of galaxies are vt ~ 100 — 300 km/s ~ 0.001.
To obtain smaller velocities, one has to diminish the density of radiation in the center of
eicheon, i.e., at ¥ = 0 in the metric (48) or R = R; in the metric (56). For central radiation
density of pp = 4.6 x 1072 M%,rgz = 9.6 x 1072* g/cm?, one has the rotation curve shown
in Figure 4. That is a pure “dark radiation” contribution without the galaxy bulge or disk.
It increases linearly with the distance and corresponds to the rising part of the general
curve shown in Figure 3. In the logarithmic scale, one could see (Figure 5) together the
contribution of the eicheon of the mass of 4.2 x 10° M, in the center of the Milky Way (the
left side of the curve) and the impact of the dark radiation (the right side of the curve),
whereas the effects of the galactic bulge and disk responsible for the intermediate region are
not taken into account. However, it is expected that bulge and disk attraction will influence
the F-type vacuum polarization in such a way that the curve in Figure 4 will be not pure
linear but slightly bent. We do not gain insight into such details because our goal is to
show that the F-type vacuum polarization could arise only around a “sewed” black hole,
i.e., around eicheon.

We emphasize that the presented consideration is heuristic because, although the
linear system for the perturbation and the eikonal approximation for vacuum polarization
seems reasonable, we use its results in the nonlinear TOV model. Another thing is that we
set the density of radiation (the F-type vacuum polarization) in the center of eicheon, i.e., at
r = 0, of R = R; empirically but not calculate it from the first principles, i.e., we use only
the equation of state obtained from the calculations in the eikonal approximation.

Veot/C
101

0.2

I I I Y
2000 4000 6000 8000 10,000

0.0 rg

Figure 3. The general form of a model rotational curve for the eicheon parameters specified in the
caption to Figure 2.

48



Universe 2022, 8, 456

Vrot/C
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Figure 4. The rotational curve for the eicheon parameters p; = lOOM%, '3 2, R = 1.0001r¢ and

p2(Ry) = 4 x 10’27M2 ’2 , where ¢ is defined by an eicheon mass. In the physical units, p; =

10046 7?06‘ 7~ 21 X% 105 g / cm?. The points and error bars correspond to the Milky Way rotational
curve from [62].
Viot, km/s
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Figure 5. The rotational curve of eicheon with the mass of Sgr A* with taking into account the
vacuum polarization of F-type. The logarithmic scale is used and the points correspond to the Milky
Way rotational curve from [62]. The eicheon parameters are given in the caption to Figure 4.

6. Vacuum Polarization of ®-Type

In Sections 3 and 4, the linear system of Equations (20)—(23) and (41) was deduced,
which describes the evolution of perturbation by taking into account vacuum polarization
(see Equation (41) and Appendix A for an example of an exact solution). Galaxy formation
is a complex nonlinear process that develops over cosmological time scales. Generally,
the linear system is insufficient to describe the galaxy evolution. However, one could
create a heuristic picture, setting an approximate profile of matter near the galaxy center,
and obtain a gravitational potential produced by vacuum polarization obeying the linear
equations. Below we will discuss that the observed galaxy halo could originate from a very
fast (compared to the cosmological times) change of the galactic nucleus mass. We will
neglect a cosmological evolution assuming « (1) = 0. This reduces the above system of the
equations to

—12®, — 3F) +¢°F, =0, (69)
9
79<I>'q/ — 9172<Dq + ‘74Fq + el <Z‘Spki - 351—1‘1’) =0. (70)
s \5
Nic 2 " 2
Jpqv - 3(5qu ~ 8 kaax(cpq +q q)ﬂ)’ (71)
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where the last equation holds for the vacuum polarization of ®-type and is denoted by
i = v. Substituting ®; from Equation (69), and 64, — 3511, from Equation (71) into
Equation (70) gives the equation

3 (k,,mxz - 87r2Mp2) (35’,’” + 2q2F,;’) —4'F, <3N5Ckm“2 + 87r2Mp2) = 288720 0,017(1), (72)
where an effective “density” of all the substances except vacuum is denoted as

69gerr() = Y Opri — 36T1y;. (73)
i#v

Equation (72) allows for developing a simple model: setting profile and time depen-
dencies of the quantity ,.r¢(17) empirically determines the metric perturbation F; and @,
using (69).

Let us, for simplicity, take g .¢f(77) in the form of

pqeff(”) = mz(q)en/T, (74)

where m is a “mass” of the object at # = 0, Z(q) is a form-factor and T is some typical
time of the “mass” growth. The model implies some rapid processes such as accretion
occurring around the massive object, i.e., around the galaxy nucleus. Substitution of the
expression (74) into Equation (72) allows finding F, (1) = ~q€’7 /T where

Fo_ 28872 T*mZ(q) 75)
T BNk (AT — 22T2 — 3) + 872 M2 (2 T2 + 3)%

and Equation (69) give ®4(17) = e/ T:

& - 2472 T?(4?T? — 3)mZ(q) 76)
T 3Nsckmar (4T — 22T2 — 3) + 872 M, 2(°T2 + 3)

At T — oo, the corresponding static limit is

2
S 247'; mZ(q) _— 7
(3Nsckax™ + 82 Mp?) >

which implies that the vacuum polarization leads to the renormalization (increasing) of the
Planck mass, i.e., decreasing the gravitational constant. In particular, using the value (11)
obtained from the cosmological observations [10] gives

54N, 54N,
M =1+ 5 )M3,  Gen=G/(1+ 55— ). 78
pren ( + 7_[2(2+ Nsc) 14 ren / + 7T2(2+Nsc) ( )

It seems that the vacuum polarization, in some sense, acts similar to antigravitation,
and the gravitational constant Gy, appearing in Newton’s law has to differ from the
gravitational constant G in the Friedmann equations for a uniform universe. Although the
gravitational constant’s renormalization does not influence the cosmological balance of
the different kinds of matter expressed in the units of the critical density M%, H?, it should
be taken into account for comparison with the directly measured (for instance, utilizing

luminosity) density. Numerically, Nsc = 2 gives G = 0.27 G.

Invariant Potentials and Rotational Curves

Astrophysicists express the results of observations in terms of gauge-invariant quan-
tities, which are not dependent on a system of coordinates. The potentials ®(7, x) and
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F(#,x) are not invariant relatively to the infinitesimal transformations of coordinates and
time of the following type

t=n+a(yx), r=x+ Vi, x), (79)
where ¢1(1,x) and &»(77, x) are some small functions. Usually, the potentials ®;,, (1, x)

and ¥, (1, x) are introduced [63-65] which are invariant relatively transformations (79).
The potentials correspond to the metric

ds? = 2 (1) ( (1 + 24 (7,))d? = (1= 280, %))y’ (80)

and are expressed through ® and F as

/ F/ + F// E
@yinl) = () + "D LT gy Fr, o)
/ FI
¥ gino (1) = *% = @(n) + %quq(W) = —Py(n) + %quq, (82)

where the final equalities at the right-hand side of (81), (82) hold for our case of 2 = const,
and @, F ~ exp(1/T). Using (75), (76) gives

2472T?(q*T? 4+ 3)m Z(q)
3Nsc kmax (44 — 242T2 — 3) + 872 M2 (42T2 + 3)*’

qNDq inv = (83)

and ‘T’q ino — <i>q inv- Thus, we obtained the Fourier transformation of the time-dependent
gravitational potential ., = <T>q e’ T, allowing us to define

et o igx 73
Diyo(x,7) = W /q;‘qinve a’q. (84)

To obtain a concrete empirical formula, one has to set the form factor Z(g), for instance,
using the Gaussian profile 69, ¢f(x) = 7-3/2m D=3 ¢=**/D* The spatial dependence of
the potential (84) at the present time, i.e., # = 0, allows us to find the rotational velocity
dependence on the spatial coordinate

Urof(”) = _rd¢+}z’)(7). (85)

Here, the potential (84) is time-dependent, and actually, there are no pure rotational
curves because the radial velocities are present. Here, for an estimation, we discuss
only tangential velocity. The parameters m, D and Z(q) are adopted to produce a typical
rotational curve without an DM (blue curve in Figure 6), then vacuum polarization produces
a halo corresponding to black curve in Figure 6.

The rotational curve has some similarities with the conventional picture at Ny = 2,
but in the conventional picture, the contribution of the galactic nucleus, bulge and disk
are taken into account. We include all these components into the Gaussian form factor of
galactic baryonic skeleton and call it “nucleus” in our oversimplified picture. Then, we
permit it to increase (or decrease) with time and obtain vacuum polarization caused by
this process.
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Figure 6. The lower blue curve corresponds to the contribution of a galactic nucleus of baryonic
matter, including specifically nucleus, bulge and disk. The upper black curve takes the vacuum
®-polarization into account. The form factor of a galaxy nuclei is taken as Z(q) — exp(—)\qz), A=1,
the accretion rate is of T = 10, i.e., 10 kPc, which corresponds to 32,000 years. The number of the

minimally coupled scalar fields is of N = 2, and k2, = SM% nz% is assumed.

7. Conclusions

We have considered two types of vacuum polarization corresponding to the F- and
P-types of metric perturbations in the CUM frame.

The F-type of spatially non-uniform vacuum polarization has the radiation-type
equation of state. In the first order on perturbations, it is impossible to determine a form of
the static gravitational potential around an astrophysical object. In the frameworks of a
nonlinear heuristic model using the TOV equations for matter and radiation, it was found
that the solution, which is non-singular at = 0, only arises if an eicheon is present in the
galaxy’s center. Eicheon is an analog of the black hole in GR and looks similar to an empty
“nut” in the Schwarzschild-type metric. From this point of view, we assume that DM, as a
vacuum polarization, arises only in the galaxies having an eicheon (i.e., a “black hole-like”
object) in the center. Namely, the eicheon conjecture allows us to convert a singular solution
for pure radiation into a non-singular physical one. Galaxies without an eicheon in the
center (e.g., diffuse galaxies) do not have a DM halo*.

Under the oversimplified assumption of an isolated galaxy, the dark halo, in terms of a
test particle’s rotation velocity, always increases with the distance from the galaxy’s center.
Decreasing the halo could occur only due to a violation of the galaxy’s isolation, i.e., at the
distance of ~2 Mpc. It should be noted that the Andromeda galaxy is only 0.7 Mpc away.
Generally, the galaxies tend to form clusters. These evident facts urge the development of a
model of interacting galaxies with vacuum polarization.

For the ®-type of vacuum polarization, the renormalization of the gravitational con-
stant (or Planck mass) has been found. This means that the gravitational constant found
in the Earth, the Solar System, and galaxy observations is not equal (approximately four
times less) to the gravitational constant used in cosmology to describe a spatially uniform
universe. This fact does not influence the balance of the different kinds of matter in cos-
mology if one measures them in M2H?. Nevertheless, it increases the directly counted
matter contribution fourfold, i.e., the luminous baryonic matter has to contribute 3.7-times
stronger into the cosmological Friedmann equations.

The second effect of the ®-type polarization is the creation of the dark halo in the
non-stationary process. It is found that the time-dependent evolving mass of the galaxy
nuclei produces the gravitational potential of the dark halo-type. This point urges a more
careful observational investigation of the possible non-stationary origin of the dark halo.
However, the required time for the galaxy nuclei mass growth seems very short: ~32,000
years. In such a situation, clarifying the physical status of the possible accretion of vacuum
energy and vacuum condensates discussed in [68-70] is very desirable. In particular, it
was shown in [68,69] that accretion of substance with the equation of state of p = —p (e.g.,
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Higgs or QCD condensates) decreases a black hole mass, while accretion of the ordinary
substance with radiation equation of state increases a black hole mass.

Investigations of these processes in the CUM metric with the applications to an eicheon
are waiting. However, one may suggest some scenarios of a galaxy center evolution.
Accretion by an eicheon could be more complicated than a traditional black hole. At some
stage, eicheon could accrete more “dark radiation”, increasing its mass, but at some stage,
it could accrete more condensates, decreasing its mass. One could associate this with the
fast processes with a typical time of ~32,000 years. Both growth of the galaxy’s center
mass and its lowering produce a halo. Thus, a galaxy center is reminiscent of “Alice from
Wonderland” [71], which takes a bit of a mushroom from one side and rises, then takes a
bit from another side and shrinks. These processes can interlace in a galaxy center.

To summarize, it is possible to obtain an equation of the state of vacuum polarization,
which is some kind of “aether”. It is challenging to find the “amount” of aether because it
depends on the object’s entire history due to the nonlocality of the vacuum state on the
curved background. Here, we have adjusted this “amount” to astrophysical observations.
Thus, the obtained final results have, in some sense, a heuristic nature.
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Appendix A

We emphasize that the presented consideration is heuristic because, although the
linear system for the perturbation and the eikonal approximation for vacuum polarization
seem trustable, we use its results in the nonlinear TOV model. Another point is that we
empirically set the density of radiation (the vacuum polarization of F-type) in the center of
an eicheon, i.e., at 7 = 0, of R = R;. That is, we do not calculate it from the first principles,
i.e., we use only the equation of state from the eikonal calculations.

Let us consider the system of Equations (18)—(23) for an empty space-time with the
vacuum polarization of F-type in the form of radiation fluid. For ¢**p = const, the constant
in Equation (6) can be chosen in such a way that there is no evolution of the scale factor,
i.e., &« = 0 (a static universe).

For the substance obeying (45), Equations (23) and (22) are reduced to

—0p oF + P0g0r =0, (A1)
5Hq oF + ’():1 oF — 0, (AZ)
and have the solution
dpqor = €1 sin% + cp cos q—’;, (A3)
B cgos(%) - sin(%) -
UgoF = \/gq . ( )
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Notes
1

Let us also place into this universe some amount of a dust matter dgp,;, obeying
0Ily = 0 and without a uniform component, i.e., Iy, = 0, p;m = 0. The complete solution
of the system (18)—(23) takes the form

1
Spqm(1) = =30 Mp*(cen1 + cs), (A5)
C6
Vgm = 360" Mp?, (A6)
_ _aa—dag =2 [ M9 287 2 V3
Fy(n) = con +c5 —3q "M, ~| sin 3 c4q-Mp~ +2V3cinq +15¢2 ) +

cos <ﬂ> (q (C3qu2 — 2\/§czr]) + 15c1)>, (A7)

V3
2 1 .
D4(17) = %(5677 +¢5) — INEP (6 sm(%) (c4M,,2q2 +2v3eyng + 9C2) +
P
nq
cos<ﬁ> <q <C3Mp2q _ 2\@@7) + 9cl)>.(A8)

Then, in accordance with (38), the energy density for a F-vacuum polarization is
expressed approximately as

1 kVO
5@013(77/75) = EZ_ X k +0, , (A9)
k

which gives

89qg0r () = —27kmax" /j’m ((9 —4%( = 7)) sin(q(n — 7)) +

91 =) (4% = )% = 9) cos(g(y - T))) %dt (A10)

If we consider this equation as an additional equation to the system (18)—(23), we can
find that the constants cy, c, c3, ¢4, ¢ have to be zero and only c5 term is permitted because

dt = 0.

/’7 ((9 — 44*(n — 1)%) sin(q(n — 1)) + q(n — 7) (4*(7 — 1)*> = 9) cos(q(7 — 1)))
—co 3q(n — 1)

Thus, the static gravitational potential

of arbitrary form (because c5 could be function of ¢) is permitted in the framework of a
linear system of the equations considered.

The CUM metric implies a preferred time foliation of space-time. Using the CUM metric per se does not predict some visible

effects in the Solar System and all satellite experiments if their results are expressed in a gauge invariant way. At the same
time, the use of the UV-cutoff at k;uq implies the Lorentz invariance violation. In the local particle physics experiments, it leads
to effects of the order of ~ &/kpax ~ €/ M, where ¢ is the typical energy of a particle, but certainly does not produce some
restrictions for Earth and satellite experiments. However, as it will be shown below, the consideration of vacuum physics using
CUM and kqax could produce observable effects in a galaxy scale.

We consider only scalar perturbations because the vector and tensor perturbations do not perturb the matter.
For instance, see a DM vacuum model with the equation of state “running” from radiation-type to dark energy-type [20].
The diffuse galaxy NGC1052-DF2 [66] seems to contain no DM, whereas another diffuse galaxy Dragonfly 44 is supposed to

contain a lot of DM [67]. However, for the last, we do not know for definite whether or not there is an eicheon in its center.
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Abstract: We give a general overview of various flavours of the equivalence principle in classical
and quantum physics, with special emphasis on the so-called weak equivalence principle, and
contrast its validity in mechanics versus field theory. We also discuss its generalisation to a theory of
quantum gravity. Our analysis suggests that only the strong equivalence principle can be considered
fundamental enough to be generalised to a quantum gravity context since all other flavours of
equivalence principle hold only approximately already at the classical level.

Keywords: equivalence principle; general relativity; quantum gravity

1. Introduction

Quantum mechanics (QM) and general relativity (GR) are the two cornerstones of
modern physics. Yet, merging them together in a quantum theory of gravity (QG) is still
elusive despite the nearly century-long efforts of vast numbers of physicists and mathe-
maticians. While the majority of the attempts were focused on trying to formulate the full
theory of quantised gravity, such as string theory, loop quantum gravity, non-commutative
geometry, and causal set theory, to name a few, a number of recent studies embraced a
rather more modest approach by exploring possible consequences of basic features and
principles of QM and GR, and their status, in a tentative theory of QG. Acknowledging that
the superposition principle, as a defining characteristic of any quantum theory, must be fea-
tured in QG as well, led to a number of papers studying gravity-matter entanglement [1-7],
genuine indefinite causal orders [8-15], quantum reference frames [16-20] and deforma-
tions of Lorentz symmetry [21-25], to name a few major research directions. Exploring
spatial superpositions of masses, and in general gravitational fields, led to the analysis of
the status of various versions of the equivalence principle, and their exact formulations in
the context of QG. In particular, in [26], it was shown that the weak equivalence principle
(WEP) should generically be violated in the presence of a specific type of superpositions of
gravitational fields, describing small quantum fluctuations around a dominant classical
geometry. On the other hand, a number of recent studies propose generalisations of WEP
to QG framework (see for example [16,20,27-31]), arguing that it remains satisfied in such
scenarios, a result seemingly at odds with [26] (for details, see the discussion from Section 5).

The modern formulation of WEP is given in terms of a fest particle and it’s trajectory:
it is a theorem within the mathematical formulation of GR stating that the trajectory of a
test particle satisfies the so-called geodesic equation [32—46], while it is violated within the
context of QG, as shown in [26]. In this paper, we present a brief overview of WEP in GR
and a critical analysis of the notions of particle and trajectory in both classical and quantum
mechanics, as well as in the corresponding field theories.Our analysis demonstrates that
WEP, as well as all other flavours of the equivalence principle (EP) aside from the strong
one (SEP), hold only approximately. From this we conclude that neither WEP nor any other
flavour of EP (aside from SEP) can be considered a viable candidate for generalisation to
the quantum gravity framework.
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The paper is organised as follows. In Section 2, we give a brief historical overview of
various flavours of the equivalence principle, with a focus on WEP. In Section 3, we analyse
the notion of a trajectory in classical and quantum mechanics, while in Section 4 we discuss
the notion of a particle in field theory and QG. Finally, in the Conclusion, we briefly review
and discuss our results, and present possible future lines of research.

2. Equivalence Principle in General Relativity

The equivalence principle is one of the most fundamental principles in modern physics.
It is one of the two cornerstone building blocks for GR, the other being the principle of
general relativity. While its importance is well understood in the context of gravity, it
is often underappreciated in the context of other fundamental interactions. In addition,
there have been numerous studies and everlasting debates about whether EP holds also in
quantum physics, if it should be generalised to include quantum phenomena or not, etc.
Finally, EP has been historically formulated in a vast number of different ways, which are
often not mutually equivalent, leading to a lot of confusion about the actual statement of
the principle and its physical content [47-53]. Given the importance of EP, and the amount
of confusion around it, it is important to try and help clarify these issues.

The equivalence principle is best introduced by stating its purpose—in its traditional
sense, the purpose of EP is to prescribe the interaction between gravity and all other fields in
nature, collectively called matter (by “matter” we assume not just fermionic and scalar fields,
but also gauge vector bosons, i.e., nongravitational interaction fields). This is important
to state explicitly since EP is often mistakenly portrayed as a property of gravity alone,
without any reference to matter. In a more general, less traditional, and often not appreci-
ated sense, the purpose of EP is to prescribe the interaction between any gauge field and all
other fields in nature (namely fermionic and scalar matter, as well as other gauge fields,
including gravity), which we will reflect on briefly in the case of electrodynamics below.

Given such a purpose, let us for the moment concentrate on the gravitational ver-
sion of EP, and provide its modern formulation, as it is known and understood today.
The statement of the equivalence principle is the following:

The equations of motion for matter coupled to gravity remain locally identical to the
equations of motion for matter in the absence of gravity.

This kind of statement requires some unpacking and comments.

¢ When comparing the equations of motion in the presence and in the absence of
gravity, the claim that they remain identical may naively suggest that gravity does not
influence the motion of matter in any way whatsoever. However, on closer inspection,
the statement is that the two sets of equations remain locally identical, emphasising
that the notion of locality is a crucial feature of the EP. While equations of motion are
already local in nature (since they are usually expressed as partial differential equations
of finite order), the actual interaction between matter and gravity enters only when
integrating those equations to find a solution (see Appendix A for a detailed example).

e In order to compare the equations of motion for matter in the presence of gravity
to those in its absence, the equations themselves need to be put in a suitable form
(typically expressed in general curvilinear coordinates, as tensor equations). The state-
ment of EP relies on a theorem that this can always be achieved, first noted by Erich
Kretschmann [54].

e Despite being dominantly a statement about the interaction between matter and grav-
ity, EP also implicitly suggests that the best way to describe the gravitational field is as
a property of the geometry of spacetime, such as its metric [55]. In that setup, EP can
be reformulated as a statement of minimal coupling between gravity and matter, stating
that equations of motion for matter may depend on the spacetime metric and its first
derivatives, but not on its (antisymmetrised) second derivatives, i.e., the spacetime
curvature does not explicitly appear in the equations of motion for matter.
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e The generalisation of EP to other gauge fields is completely straightforward, by re-
placing the role of gravity with some other gauge field, and suitably redefining what
matter is. For example, in electrodynamics, the EP can be formulated as follows:

The equations of motion for matter coupled to the electromagnetic field remain locally
identical to the equations of motion for matter in the absence of the electromagnetic field.

This statement can also be suitably reformulated as the minimal coupling between
the electromagnetic (EM) field and matter, i.e., coupling matter to the electromagnetic
potential A;, but not to the corresponding field strength F,, = 9, A, — 9, A,. This
is in fact the standard way the EM field is coupled to matter (see Appendix A for
an illustrative example). Even more generally, the gauge field sector of the whole
Standard Model of elementary particles (SM) is built using the minimal coupling pre-
scription, meaning that the suitably generalised version of the EP actually prescribes
the interaction between matter and all fundamental interactions in nature, namely
strong, weak, electromagnetic and gravitational. In this sense, EP is a cornerstone
principle for the whole fundamental physics, as we understand it today.

Of course, much more can be said about the statement of EP, its consequences, and var-
ious other details. However, in this work, our attention will focus on the so-called weak
equivalence principle (WEP), which is a reformulation of EP applied to matter which consists
of mechanical particles. To that end, it is important to understand various flavours and
reformulations of EP that have appeared through history.

As with any deep concept in physics, EP has been expressed historically through
a painstaking cycle of formulating it in a precise way, understanding the formulation,
understanding the drawbacks of that formulation, coming up with a better formulation,
and repeating. In this sense, EP, as quoted above, is a modern product of long and
meticulous refinement over several generations of scientists. Needless to say, each step in
that process made its way into contemporary physics textbooks, leading to a plethora of
different formulations of EP that have accumulated in the literature over the years. This
can bring about a lot of confusion about what EP actually states [47-50] since various
formulations from old and new literature may often be not merely phrased differently,
but in fact substantively inequivalent. To that end, let us comment on several of the
most common historical statements of EP (for a more detailed historical overview and
classification, see [56,57]), and their relationship with the modern version:

e Equality of gravitational and inertial mass. This is one of the oldest variants of EP,
going back to Newton’s law of universal gravitation. The statement claims that the
“gravitational charge” of a body is the same as the body’s resistance to acceleration,
in the sense that the mass appearing on the left-hand side of Newton’s second law
of motion exactly cancels the mass appearing in Newton'’s gravitational force law on
the right-hand side. This allows one to relate it to the modern version of EP, in the
sense that a suitably accelerated observer could rewrite Newton’s law of motion as the
equation for a free particle, exploiting the cancellation of the “intertial force” and the
gravitational force on the right-hand side of the equation. Unfortunately, this version
of EP is intrinsically nonrelativistic, and applicable only in the context of Newtonian
gravity since already in GR the source of gravity becomes the full stress-energy tensor
of matter fields, rather than just the total mass. Finally, this principle obviously fails
when applied to photons, as demonstrated by the gravitational bending of light.

e Universality of free fall. Going back all the way to Galileo, this statement claims that the
interaction between matter and gravity does not depend on any intrinsic property of
matter itself, such as its mass, angular momentum, chemical composition, temperature,
or any other property, leading to the idea that gravity couples universally (i.e., in the
same way) to all matter. Formulated from experimental observations by Galileo, its
validity is related to the quality of experiments used to verify it. As we shall see below,
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in a precise enough setting, one can experimentally observe direct coupling between
the angular momentum of a body and spacetime curvature [32—46], invalidating
the statement.

o Local equality between gravity and inertia. Often called Einstein’s equivalence principle,
the statement claims that a local and suitably isolated observer cannot distinguish
between accelerating and being at rest in a uniform gravitational field. While this state-
ment is much closer in spirit to the modern formulation of EP, it obscures the crucial
aspect of the principle — coupling of matter to gravity. Namely, in this formulation,
it is merely implicit that the only way an observer can attempt to distinguish gravity
from inertia is by making local experiments using some form of matter, i.e., studying
the equations of motion of matter in the two situations and trying to distinguish them
by observing whether or not matter behaves differently. Moreover, the statement is
often discussed in the context of mechanics, arguing that any given particle does not
distinguish between gravity and inertia. This has two main pitfalls—first, the reliance
on particles is very misleading (as we will discuss below in much more detail), and sec-
ond, it implicitly suggests that gravity and inertia are the same phenomenon, which is
completely false. Namely, inertia can be understood as a specific form of gravity, but a
general gravitational field cannot be simulated by inertia, since inertia cannot account
for tidal effects of inhomogeneous configurations of gravity.

e Weak equivalence principle. Stating that the equations of motion of particles do not
depend on spacetime curvature, or equivalently, that the motion of a free particle is
always a geodesic trajectory in spacetime, WEP is in fact an application of modern
EP to mechanical point-like particles (i.e., test particles). One can argue that, as far
as the notion of a point-like particle is a well-defined concept in physics, WEP is
a good principle. Nevertheless, as we will discuss below in detail, the notion of a
point-like particle is an idealisation that does not actually have any counterpart in
reality, in either classical or quantum physics. Regarding a realistic particle (with
nonzero size), WEP never holds, due to the explicit effect of gravitational tidal forces
across the particle’s size. In this sense, WEP can be considered at best an approximate
principle, which can be assumed to hold only in situations where particle size can be
approximated to zero.

e Strong equivalence principle. This version of the principle states that the equations of
motion of all fundamental fields in nature do not depend on spacetime curvature
(see [55], Section 16.2, page 387). To the best of our knowledge so far, fields are indeed
the most fundamental building blocks in modern physics (such as SM), while the
strength of the gravitational field is indeed described by spacetime curvature (as in
GR). In this sense, the statement of SEP is actually an instance of EP applied to field
theory, and as such equivalent to the modern statement of EP. So far, all our knowledge
of natural phenomena is consistent with the validity of SEP.

As can be seen from the above review, various formulations of EP are both mutually
inequivalent and have different domains of applicability. Specifically, only SEP holds
universally, while all other flavours of EP hold only approximately. In the remainder of
the paper, we focus on the study of WEP since recently it gained a lot of attention in the
literature [20,27-29,31], primarily in the context of its generalisation to a “quantum WEP”,
and in the context of a related question of particle motion in a quantum superposition of
different gravitational configurations, the latter being a scenario that naturally arises in
QG. Since WEP is stated in terms of a test particle and its trajectory, in order to try and
generalise it to the scope of QG one should first analyse these two notions in classical and
quantum mechanics and field theory in more detail.

3. The Notion of Trajectory in Classical and Quantum Mechanics

A trajectory of a physical system in three-dimensional space is a set of points that form
aline, usually parameterised by time. More formally, a trajectory is a set { (x(t), y(t),z(t)) €
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R3|t € [t;, ty] CRAt; < tf}, given by three smooth functions x,y,z : R — R. Depending
on the nature of the system, the choice of points that form its trajectory may vary.

In classical mechanics, one often considers an ideal “point-like particle” localised in one
spatial point (x(t),y(t),z(t)) at each moment of time ¢, in which case the choice of the points
forming the system’s trajectory is obvious. In the case of systems continuously spread
over certain volumes (“rigid bodies”, or “objects”) or composite systems consisting of
several point-like particles or bodies, it is natural to consider their centres of mass as points
that form the trajectory. While this definition is natural, widely accepted, and formally
applicable to any classical mechanical system, there are cases in which the very notion of a
trajectory loses its intuitive, as well as useful, meaning.

Consider for example an electrical dipole, i.e., a system of two point-like particles
with equal masses and opposite electrical charges, separated by the distance £(t). As long
as this distance stays “small” and does not vary significantly with time, the notion of a
trajectory of a dipole, defined as the set of centres of mass of the two particles, does meet
our intuition, and can be useful. Informally, if the trajectories of each of the two particles
are “close” to each other, they can be approximated, and consequently represented, by the
trajectory of the system’s centre of mass. However, if the separate trajectories of the two
particles diverge, one going to the “left”, and another to the “right”, one could hardy talk
of a trajectory of such a composite system, although the set of locations of its centres of
mass is still well defined. In fact, the dipole itself ceases to make physical sense when the
distance between its constituents is large.

Moving to the realm of quantum mechanics, due to the superposition principle, even
the ideal point-like particles do not have a well-defined position, which is further quantified
by the famous Heisenberg uncertainty relations. Thus, the trajectory of point-like particles
(and any system that in a given regime can be approximated to be point-like) is defined as
a set of expectation values of the position operator. Like in the case of composite classical
systems, here as well the definition of a trajectory of a point-like particle is mathematically
always well defined, yet for a very similar reason is applicable only to certain cases. Namely,
in order to give a useful meaning to the above definition of trajectory, the system considered
must be well localised. Consider for example the double-slit experiment, in which the point-
like particle is highly delocalised so that we say that its trajectory is not well defined, even
though the set of the expectation values of the position operator is.

We see that, while in mechanics both the notions of a particle and its trajectory are
rather straightforward and always well defined, the latter make sense only if our system
is well localised in space (see for example [58], where the authors analyse the effects of
wave-packet spreading to the notion of a trajectory).

4. The Notion of a Particle in Field Theory

While in classical mechanics a point-like particle is always well localised, we have
seen that in the quantum case one must introduce an additional constraint in order for it to
be considered localised—the particle should be represented by a wave-packet. The source
for this requirement lies in the fact that quantum particles, although mechanical, are
represented by a wavefunction. Thus, it is only to be expected that when moving to the realm
of the field ontology, the notion of a particle becomes even more involved and technical.

In field theory, the fundamental concept is the field, rather than a particle. The notion
of a particle is considered a derived concept, and in fact in QFT one can distinguish two
vastly different phenomena that are called “particles”.

The first notion of a particle is an elementary excitation of a free field. For example,
the state .

%) = 4 ()[0),

is called a single particle state of the field, or a plane-wave-particle. It has the following properties:

e Itis an eigenstate of the particle number operator for the eigenvalue 1.
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e It has a sharp value of the momentum k,and corresponds to a completely delocalised
plane wave configuration of the field.

e It has no centre of mass, and no concept of “position” in space since the “position
operator” is not a well-defined concept for the field.

e States of this kind are said to describe elementary particles, understood as asymptotic
free states of past and future infinity, in the context of the S-matrix for scattering
processes. An example of a real scalar particle of this type would be the Higgs particle.
For fields of other types (Dirac fields, vector fields, etc.) examples would be an electron,
a photon, a neutrino, an asymptotically free quark, and so on. Essentially, all particles
tabulated in the Standard Model of elementary particles are of this type.

Note that all the above notions are defined within the scope of free field theory,
and do not carry over to interacting field theory. In other words, free field theory is a
convenient idealisation, which does not really reflect realistic physics. One should therefore
understand the concept of a plane-wave-particle in this sense, merely as a convenient
mathematical approximation. Moreover, the particle number operator is not an invariant
quantity, as demonstrated by the Unruh effect. We should also emphasise that in an
interacting QFT, the proper way to understand the notion of a particle is as a localised
wave-packet, interacting with its virtual particle cloud, which does have a position in space
and whose momentum is defined through its group velocity. In this sense, the particle as a
wave-packet could be better interpreted as a kink, discussed below.

The second notion of the particle in field theory is a bound state of fields, also called a
kink solution. This requires an interacting theory since interactions are necessary to form
bound states. This kind of configuration of fields has the following properties:

e Itis not an eigenstate of the particle number operator, and the expectation value of
this operator is typically different from 1.

e Itis usually well localised in space, and does not have a sharp value of momentum.

o As long as the kink maintains a stable configuration (i.e., as long as it does not decay),
one can in principle assign to it the concept of size, and as a consequence also the
concepts of centre of mass, position in space, and trajectory. In this sense, a kink can play
the role of a test particle.

e States of this kind are said to describe composite particles. Given an interacting theory
such as the Standard Model, under certain circumstances quarks and gluons form
bound states called a proton and a neutron. Moreover, protons and neutrons further
form bound states called atomic nuclei, which together with electrons and photons
form atoms, molecules, and so on.

For a kink, the notions of centre of mass, position in space and size are described
only as classical concepts, i.e., as expectation values of certain field operators, such as the
stress-energy tensor. Moreover, given the nonzero size of the kink, its centre of mass and
position are not uniquely defined, even classically, since in relativity different observers
would assign different points as the centre of mass.

Given the two notions of particles in QFT, one can describe two different corresponding
notions of WEP. In principle, one first needs to apply SEP in order to couple the matter
fields to gravity, at the fundamental level. Assuming this is completed, the motions of
both the plane-wave-particles and kink particles can be derived from the combined set of
Einstein’s equations and matter field equations, without any appeal to any notion of WEP.
In this sense, once the trajectory of the particle in the background gravitational field has
been determined from the field equations, one can verify as a theorem whether the particle
satisfies WEP or not.

Specifically, in the case of a matter field coupled to general relativity such that it locally
resembles a plane wave, one can apply the WKB approximation to demonstrate that the
wave 4-vector k#(x), orthogonal to the wavefront at its every point x € R*, will satisfy a
geodesic equation,

K (x)V kM (x) = 0. 4
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However, given that the plane-wave-particle is completely delocalised in space, the fact
that the wave 4-vector satisfies the geodesic equation could hardly be interpreted as “the
particle following a geodesic trajectory”, and thus obeying WEP. Indeed, identifying the
vector field orthogonal to the wavefront to the notion of “particle’s trajectory” is at best an
abuse of terminology.

Next, in the case of the kink particle coupled to general relativity, one assumes the
configuration of the background gravitational field is such that the particle maintains its
structure and that its size can be completely neglected. One can then apply the procedure
given in [26,32-46] to demonstrate that the 4-vector u*(7), tangent to the kink’s world line
(i.e., its trajectory), will satisfy a geodesic equation (T € R represents kink’s proper time),

u (T)V,ut () = 0. ()

Thus, one concludes that the kink obeys WEP as a theorem in field theory, without the
necessity to actually postulate it.

Note the crucial difference between Equations (1) and (2)—while the former features
4-dimensional variable x, the latter is given in terms of only 1-dimensional proper time
7. This reflects the fact that the plane-wave-particle is a highly delocalised object, with no
well-defined position and trajectory, while the kink is a highly localised object, with a
well-defined position and trajectory. As a consequence, WEP can be formulated only for
the kink, and not for the plane-wave particle.

In the case of the kink, it is also important to emphasise that the zero-size approxi-
mation of the kink is crucial. Namely, without this assumption, the particle will feel the
tidal forces of gravity across its size, effectively coupling its angular momentum J*/(7) to
the curvature of the background gravitational field [32-46] (see also [59] for a more refined
analysis of tidal effects). This will give rise to an equation of motion for the kink of the form

u (1) Vyut (1) = R ypeut? (1) P (1), 3)

which features explicit coupling to curvature (absent from (2)) and thus fails to obey WEP.
In this sense, for realistic kink solutions WEP is always violated, and can be considered to
hold only as an approximation when the size of the particle can be completely neglected
compared to the radius of curvature of the background gravitational field. If in addition
the kink has negligible total energy, it can be used as a point-like test particle.

In the above discussion, while matter fields are described as quantum, using QFT,
the background gravitational field is considered to be completely classical. It should
therefore not be surprising that WEP may fail to hold if one allows the gravitational field to
be quantum, such as matter fields, and one needs to revisit all steps of the above analysis
from the perspective of QG. In fact, the case of the kink particle has been studied in precisely
this scenario [26], and it has been shown that if the background gravitational field is in a
specific type of quantum superposition of different configurations, the kink will fail to obey
WEDP even in the zero size approximation. Simply put, the equation of motion for the kink
will contain extra terms due to the interference effects between superposed configurations
of gravity, giving rise to an effective force that pushes the kink off the geodesic trajectory.
Moreover, of course, similar to the case of classical gravity, the resulting conclusion is a
theorem, which follows from the fundamental field equations of the theory. One of the
assumptions of that theorem is that the field equations allow for kink solutions in the first
place. Namely, it is entirely possible that in quantum gravity particles cannot be localised at
all, as opposed to the classical case where such an approximation can be feasible. If that is
the case, then one cannot even formulate (i.e., generalise from classical theory) the notion of
WEP in a quantum gravity setup. However, one can instead assume that kink solutions do
exist, as was performed in [26], where a particular superposition of gravitational fields was
considered, describing small quantum fluctuations around a dominant classical geometry.
It was then argued that such superpositions are compatible with the approximation of a
well-defined localised particle (see the discussion around Equations (2.2) and (3.15), as well
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as Section 3.4 of that paper). As it turns out, even in such cases the trajectory of the kink
fails to obey WEP. Therefore, the generalisations of WEP and other approximate versions
of EP are not the best candidates for analysing the properties of quantum gravity.

Moreover, the assumption of a well-defined notion of a particle in the QG framework
can also be supported from the point of view of nonrelativistic limit. Namely, in [4,5]
an experiment was proposed in which the effects of QG fluctuations are expected to be
observable, by measuring the motion of nonrelativistic particles. Furthermore, an exten-
sion of this experiment was also suggested [60], which aims to determine the potential
difference between gravitational and inertial masses of those particles in such a setup.
In fact, the relation between the two types of masses in the nonrelativistic limit has also
been previously analysed in [26], predicting their difference due to quantum fluctuations
of geometry. In this sense, the notion of a kink should make sense even in the QG setup,
at least in the nonrelativistic limit.

For the case of the plane-wave-particle travelling through the superposed background
of two gravitational field configurations, the analysis of the equation of motion for the
wave-vector field k#(x), in the sense of [26,32—46], has not been performed so far (to the
best of our knowledge). However, in principle, one can expect a similar interference term to
appear in the WKB analysis, and give rise to a non-geodesic equation for the wave 4-vector
as well. In this sense, it is to be expected that generically even the wavefronts of such
plane-wave-particles would fail to obey WEP.

5. Conclusions and Discussion

In this paper, we give an overview of the equivalence principle and its various flavours
formulated historically, with a special emphasis on the weak equivalence principle. We
performed a critical analysis of the notions of particle and trajectory in various frameworks
of physics, showing that the notion of a point-like particle and its trajectory are not always
well defined. This in turn suggests that WEP might not be the best starting point for
generalisation to QG, as we argue in more detail below.

As discussed in Section 4, in [26] it was shown that if superpositions of states of
gravity and matter are allowed, WEP can be violated. It is important to note that the cases
considered in [26] feature a specific type of superposition of three groups of states: the first
consists of a single so-called dominant state—a classical state whose expectation values of
the metric and the stress-energy tensors satisfy Einstein field equations; the second consists
of states similar to the dominant one, with arbitrary coefficients; and the third consists of
states quasi-orthogonal to the dominant one, but with negligible coefficients. Only then
one may talk of a (well-localised) trajectory of the test particle in the overall superposed
state and consequently about the straightforward generalisation of the classical WEP to
the realm of QG. Considering that for the dominant state, being classical, the trajectory of
the test particle follows the corresponding geodesic, we see that in the superposed state its
trajectory would deviate from the geodesic of the dominant state, thus violating WEP. Note that,
as discussed in Section 4, this deviation, in addition to classically weighted trajectories of
the individual branches, also features purely quantum (i.e., off-diagonal) interference terms.

On the other hand, a number of recent studies propose generalisations of WEP to
QG framework, arguing that it remains satisfied in such scenarios, a result seemingly at
odds with [26]. For example, in [29-31], the authors consider superpositions of an arbitrary
number of classical quasi-orthogonal states with arbitrary coefficients, arguing that since
WEP is valid in each classical branch, it is valid in its superposition as well. If taken as a
definition of what it means that a certain principle is satisfied in a superposition of different
quantum states, then the above statement is manifestly true. As such, being a definition,
it tells little about physics—it merely rephrases one statement (“principle A is separately
satisfied in all branches of a superposition”) with another, simpler (“principle A is satisfied
in a superposition”). Namely, note that in [29,30], such a generalised version of EP plays no
functional role in the analyses conducted in those papers. What does play a functional role
is the statement of one version of classical EP (specifically, local equality between gravity
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and inertia) applied to each particular state in a superposition. All physically relevant (and
otherwise interesting) conclusions of the two papers could be equally obtained without
ever talking about the generalised EP. In addition, in [31] EP itself is not even the main
focus of the paper, and its generalisation is just introduced in analogy to the analysis of
the conservation laws, which is itself an interesting topic. On the other hand, in the case of
weakly superposed gravitational fields, such as in proposed experiments [4,5], the violation
of the equality of inertial and gravitational masses is to be expected [26,60]. Moreover,
following the spirit of the above definition, one could be misled to conclude that the notions
of the particle’s position and trajectory are always well-defined, as long as they are defined
in each (quasi-classical) branch of the superposition.

An alternative approach to the generalisation of EP to the quantum domain was
proposed in [16,20,27,28]. In those works, the authors discuss the coupling of a spatially
delocalised wave-particle to gravity, with the aim of generalising such a scenario to QG.
To that end, they prove a theorem which essentially states that for such a delocalised
wave-particle, even when it is entangled with the gravitational field, one can always find a
quantum reference frame transformation, such that in the vicinity of a given spacetime point
one has a locally inertial coordinate system. The theorem employs the novel techniques
of quantum reference frames (QRF) to generalise to the quantum domain the well-known
result from differential geometry, that in the infinitesimal neighbourhood of any spacetime
point one can always choose a locally inertial coordinate system.

The authors then employ the theorem to generalise one flavour of EP to the quantum
domain. Specifically, even if the wave-particle is entangled with the gravitational field, one
can use the appropriate QRF transformation to switch to a locally inertial coordinate sys-
tem, and then in that system “all the (nongravitational) laws of physics must take on their
familiar non-relativistic form”. Here, to the best of our understanding, the phrase “non-
gravitational laws of physics” refers to the equations of motion for a quantum-mechanical
wave-particle, while “non-relativistic form” means that these equations of motion take the
same form as in special-relativistic context.

Our understanding is that the above wave-particle generalisation of EP lies somewhere
“in between” mechanics and field theory, i.e., it is in a sense stronger than WEP, which
discusses particles, but weaker than SEP, which discusses full-blown matter fields. Since
it refers to wave-particles rather than kinks, our analysis of WEP and its reliance on the
particle trajectory does not apply to this version of EP.

The methodology in [16,20,27,28] is that one should try to generalise even approximate
flavours of EP, as a stopgap result in a bigger research programme, in the hope that they
may still shed some light on QG. This is of course a legitimate methodology, and from
that point of view these kinds of generalisations of EP to the quantum domain represent
interesting results. Nevertheless, we also believe it would be preferable to formulate a
generalisation of SEP, and in a way which does not appeal to reference frames at all, since
that would be closer to the essence of the statement of EP, as discussed in Section 2.

To conclude, our analysis suggests that, instead of trying to generalise various ap-
proximate formulations of EP, one should rather talk of operationally verifiable statements
regarding the (in)equality of gravitational and inertial masses, possible deviation from the
geodesic motion of test particles, the universality of free fall, etc., and study other principles
and their possible generalisations to QG, such as SEP (see Section 4.2 in [26]), background
independence, quantum nonlocality, and so on.
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Appendix A

Here, we provide a detailed example of the two applications of the EP. First, we discuss
the gravitational EP and apply it to a real scalar field, giving all mathematical details and
discussing various related aspects such as locality, symmetry localisation, and so on. Then,
we turn to the application of the gauge field generalisation of EP, using electrodynamics
as an example. We describe how one can couple matter to an EM field, mimicking the
previous gravitational example, and emphasize the analogy between the gravitational and
EM case at each step. Note also that the non-Abelian gauge fields can be studied in exactly
the same way. Finally, we discuss the case of test particles, and the violation of the WEP in
both gravitational and electromagnetic cases.

Throughout this section, we assume that the Minkowski metric 1, has signature
(= ++,+).

Appendix A.1. The Gravitational Case

Let us begin with an example of a real scalar field in Minkowski spacetime, and apply
the equivalence principle by coupling it to gravity. The equation of motion in this case is
the ordinary Klein-Gordon equation,

(Wa},av - m2>¢(x) =0. (A1)

As it stands, it describes the free scalar field in Minkowski spacetime, in an inertial
coordinate system. In order to couple it to gravity (in the framework of GR), we first rewrite
this equation into an arbitrary curvilinear coordinate system, as

(ng;,vv - mz)zp(f) =0. (A2)
Here the covariant derivative V uis defined in terms of the Levi-Civita connection,

1
F)\yv = Eg)‘” (apgva + avgycr - acrgyv) ’ (A3)

which is in turn defined in terms of the curvilinear Minkowski metric §,,,. Note that the tilde
symbol denotes the fact that this metric has been obtained by a coordinate transformation
fH = ##(x) from the Minkowski metric in an inertial coordinate system, Nuv,

dxf dx”

v = ﬁﬁﬂpar (A4)
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and, therefore, if one were to evaluate the Riemann curvature tensor using g,y and r s
according to the equation

Ry = 0T py — 0T gy + T 0T gy — T 00 Ty, (A5)

one would obtain that R* uwp = 0 at every point in spacetime since transforming into a
different coordinate system cannot induce the curvature of spacetime.

Now one can apply EP (in this example specifically SEP) in order to couple the scalar
field to gravity. The statement of SEP is that, in the presence of a gravitational field (i.e.,
in curved spacetime), the equation of motion for the scalar field should locally retain
the same form as in the absence of the gravitational field (i.e., in flat spacetime). Since
Equation (A2) depends only on the field at a given spacetime point and its first and
second derivatives at the same point, the equation is in fact local—it is defined within an
infinitesimal neighbourhood of a single point. Given this, EP states that the corresponding
equation of motion in the presence of gravity should have precisely the same form:

(8"VuVy —m?)p(x) = 0. (A6)

The absence of the tilde now denotes the fact that the covariant derivative V is
defined in terms of a generic Levi-Civita connection I'",, which is in turn defined in
terms of a generic metric gy, which does not necessarily satisfy (A4). In other words, EP
postulates that the Equation (A6) now holds even in curved spacetime since for a generic
metric and connection, the Riemann curvature tensor need not be equal to zero everywhere.
The interaction between the scalar field and gravity, as postulated by EP and implemented
in Equation (A6), is also known in the literature as the minimal coupling prescription [61].

In order to convince oneself that the preparation step of transforming (A1) to (A2)
is trivial in the sense that it does not introduce any substantial modification of (A1),
one can additionally demonstrate that (A6) is in fact locally equivalent to (A1) as well.
Namely, according to a theorem in differential geometry (see for example the end of
Chapter 85 in [62]), at any specific spacetime point xy one can choose the locally inertial
coordinate system, in which the generic metric g, the corresponding connection I" A uv and
consequently also the covariant derivative V, take their usual Minkowski values,

S (X0) = v » 1"/\}’,,(350) =0, Vu - =0, (A7)
so that in the infinitesimal neighbourhood of the point xy Equation (A6) obtains the form
precisely equal to (Al).

However, note that when integrating (A6), one must take into account that spacetime is
curved since integration is a nonlocal operation, and the locally inertial coordinate system
cannot eliminate spacetime curvature. Therefore, the solutions of (A6) will in general be
different from solutions of (A1), indicating the physical interaction of the scalar field with
gravity, despite the fact that the form of the equation of motion is identical in both cases.

Another thing that should be emphasised is that EP itself is not a mathematical
theorem, but rather a principle with physical content, since it can be either satisfied or
violated. Specifically, we could have prescribed a different coupling of the scalar field to
gravity, such that in curved spacetime its equation of motion takes for example the form

(8" VuVy—m? + R+ K2)p(x) = 0, (A8)

where R = R*, and K = RWWRWW are the curvature scalar and Kretschmann invariant,
respectively. This equation is not equivalent to (A2) and there is no coordinate system
in which it can take the form (A1) since R and K are invariants. In this sense, (A8) is an
example of a scalar field coupled to gravity such that EP is violated. This type of interaction
between matter and gravity is also known in the literature as non-minimal coupling [61].
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Finally, we should note that the transformation from (A1) to (A2) amounts to what
is also known in the literature as symmetry localisation [61]. In particular, one can verify
that (A1) remains invariant with respect to the group R* of global translations,

xt =z =t 4, (CeRY), (A9)

while (A2) remains invariant with respect to the group Diff(IR*) of spacetime diffeomor-
phisms, obtained by localisation of the translational symmetry group,

= 3 =t IV (x) = 7 (), (A10)

which represent general curvilinear coordinate transformations, used in (A4). One can
explicitly verify that all three Equations (A2), (A6) and (A8) remain invariant with respect
to local translations (A10) while describing no coupling to gravity, coupling to gravity that
satisfies EP, and coupling to gravity that violates EP, respectively. In this sense, contrary to
a common misconception (often stated in the literature) that symmetry localisation gives
rise to interactions, one can say that the process of symmetry localisation does not introduce
nor prescribe interactions in any way whatsoever. In particular, a direct counterexample is
the Equation (A4), which manifestly does obey local translational symmetry, while it does
not give rise to any interaction whatsoever (see below for the analogous counterexample in
electrodynamics).

Appendix A.2. The Electromagnetic Case

Let us begin with an example of a Dirac field in Minkowski spacetime, and apply the
generalised equivalence principle by coupling it to the EM field. The equation of motion in
this case is the ordinary Dirac equation,

(i3 —m)p(x) =0, (A11)

where 7/ are standard Dirac gamma matrices, satisfying the anticommutator identity of the
Clifford algebra {y*, 7"} = —25#/". As it stands, Equation (A11) describes the free Dirac
field, not coupled to an EM field in any way. Note that it is invariant with respect to global
U(1) transformations, defined as

Y=y =Ny,  eheu(l), AeR. (A12)

In order to couple it to standard Maxwell electrodynamics, we first rewrite this equa-
tion into a form which is invariant with respect to local U(1) transformations,

p—o g =My, 9, Dy =0, +i0,A(x), (A13)
so that the equation takes the form
(i9" Dy — m)y(x) =0, (A14)

Note that here, D denotes the covariant derivative with respect to the “pure gauge”
connection
Ay =0,AM(x), (A15)

where A(x) denotes the arbitrary gauge function. Moreover, note that (A11) is analogous
to (A1), (A14) is analogous to (A2), while the global and local U(1) gauge transforma-
tions (A12) and (A13) are EM analogues of the global and local spacetime translations (A9)
and (A10) from the gravitational case. Finally, note that if one were to evaluate the electro-
magnetic Faraday field strength tensor using A u from (A15), according to the equation

Fu = 3 Ay — 3,4, (A16)
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one would obtain that F,, = 0 at every point in spacetime since the potential that is a pure
gauge cannot induce an EM field. Here (A16) is analogous to (A5).

Once the Dirac equation in the form (A14) is in hand, one can apply the electromagnetic
generalisation of EP in order to couple the Dirac field to an EM field. The statement of EP,
in this case, is that in the presence of an EM field, the equation of motion for the Dirac field
should locally retain the same form as in the absence of the EM field. Since Equation (A14)
depends only on the field at a given spacetime point and its first derivatives at the same
point, it is therefore defined within an infinitesimal neighbourhood of a single point—in
other words, it is local. Given this, electromagnetic EP states that the corresponding
equation of motion in the presence of EM field should have precisely the same form (the
analogue of (A6)):

(iv"Dy —m)p(x) = 0. (A17)

The absence of the tilde now denotes the fact that the covariant derivative
Dy = 0y +iAy is defined in terms of a generic U(1) connection A, which does not
necessarily satisfy (A15), but does obey the usual gauge transformation rule,

Ay = Al = Ay +3uA(x). (A18)

In other words, electromagnetic EP postulates that the Equation (A17) holds even in
the presence of an EM field since for a generic connection A, the Faraday tensor may not
be equal to zero everywhere. The interaction between the Dirac field and the EM field as
postulated by the electromagnetic EP and implemented in Equation (A17) is again known
in the literature as the minimal coupling prescription [61,63].

If one wishes to convince oneself that the preparation step of transforming (A11) to (A14)
is trivial in the sense that it does not introduce any substantial modification of (A11), one
can additionally demonstrate that (A17) is in fact locally equivalent to (A11). To do this,
at any specific spacetime point x one can choose the following U(1) gauge,

A(x) = —Au(x0)x", (A19)
so that, according to (A18)

AL (x) = Au(x) = 9 (Ay(x0)x") = Ay(x) =0, Dy e 9. (A20)
This choice of gauge is the EM analogue of the choice of a locally inertial coordinate
system (A7). Substituting this into the primed version of (A17) and evaluating the whole
equation at x = X, it reduces precisely to the form (A11) in the infinitesimal neighbourhood
at that point, despite the presence of nonzero EM field.

Again note that when integrating (A17), one must take into account that the EM
field is nonzero since integration is a nonlocal operation, and the choice of gauge (A19)
eliminates the EM potential from (A17) only at the point x¢, while the Faraday tensor is
gauge invariant. Therefore, the solutions of (A17) will in general be different from solutions
of (A11), indicating the physical interaction of the Dirac field with EM field, despite the
fact that the form of the equation of motion for the Dirac field is identical in both cases.

As in the case of gravity, we should emphasise that the electromagnetic EP is not a
mathematical theorem, but rather a principle with physical content, since it can be either
satisfied of violated. Specifically, we could have prescribed a different coupling of the Dirac
field to electrodynamics, such that in the presence of an EM field its equation of motion
takes for example the form (analogue of (A8))

(iV"Dy —m+1L + L)yp(x) =0, (A21)

where I} = FFFy, and I = e!"P7F, F,y are the two fundamental invariants of the Faraday
tensor. This equation is not equivalent to (A14), and there exists no local U(1) gauge in
which it could take the form (A11), since I; and I, are invariants. In this sense, (A21) is
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an example of a Dirac field coupled to the EM field such that the electromagnetic EP is
violated. This is also known in the literature as non-minimal coupling [61,63].

Finally, we should also note that the transformation from (A11) to (A14) amounts
to what is also known in the literature as symmetry localisation [61,63]. Specifically, one
can explicitly verify that all three Equations (A14), (A17) and (A21) remain invariant with
respect to local U(1) gauge transformations, while describing no coupling to an EM field,
coupling to an EM field that satisfies the electromagnetic EP, and coupling to an EM field
that violates electromagnetic EP, respectively. In this sense, one can again say that the
process of symmetry localisation does not introduce nor prescribe interactions in any way
whatsoever. In the case of electrodynamics and other gauge theories, this is quite often
misrepresented in literature—the step of symmetry localisation is silently joined together
with the step of applying the electromagnetic version of EP; thus, in the end, giving rise
to an interacting theory, and the resulting presence of the interaction is then mistakenly
attributed to the localisation of symmetry, rather than to the application of EP. Similar to
the gravitational case above, the equation of motion (A14) is an explicit counterexample to
such an attribution, since it does have local U(1) symmetry, but does not have any interaction
with an EM field.

Appendix A.3. The Test Particle Case

The last topic we should address is the context in which the statement of electromag-
netic EP is compatible with the existence of the Lorentz force law, acting on charged test
particles. Namely, one often distinguishes the motion of a test particle in a gravitational
field from a motion of a test particle in an EM field, by comparing the geodesic Equation (2)

HM(T)VP,MA(T) =0, (A22)
where 1/ is the 4-velocity of the test particle, with the Lorentz force equation

ul (T) V(1) = %F)‘P up(7), (A23)
where g/m is the charge-to-mass ratio of a test particle moving in an external EM field,
described by the Faraday tensor Fyy. A typical conclusion one draws from this comparison
is that the interaction with the EM field gives rise to a “real force”, while the interaction
with the gravitational field does not.

However, it is highly misleading to compare (A22) to (A23) in the first place. Namely,
as we have discussed in detail in Section 4, in field theory the notion of a particle can be
defined only approximately, and this applies equally for electrodynamics as well as for
gravity. Specifically, given the example discussed above, of a Dirac field coupled to an
EM field via Equation (A17), we have seen that in the infinitesimal neighbourhood of a
given point x) one can completely gauge away any presence of the coupling to EM field
from (A17). In this sense, the notion of a test particle that satisfies (A23) cannot be identified
with an idealised point-particle, that has exactly zero size. Instead, the realistic test particle
is a wave-packet configuration of a Dirac field (a kink), and as such has a small but nonzero
size. As it evolves, the different parts of the wave-packet are subject to interaction with the
EM potential A, at different points of spacetime, giving rise to an effective non-minimal
coupling with the Faraday tensor Fy,. This is completely analogous to the case of a test
particle with small but nonzero size interacting with spacetime curvature due to tidal
forces—both effects are equally nonlocal since both kinks have nonzero size. On the other
hand, a test particle that satisfies (A22) represents an idealised point-particle (a leading
order approximation in the multipole expansion of the matter field), i.e., a kink which thus
has precisely zero size.

In this sense, the Lorentz force Equation (A23) rather ought to be compared with the
Papapetrou Equation (3),

uh (T) V(1) = R e u? (1) P (7). (A24)
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Indeed, one can see quite a reasonable analogy between (A23) and (A24). There are
of course small technical differences due to the precise nature of the coupling to various
moments of the kink, but nevertheless, the two equations are strikingly similar. Given this,
while one can still draw the conclusion that the interaction of a kink with the EM field gives
rise to a “real force”, one can draw precisely the same conclusion for the interaction of a kink
with the gravitational field. There is no distinction between gravity and the other gauge
interactions at this level—all four interactions in nature (strong, weak, electromagnetic
and gravitational) are equally “real”. In addition, all four interactions satisfy EP at the
fundamental field theory level (i.e., in the sense of strong generalised EP), while at the level
of mechanics, a corresponding weak generalised EP is manifestly violated in all four cases.
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Abstract: Doubly special relativity considers a deformation of the special relativistic kinematics
parametrized by a high-energy scale, in such a way that it preserves a relativity principle. When
this deformation is assumed to be applied to any interaction between particles, one faces some
inconsistencies. In order to avoid them, we propose a new perspective where the deformation
affects only the interactions between elementary particles. A consequence of this proposal is that the
deformation cannot modify the special relativistic energy-momentum relation of a particle.

Keywords: quantum gravity; doubly special relativity; relative locality; relativistic deformed kinematics

1. Introduction

The aim of this work is to present a new proposal to introduce a departure from the
notions of spacetime and locality in special relativity (SR). The first reference to the possible
limitations of these notions goes back to Einstein himself (1905) [1]: “We shall not here discuss
the inexactitude which lurks in the concept of simultaneity of two events at approximately the same
place, which can only be removed by an abstraction”.

This departure might be very relevant in the development of theories going beyond
SR trying to put in the same scheme general relativity (GR) and quantum field theory
(QFT). Indeed, a possible source of inconsistencies that impedes the unification of these
two theories is the role that spacetime plays in them. While in QFT spacetime is given as
a rigid static framework in which propagation and interactions can be described, in GR
spacetime is understood as a dynamic deformation of the Minkowski spacetime modeled by
energy-momentum sources. Both theories are expected to be limiting cases of a quantum
gravity theory (QGT), where spacetime would reveal its quantum nature, leading to a
completely new structure. This is the case of some proposals for a QGT, such as string
theory [2—4], loop quantum gravity [5,6], causal dynamical triangulations [7], or causal set
theory [8-10]. However, the correct fundamental spacetime structure is still unknown to
date.

An alternative, bottom-up, approach to QGT may come from trying to incorporate
some generic expected modifications of the classical spacetime to our present, low-energy
theories, as a way to try to capture residual quantum gravity effects. Such modifications
include, most notably, departures from the symmetries and from the standard notion of
locality of SR and can indeed have a well-defined and testable phenomenology [11]. Two
main possibilities have emerged in this quantum spacetime phenomenology [12], affecting
the standard kinematics of SR in a different way: either Lorentz invariance is broken, which
implies the existence of a privileged system of reference [13,14], or the symmetries of SR are
deformed, as in the so-called “Doubly Special Relativity” (DSR) scenario, so that a relativity
principle is still present [15,16].

DSR is an attractive theoretical possibility, since it represents a step from SR which
is analogous to the one that SR made from Galilean relativity, and it dismisses the need
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of a privileged system of reference. The kinematics of DSR models is characterized by
two different ingredients that may appear in a generic deformation: a modification of the
dispersion relation of SR (MDR) and a modification in the composition law of momenta
(MCL), which is no longer additive, therefore affecting the conservation of energy and
momentum in processes. The MDR adds new terms to the quadratic relation between the
energy and momentum of a particle in SR, which are proportional to powers of the energy
of the particle divided by a high-energy scale A, usually considered as the Planck energy.
The MCL for two particles differs from the simple addition in terms involving products of
momenta of both particles and again, the inverse of the high-energy scale A, since we want
to recover SR when this scale goes to infinity. While an MDR may be absent in specific DSR
models (so that the dispersion relation is that of SR), an MCL is always present, as well as
deformed Lorentz transformations, in order to keep the relativity principle [17]. The MCL
can be related [18] to the coproduct operation in the formalism of Hopf algebras [19], being
the x-Poincaré example [20,21] the most studied model. In the particular case of k-Poincaré,
the MCL is noncommutative but associative, so that the composition law of a multiparticle
system is completely defined by gathering momenta in pairs.

However, the implementation of the deformed kinematics of DSR leads to several
problems of consistency of the theory. In particular, a deformation of the usual relativistic
expression of the dispersion relation leads to the so-called “soccer-ball” problem [22,23]:
the terms proportional to the inverse of the high-energy scale (even when considering a
Planckian energy) produce a huge contribution when considering a macroscopic object.
This problem is not exclusive to the MDR; it also affects the MCL, whose nonlinear terms
would give enormous contributions to the total energy of a macroscopic object, when
expressed in terms of the energy of its constituents. Although some proposals have been
pointed out to solve this problem [23-25], they are not free from issues, as we discuss in
Section 2.

Another consistency problem of DSR has to do with the apparent nonlocal influences
that a nonadditive composition law seems to suggest [26]. This “spectator problem” is more
evident when one tries to analyze the translational symmetry of a process that includes
several interactions [27-29]. The generator of translations, the total momentum defined
with the MCL, contains momenta of particles that do not directly participate in one of
the interactions, but that appear in other interactions that form part of the process. The
translational invariance can then only be consistently implemented if one knows the whole
sequence of causally connected vertices for the particles involved in every interaction. This
means that a complete knowledge of the content of the Universe should be given for the
description of every process, which impedes us having a physical description of reality.

In this work, we present a solution to these problems of consistency by introducing
a new perspective on how the deformed kinematics of DSR plays a role in processes of
particles. Essentially, we propose that DSR should be seen as a way to go beyond the
standard locality of interactions present in relativistic quantum field theories that is still
compatible with relativistic invariance. Our proposal is described in Section 2 and, in
particular, it leads us to conclude that modified composition laws should appear only
whenever elementary particles are involved in an interaction, while, at the same time,
their dispersion relation should be the same as in special relativity. As we see in Section 3,
this new perspective on DSR has specific phenomenological implications that can be
distinguished from those considered in the standard interpretation of DSR. We end with a
brief summary in Section 4 and give some technical details on a modified composition law
compatible with the present proposal in Appendix A.

2. DSR as a Way to Go Beyond Local Interactions

We present in this work a new interpretation of DSR as a way to go beyond local
interactions in a quantum relativistic theory. In relativistic quantum field theory (RQFT),
interactions are local in the sense that they are defined by products of more than two fields
in a spacetime point, which is the way one introduces interactions in a Lagrangian density
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of the theory of quantum fields. When one uses the plane-wave expansion for the fields,
the locality of the interactions automatically leads to linear relations between the momenta
defining the plane-wave expansion when one considers the integral over spacetime of the
Lagrangian density (action).

One can identify DSR with a nonlinear modification of the sum of momenta (composi-
tion of momenta) depending on an energy scale A. This can be implemented in the field
theory framework as a deformation of the product of fields (see [30] and references therein).
However, this mathematical formalism has not yet provided a systematic treatment of the
effects of the deformation in the calculation of observables in particle processes. In any case,
what is clear is that the nonlinear relations between momenta that are obtained through
that procedure imply a loss of the locality of interactions. Interactions in DSR do not define
a point in spacetime but a region of size ¢ ~ (1/A). This is the ingredient that we take as
the key point for the proposed new interpretation of DSR.

We have explored nature at the microscopic level up to scales of the order of (TeV) ™!
with collisions of particles in the highest energy accelerators. We have not seen any sign
of deviations from the locality of interactions; then, we conclude that if DSR is realized in
nature, the energy scale A of DSR should be larger than 1 TeV.

The interactions involving a system whose size is much larger than the scale ¢ are
not be affected by the transition from SR to DSR. This argument reduces the search for
observable effects of DSR to the interactions of what we identify at present as elementary
particles (leptons, quarks and mediators of the interactions in the standard model of particle
physics).

The above perspective of DSR can be contrasted with the standard interpretation in
which DSR is identified as the necessary modification in SR to make relativistic invariance
compatible with a (minimum) length scale. One finds that the linear Lorentz transforma-
tions between different frames in SR have to be replaced by nonlinear transformations. This
leads to a deformation of the energy—momentum relation of a particle in SR and also to a
deformation of the relations imposed by the energy-momentum conservation associated
with the translational invariance. When one considers a classical model for the interaction
of particles based on the deformed energy—momentum conservation, one finds that the
notion of locality of SR (interactions associated to the intersection of the worldlines of the
particles) becomes an observer-dependent property; absolute locality is replaced by relative
locality [31,32]. The deviations from locality depend on the observer when one considers a
family of observers related by translations.

The search for observable effects in the standard interpretation of DSR follows different
rules from those of the proposal in this work. One usually interprets the deformation of SR
as a signal of a theory of quantum gravity, identifying the energy scale of the deformation
A with the Planck scale. The limitation on the energies one can reach in accelerators, or
even in high-energy astrophysics, makes any effect of DSR in the interaction of particles
unobservable. One has to look for the amplification of the effects of DSR in the propagation
of particles over astrophysical distances due to the modification of the energy-momentum
relation and, correspondingly, of the velocity of propagation. If one changes the choice of
energy-momentum variables, one will have a different energy dependence of the velocity
of propagation; in fact, one can always choose energy-momentum variables to make the
velocity of propagation energy-independent. In this case, however, translations generated
by these variables act nontrivially in spacetime and, when one compares two observers
separated by astrophysical distances, one finds once more the amplification of the effects of
DSR [33].

In the new perspective of DSR as a small departure from the locality of interactions,
there are no effects of DSR in the propagation of a free particle, and then no amplification
when one considers astrophysical distances. The only way to find observable effects is to
assume that one can have interactions of particles with energies approaching the scale A of
the deformation.
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In order to illustrate the differences between the standard interpretation of DSR and
the new perspective proposed in this work, we consider a process with two interactions in
regions of spacetime separated by a large distance.

2.1. Production, Propagation and Detection of a Very High Energy Particle

We consider a process with an interaction producing a particle which propagates and
is detected by a second interaction, as shown in Figure 1.

Figure 1. A particle, labelled ‘3, is produced in an interaction (P), propagates over a large distance,
and is detected in a second interaction (D). Particles labelled by ‘1" and ‘2" only participate in the
interactions D and P, respectively.

We assume that each interaction is an elastic scattering of two particles. From a
kinematic point of view, the interaction produces a change of the momenta of the particles.
This change of momenta is determined in SR by a conservation law. The effect of DSR is to
modify this conservation law through a deformed composition of momenta and then, to
change the possible momenta of the particles in the final state of the process with respect
to their values in SR. The relativistic invariance of the deformed kinematics generally
requires a modification of the energy—-momentum relation of the particles compatible with
the modification of the composition of momenta, since both modifications are related by
the so-called “golden rules” [28,34]. However, there are examples of modifications of the
composition of momenta compatible with the energy—-momentum relation of SR, such as
the classical basis [35] of k-Poincaré and the well-known Snyder kinematics [36].

In previous works [27-29] on DSR, the kinematics of the process in Figure 1 was
studied based on a modified implementation of the translational symmetry. One assumed
the conservation of the total momentum of the three-particle system defined in terms of the
modified composition of their momenta, which could be taken before the first interaction,
between the two interactions, or after the second interaction. One could consider that the
exchange of momenta in each interaction involves the momenta of three particles. In fact,
in the algebraic interpretation of DSR, based on a x-deformed Poincaré Hopf algebra, the
composition of momenta is determined by the coproduct of momentum operators, which
makes no reference to spacetime and then, the momentum of particle 1 could be modified
by the interaction P even if this particle is far away from the spacetime region where the
interaction takes place [26]. Even if one assumes that this is not the case, nothing tells us
that the conservation of the total momentum of the three-particle system before and after
the interaction P will lead to a relation between momenta independent of the momentum of
particle 1. The total momentum of the three-particle system before the first interaction will
be the result of the composition of the momentum of particle 1 and the momentum variables
of the other two particles participating in the interaction P whose momenta change due
to the interaction. However, nothing fixes the ordering of the momentum variables in the
expression of the total momentum before and after the interaction. In particular, one could
have a case where the conservation of the total momentum can be expressed as

P @ p@ @ pd) = p@ @ pM) g p®) )

where the symbol @ denotes the modified composition between momenta. An example
of such MCL is given in Appendix A. The relation between the variables (p®@, p®) and
(p@’, p®)") depends on p(V) in this case.
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The same applies to the transition due to the detection of the particle, which can
depend on the momentum of particle 2. In this case, one cannot treat both interactions
independently, even if the produced and detected particle is propagating over a very large
distance. Therefore, DSR leads to a violation of the cluster property of interactions, which
is at the basis of RQFT [37].

The previous argument also raises doubts on the consistency of considering the process
in Figure 1 as an isolated system. The interactions producing particle 1 and the two particles
in the initial state of the interaction P could affect the kinematics of the process and should
be included. One could even go further and consider a fourth particle which does not
participate in any of the two interactions. The conservation of the total momentum of the
four-particle system, including this new particle, would lead to an exchange of momenta
between the particles depending on the momentum of the fourth particle. This is what is
known as the spectator problem [27-29].

The main idea in the new perspective of DSR is to associate the deformation to a
deviation from the locality of the interactions characterized by a length scale ¢ ~ (1/A),
where A is the energy scale of DSR. When one considers an interaction of particles which
are seen as elementary when explored at distances larger than the scale ¢, one sees an
effect of the deviation from the locality of interactions; the change of momenta due to
the interaction is determined by the kinematics of DSR. On the other hand, when one
considers an interaction with composite particles whose size is much larger than the scale
£, one can neglect the deviations from locality, and the change of momenta produced by
the interaction is determined by the kinematics of SR.

Let us assume that in Figure 1, particles 2 and 3 are elementary but particle 1 is a
composite particle, so that the interaction producing particle 3 is between elementary
particles, and the interaction in its detection involves a composite particle. A possible
relation for the change of momenta in the interaction D is

p( 1) — 3 g 53, @

where p©) is the antipode (see Appendix A) of the momentum of particle 3 before its
detection. We selected in Equation (2) one of the two possible orderings of the composition
of momentum variables on the right-hand side. The left-hand side is a difference of
momentum variables of the composite particle 1, whose kinematics is not affected by the
deformation of SR. Then, they transform linearly under Lorentz transformations, and this
implies that the composition of momentum variables on the right-hand side also has to
transform linearly.

The assumption that one can have interactions with different kinematics eliminates the
arbitrariness in DSR associated with the different choices of energy-momentum variables.
The composition of two momentum variables as well as a single momentum variable have
to transform linearly under Lorentz transformations. Therefore, there is no modification
of the dispersion relation with respect to SR and there is no signal of the deformation in
the propagation of a particle. This agrees with the interpretation of DSR as a modification
of the interaction between elementary particles instead of an effect in the propagation of
particles in a quantum spacetime.

2.2. Deviation from Locality in DSR

Another consequence of the standard interpretation of DSR as a modified implemen-
tation of the translational symmetry generated by the total momentum of the three-particle
system is that there is no observer that sees the two interactions in Figure 1 as local. Dif-
ferent observers related by a translation have a different origin of spacetime. An observer
whose origin is close to the region where the interaction P is produced sees this interaction
as approximately local but sees deviations from locality in the interaction D proportional
to the distance between the regions of the two interactions. The same happens for an
observer whose origin is close to the interaction D, who sees a deviation from locality in
the interaction P proportional to the distance from it. One refers to this property as relative
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locality [31,32], which defines DSR in the sense that it reflects the effect in spacetime of the
modification of the composition of momenta. In the standard interpretation of DSR, where
one cannot treat the two interactions independently, the idea of relative locality plays an
important role to understand that there is no conflict between the deviations from locality
in DSR and the very precise experimental tests of locality [38].

In the new perspective of DSR proposed in this work, where one can consider the
two interactions independently, one can directly use in all experimental tests of locality an
observer whose origin is within the region where the interaction that detects the particle
takes place. One can ignore the interaction P producing the particle, and one does not need
to refer to the idea of relative locality in order to see that there is no conflict between DSR
and the very precise tests of locality.

The standard interpretation of DSR is formulated in the framework of a classical model
of interaction of particles based on worldlines, while in the new perspective proposed in this
work, the deformation is introduced in the relation between the momenta associated with a
product of quantum fields. Due to this difference of frameworks used in the formulation of
the transition from SR to DSR, one has a different perspective on the loss of the notion of
absolute locality present in SR.

2.3. Solution of the Spectator and Soccer-Ball Problems in the New Perspective of DSR

If one associates the effects of DSR to a deviation from the locality of the interactions
between elementary particles, it is natural to determine the kinematics of each interaction
by the momenta of the particles participating in it. This means that the change of momenta
due to the interaction P is independent of the momentum of particle 1, which does not
participate in the interaction. The same argument can be applied to the change of momenta
due to the interaction D, leading us to conclude that it is independent of the momentum of
particle 2. Then, both interactions can be treated independently, according to the cluster
property, and each of them can be treated as taking place in an isolated system. As a
consequence, the new perspective of DSR solves the spectator problem and treats the
process as three independent steps: an interaction P producing particle 3, the propagation
of the free particle 3 and an interaction D where particle 3 is detected, just as in the case
of SR.

Another potential inconsistency of the original proposal of DSR comes when one
considers the kinematics of macroscopic systems. For a microscopic system in DSR, one
can understand the small deviations from SR as a consequence of the small ratio of the
energies of the particles and the energy scale which parametrizes DSR. Then, however, if
the modified composition of momenta is the same for any particle, including a macroscopic
system, one would have very large corrections to the kinematics of SR, in obvious conflict
with our observations at the macroscopic level. The solution that has been proposed for this
paradox (soccer-ball problem [22,23,25]) is that the scale of energy which parametrizes the
modification of the kinematics of a macroscopic system is much larger than the energy scale
of DSR at the microscopic level. More specifically, one argues that the scale of deformation
is proportional to the number of constituents of the macroscopic object by considering an
approximation where those constituents all move with the same velocity [23]. Identifying
those constituents with the atoms of a macroscopic object, one finds an effect on the
kinematics of the macroscopic system of the same order as the correction to the kinematics
of the atoms. The smallness of the energy of each atom compared with the energy scale of
DSR solves the soccer-ball problem.

The previous argument can be criticized from different perspectives. Why should we
identify the atoms as the constituents of the macroscopic system instead of the elementary
particles (electrons, quarks and gluons)? Were we to identify these elementary particles as
“constituents”, how many of them would there be in, for example, a proton? How good is
the approximation to consider all the constituents as a rigid system?

In the new perspective of DSR proposed in this work, a macroscopic system is a
composite system with a size much larger than the scale { ~ (1/A) of the deviation
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from the locality of the interactions of elementary particles. Then, the interactions of
macroscopic systems are not affected by DSR and, according to the relativity principle,
the energy—-momentum relation of SR applies to a macroscopic system. The soccer-ball
problem is solved as a direct consequence of the assumption that DSR only applies to the
interactions of elementary particles.

We note that there is some similarity between this solution to the soccer-ball problem
and the one offered in ref. [24], where this “problem” is seen as a “case of mistaken
identity”, distinguishing between the composition law, which is relevant in the modification
of interactions in a noncommutative spacetime (then modifying the standard notion of
locality) and the (additive) total momentum of a multiparticle system. However, ref. [24]
does not discuss how one should consider the interaction between macroscopic particles; in
the present proposal, we deduce that they should be described by a standard composition
law between momenta.

3. Observable Effects of DSR

In contrast to the case of the Lorentz invariance violation (LIV), where one can have
observable effects of the deviation from SR in the kinematics of processes at energies
much smaller than the energy scale of the LIV [11,13,14], the relativistic invariance of the
deformation of the kinematics of SR leads to a suppression of any effect in the kinematics
of a process by powers of the ratio of the energy of the particles and the energy scale of
DSR. If this scale is of the order of the Planck scale, as usually assumed when one considers
the quantum structure of spacetime as the origin of the deformation of the kinematics, the
possibilities to observe the effects of DSR are reduced to the problematic access to the details
of the initial state of the Universe or the final stages of the evaporation of a black hole.

A completely different phenomenology of DSR is based on time delays of massless
particles. In this case, even if the modification in the velocity of propagation of a particle
with respect to SR is proportional to the ratio of the energy of the particle and the energy
scale of DSR, there is an amplification effect, proportional to the long distance that astropar-
ticles travel from the source to our detectors on Earth, which could be measured by current
experiments. Therefore, a lot of papers were devoted to this possible effect in the context of
DSR [33,39-45].

In the perspective of DSR discussed in this work, since the dispersion relation is the
one of SR, time delays are absent [33,42]. This means that the strong constraints on the
high-energy scale based on the possibility of time delays [46-52] do not apply in our scheme.

This opens up an attractive alternative from a phenomenological perspective, by
keeping an open mind about the value of the energy scale of DSR. From this point of view,
one can see which bounds are on such scale from the lack of signals of a departure from the
prediction of SR in the kinematics of processes of particles, and which places are best to
look for a first signal of DSR. The best candidates are the interactions involved in very high
energy astroparticle physics [53,54]. Since the effects of the deformation are restricted to the
interactions of elementary particles in the new perspective of DSR proposed in this work,
one is led to identify the observations of the elementary cosmic messengers (gamma rays
and neutrinos) at the highest energies as the best window to look for observable effects of
DSR. A difficulty one faces in this program are the uncertainties in the predictions of SR
due to the limited knowledge of the astrophysical processes in which those messengers are
involved, which have to be disentangled from the possible effects of DSR on the interactions
of those messengers affecting their observation at the highest energies.

Another alternative is to look for the interactions of particles at the highest energies
in laboratory experiments, where one is free from the astrophysics uncertainties, but the
energies one can reach are lower, and then one has to identify a smaller effect. This leads to
concentrate on the most precise observations (Z-line shape is a good example) or on the
experiments involving the highest possible energies (Large Hadron Collider at CERN and
a future higher pp collider) [55].
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4. Summary

We proposed a new way to introduce a relativistic deformation of the kinematics of
SR. In this proposal, the deformation only applies to the interaction of elementary particles.
What is elementary depends on the energy (and associated length) scale of the interaction
considered. In this way, we can restrict the effects of the deformation to those particles
which we have not been able to identify as composite particles. Thus, we obtain a new
perspective of DSR where the different potential inconsistencies (soccer-ball and spectator
problems, consistency with tests of locality) are automatically solved.

In order to explore the consequences of this proposal, we have to incorporate the
effects of DSR in a model for the interaction of particles that gives a generalization of the
result of the perturbative treatment in RQFT for cross sections and decay widths compatible
with the deformed relativistic invariance of DSR. This will be the subject of future work.
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Appendix A. Modified Composition of Momenta

A relativistic deformation of SR in which the dispersion relation and Lorentz transfor-
mations in the one-particle system are not deformed is provided within the mathematical
framework of Hopf algebras by the classical basis of x-Poincaré [35]. The coproduct of the
momentum operators defines a composition law of momenta

(o= i@+ e) 0+ 50), pon = p@a, @
with

-,

2 72 2 _R2 72\ 1
n(k):@+ 1+u, I (k) = 1+k0 E _k (1—k> , (A2)

A A2 A2 A A2
where A plays the role of the high-energy scale deforming the kinematics. From this

composition law of momenta, one defines the antipode (inverse element of the composition)
p of a momentum p satisfying (p @ p) = (p ® p) = 0. For the classical basis, it reads

72
po=—po+ 5T p), B = —p (). (A3)
The nontrivial coproduct of Lorentz generators provides a Lorentz transformation

of the two-particle system compatible with the linear Lorentz transformation of the total
momentum defined by the noncommutative composition law (Al).
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This relativistic deformation of SR can also be obtained from a geometric perspec-
tive [56]. In fact, the step from SR to DSR can be understood as going from a flat Minkowski
momentum space to a curved momentum space [57,58]. If one considers the metric [59]

Ky

5 (A4)

Suv(k) = 1w +
in a de Sitter maximally symmetric curved momentum space as a deformation of the
flat Minkowski metric 7, one can see that the isometries of this metric reproduce the
kinematics of the classical basis of k-Poincaré. Note that, in particular, the absence of a
deformation of the dispersion relation is compatible with the usual interpretation of the
dispersion relation as given by (a function of the square of) the geometric distance from the
origin (k = 0) to a point k = p with the previous metric. On the other hand, the composition
law of momenta (A1) is the result of a translation in momentum space with the components
of one of the two momentum variables identified as the set of parameters of the translation.
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Abstract: The fact that quantum gravity does not admit an invariant vacuum state has far-reaching
consequences for all physics. It points out that space could not be empty, and we return to the notion
of an aether. Such a concept requires a preferred reference frame for describing universe expansion
and black holes. Here, we intend to find a reference system or class of metrics that could be attributed
to “aether”. We discuss a vacuum and quantum gravity from three essential viewpoints: universe
expansion, black hole existence, and quantum decoherence.

Keywords: vacuum energy; preferred reference frame; vacuum state; quantum gravity

1. Introduction

From the earliest times, people comprehended an emptiness as “Nothing”, which
consists of absolutely nothing, no matter, no light, nothing. Others are convinced that
“nothing” is unthinkable and a space-time should always contain “something”, i.e., to be
“aether” [1]. From straightforward point of view, the sether represents some stationary
“medium” mimicking some matter and needs a preferred reference frame in which it is
at rest “in tote”. After the development of the quantum field theory (QFT), it was found
that a vacuum actually contains a number of virtual particle-antiparticle pairs appearing
and disappearing during the time of At o %, where m is a particle mass. That leads to the
experimentally observable effects such as anomalous electron magnetic moment, the Lamb
shift of atomic levels [2], the Casimir effect [3], etc. However, although a vacuum is not
empty, a “soup” of the virtual particle-antiparticle pairs is not aether because it does not
prevent the test particles from moving freely due to the Lorentz invariance (LI) of a QFT
vacuum, as it is illustrated in Figure 1. That implies rigid limits on a local LI violation,
and the existence of a preferred reference frame in the framework of QFT [4]. However,
considering gravity seems to insist on the aether existence and the preferred reference
frame due to an absence of a vacuum state invariant relative general transformation of
coordinates. That demands reconsidering an idea of aether [5]. A possibility of the LI
violation was also considered within string theory and loop quantum gravity (see [6] and
references herein), the Einstein-Zther [7], and Horava-Lifshitz [8] theories, and others
(see [9,10] for phenomenological implications). It could also mention the CPT invariance
violation [11], which manifests itself both under Minkowski’s space-time [12,13] and in the
presence of gravity [10,14].

Another argument for a preferred reference frame is the vacuum energy problem. If the
zero-point energy is real, we need to explain why this energy does not influence a universe’s
expansion. One of the solutions is to modify the gravity theory. That may violate the invariance
relative to the general transformation of coordinates. For example, the Five Vectors Theory
(FVT) of gravity demonstrates such a violation, including a LI violation [15].
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Figure 1. Illustration of vacuum influence on the particle propagation in (a) QFT, where the vacuum
loops renormalize the mass and charge of the particle but do not prevent their free motion, and in
(b) QG, where the eether fills space due to the absence of an invariant vacuum state.

2. Vacuum State and QG

The notion of a vacuum state originates from the ground state of a quantum oscillator.
In QFT, the free fields are decomposed into a set of independent field oscillators by Fourier
decomposition. Exited states of the oscillators are treated as particles, i.e., matter (both
massive and massless). Introducing the interaction term leads to the renormalization of a
particle mass and charge, but a one-particle state remains a one-particle state. Consequently,
a one-particle wave packet moves freely with the constant envelope velocity, i.e., with no
in vacuo dispersion [16]. That implies that even in the presence of perturbative interaction,
one could still introduce a LI vacuum state in QFT.

Quantization of GR is too complicated to discuss a vacuum state. Nevertheless, let us
consider a toy QG model regarding this issue. In this model only a spatially nonuniform
scale factor represents gravity a(y, r). It is certainly not a self-consistent approach within
the GR frameworks [17]. Nevertheless, there exists a (1+1)- dimensional toy model [17] in-
cluding a scalar fields ¢ (7,0) = {¢1(7,0),¢2(7,0) ... } and a scale factor a(7, o) described
by the action

S= /Ldr = %/(—a’z + (9ga)? 4 a® <¢’2 - (ag¢)2)>do'dr, 1)

where 7 is a time variable, ¢ is a spatial variable, and prime denotes differentiation with
respect to 7. Here, like GR, the scalar fields evolve on the curved background a(t, o), which
is, in turn, determined by the fields. The equations of motion is written as

¢" — 2 +2a'¢p" — 20,40, =0, )
o =+ a” — (9pa)* + ¢ — (9:¢)* = 0. 3)
The relevant Hamiltonian and momentum constraints, written in terms of momentums
(t,0) = 754;’5(%;,7) =a?¢’, pa(t,0) = _r’?‘l;ﬂ) =dais
1 2
H=3 <—p§ +or a*(9sp)? — (aga)2> =0, (4)
P = —padoa + mds¢p =0, (5)

and obey the constraint evolution similar to GR [17]:
o0H =9,P, (6)
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P =, H. @)

2.1. Quasi-Heisenberg Quantization and a Region of Small Scale Factor: Absence of Vacuum State

It is believed that our universe originates from a singularity in which a scale factor
equals zero. Let us consider a region of small scale-factors first. In this region, it is
convenient to use the quasi-Heisenberg picture [18], in which the setting of the initial
conditions for operators at the initial moment allows quantization of the equations of
motion. In the vicinity of small-scale factors, kinetic energy terms dominate over potential
ones [17,18] so that the equations of motion (2) and (3) reduce to

¢" +2:'¢' ~0, ®)

&// 4 &/2 + &/2 ~ 0. (9)

The solutions of Equations (8) and (9) for two scalar fields ¢1 (7, ), ¢2(7,0) under
initial conditions, discussed in Appendix A, are written as

(=5}

$1(r,0) = - [T o0 —o')s <k(¢7’)8,7/ (5]((57,)>d0/ +

T J—c0
Lln(l +2¢72%0, /72 + K2(0) T),
24/ 72 +K2(0)
o(t,0) = i&k(s + ko) In <1 +2e72%0, /72 + K2(0) ’L’>,
(@) 2y/m? 4+ k2(0)
a(t,0) = ag + % ln(l +2e72%0, /72 4+ K2(0) T>,

where the notations are given in the Appendix A.

As one can see, the scalar fields and the logarithm of the scale factor have monotonic
behavior with time. It means that there are no oscillators in the vicinity of small-scale
factors and no possibility of defining a vacuum state. In this situation, a quantum state is
described by the momentum wave packet C[k(¢)] as it is discussed in the Appendix A.

The difference in behavior in the vicinity of small-scale factors and at the epoch of the
quantum oscillators occurrence was known long ago from analysis of the Wheeler-DeWitt
equation solutions for the Gowdy model [19]. Therefore, we simply illustrate this fact in
terms of asymptotic solutions of operator equations.

2.2. String-like Quantization within the Intermediate Region

From the previous subsection one can see that the operator equations of motion
are not the oscillator equations in the vicinity of a~0, which does not allow defining a
vacuum state. A question arises: Could we define a vacuum state when the fields begin
to oscillate, and quantum oscillators arise? In this region, the fields obey nonlinear wave
Equations (2) and (3), which could not be solved analytically. That complicates using the
quasi-Heisenberg picture, and to obtain some analytical results, we will use bosonic string
quantization [20,21]. The action (1) could be rewritten in the reparametrization invariant
form of a string on the curved background [17]

5= 3 [ @658 (@)X 9px"Gap(X(2), a0

where ¢ = {1,0}, X4 = {a,¢1,¢»,...}, and the metric tensors g, Gap(X) are in the
form of

1 0
_ [ -N?24+N? Ny I Y S
8= ( Ny 1) = o0 o -2
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The particular gauge for the lapse N = 1 and shift N; = 0 functions results in (1).
The metric tensor g,5(&) describes an intrinsic geometry of a (1+1)-dimensional manifold,
i.e., a (1+1)-dimensional space-time, and it is an analog of the four-dimensional metric of
general relativity. G4 p(X({)) represents a geometry of the external space unifying scale
factor and scalar fields and has no direct physical meaning here. The system (10) manifests
an invariance relative to the reparametrization of the variables 7, o, which is analog of the
general coordinate transformation in GR. The transformations of coordinates T = 7(7,0),
0 = 0(t,0) imply transition to another reference frame for an observer who “lives on
a string”.

For obtaining a vacuum state, the key point is fixing the gauge by taking g;,;, in the
form of Minkowski’s metric by setting N = 1, N; = 0, which simplifies the action (10) to
the form

S— % / dodtGAB (— e Xpde X a + 90 X5de X)- (1)
The momentum
S
PA=_"" = _9.X*=_-G*a.X 12
(S(BTXA) T TAA ( )

and the variable X4 obey the canonical commutation relations
[Pa(T,0),Xp(T,0")] = iGapd(c — ). (13)

As a zero-order approximation, one may take G to be equal to G, where

Then, it could be possible to develop the perturbation theory on G — G. In zero-order,
X 4 satisfies the wave equation

X} —95Xa =0, (14)
and the commutation relations (13) can be realized using creation and annihilation operators
o © 1 I Lo
X4 = (a etktr—z\k\'r_'_a+ efzkm»z\kh')/ (15)
k:gw \% 2k i kA

5 [k ko—ilkt |+ —iko+ilk

Py = kzzfool\/;<fakf\el oikT e ! h)’ (16)
where ay 4, ak+B obey

[akA,a;B} = —Gap0yy- 17)

Thus, only when the gauge is fixed by N = 1, Ny = 0, it is possible to define a vacuum
state by ag4]/0 >= 0. This vacuum state is not gauge-invariant because the dynamic
variable X 4 satisfies the wave Equation (14) in only this gauge (and in zero-order on G — G).
Moreover, one could see a problem with the definition of the Fock space of quantum states.
Actually, Equation (17) leads to [ako,ak*O] = —1. That means that the state a,(;|0 > has a
negative norm < 0|ak0ak+0\0 >= —1. To avoid the negative norms, the string theory uses
additional conditions on the physical Fock states | >:

L >=0, (18)

where ff = [(Pa(t,0) +3sX4(7,0))? f(¢)do, and f(0) is an arbitrary function. Opera-
tors £ f obey the Virasoro algebra. It should be noted that the definition of the Virasoro
operators includes the normal ordering [20-22], but it is beyond the concept of our work. If
one accepts the feasibility of using the normal ordering, then the vacuum energy problem
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does not exist at all. However, we intend to refrain from discussing the status of excluding
anomalies in the string theory here.

2.3. Towards a Classical Background

In Section 2.1, it is shown that there is no vacuum state in the vicinity of a small scale-
factor because of an absence of field oscillators. In principle, the quasi-Heisenberg picture
could be used for the description of the subsequent evolution, but it could be done only
numerically because solving the operator equations with the initial conditions is complicated.
Instead, we have used a string-like quantization described in Section 2.2. That allows an
analytical consideration of the vacuum state, but it is only half of the problem because a
further investigation of the perturbation series on G — G is needed. Moreover, the trouble
with the negative norm of the states can be solved based on the Virasoro algebra by the
transition to the D = 26 dimension in the string theory [20-22]. The general conclusion for
us is that the vacuum state is not gauge-invariant and is defined in a single gauge N = 1,
N; = 0. We could not make some other physical predictions for this region. However,
one could put forward a hypothesis that in the presence of multiple scalar fields, a scale
factor acquires monotonic behavior in time and could be considered classically finally. Such
a situation is studied in the next section and allows for obtaining a number of physical
predictions.

3. Vacuum Energy Problem as a Criterion for Finding the Preferred Reference Frame

The more straightforward problem is to define the vacuum state on a classical back-
ground space-time. Even in this case, the exact vacuum state exists only for some particular
space-time. In other cases, the vacuum state has only an approximate meaning [23]. The
observer moving with acceleration straightforwardly [24] or circularly [25] in Minkowski’s
space-time will detect quanta of the fields. That means that, although an observer could be
in a resting coordinate system, the quantum fields are not in a vacuum state.

Nevertheless, a vacuum state could be defined, for example, in the slowly expanding
universe, where a solution to the vacuum energy problem could serve as a criterion for
choosing a preferred reference frame. The solution implies avoidance of the enormous
zero-point energy density of the quantum fields affecting the universe’s expansion. To do
this, a class of conformally unimodular (CUM) metrics has been introduced [15]:

ds? = gdxtdx’ = a*(1 - 9 P2 dy? — 'yij(dxi + Nidy)(dx! + Nidy), (19)

where x* = {#,x}, 17 is a conformal time, Yij is a spatial metric, 2 = ’yl/ isa locally defined
scale factor, and y = det 7;;. The interval (19) is similar formally to the ADM one [26], but
the lapse function is taken in the form of a(1 — 9,,P™), where P™ is a three-dimensional
vector, and 9y, is a conventional partial derivative.

Using the restricted class of the metrics (19), the theory [15] has been suggested in
which the Hamiltonian constraint is not necessarily zero but equals some constant. Such a
theory is known as the Five Vectors theory (FVT) of gravity [15], because the interval (19)
contains two 3-vectors P, N and, moreover, spatial metric can be decomposed into a set of
three triads ;; = ejzej,, where index a enumerates vectors of the triads e,.

This theory satisfies the strong equivalence principle (EP) because no additional tensor
fields appear.! Nevertheless, in contrast to GR, where the lapse and shift are arbitrary
functions fixing the gauge, the restrictions 9,,(9,,N™) = 0 and 9,,(9,,P™) = 0 arise in FVT.
The Hamiltonian H and momentum P; constraints in the particular gauge P’ = 0, N' = 0
obey the constraint evolution equations [15]:

oy =0, (71P;), (20)

1
oyP; = 39H, (1)
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where ¥i; = v;;/ % is a matrix with a unit determinant. Equations (20) and (21) admit
adding some constant to H and, in the FVT frame, it is not necessary that # = 0, but
‘H = const is also allowed. That solves the problem of the main part of the zero-point
energy density.

Let us consider a spatially uniform, isotropic, and a flat universe with the metric

ds* = a(n)*(dy* — dx?), (22)

which belongs to a class of (19). Using the Pauli hard cutoff of the 3-momentums
kimax [30,31] reduces the zero-point energy density calculated in the metric (22) to

po = Do _Tren) [ 2. i i
0

424
23
(Nbosoanferm) kénﬂx+m2k,2na,(+m74 142In m2a? I @3
1672 a* a? 8 452, )

where, for simplicity, bosons and fermions of equal masses are considered.

The main part of this energy density ~ kz’l”g‘ scales as radiation, and it has to cause an
extremely fast universe expansion in the frame of GR. This result contradicts the observa-
tions [32]. In our approach, a constant in the Hamiltonian constraint [15] compensates this
main part of zero-point energy and makes it unobservable.?

The remaining parts in (23) are also huge but assuming the sum rules for masses of
bosons and fermions (the condensates should be taken into account, as well) would provide
a mutual compensation for these terms [31,34]. Of course, all spectrum of the particles in
nature, including unknown now, should be taken into account. The empirical cutoff of
momentums ky,qy is used in (23), with the hope that some fundamental basis will be found
for that in the future (e.g., like a noncommutative geometry [35-37]), and will provide the
UV completions of QG without a renormalization.

Equation (19) determines the preferred reference frame ensuring an eether existence
and an absence of dipole anisotropy of the cosmic microwave background (CMB) [38].
Otherwise, the question arises: What is the physical foundation of the frame where CMB is
in a rest “in tote”, i.e., does not have a dipole component [39]?

4. Cosmological Consequences of Residual Vacuum Energy

Other contributors to the vacuum energy density are the terms depending on the
derivatives of the universe expansion rate [34,40,41]. Sum rules cannot remove these terms,
but they have the correct order of p, ~ M%, H?, where H is the Hubble constant, and allow
explaining the accelerated expansion of the universe. These energy density and pressure
are [34,40,41]:

a? MI%SO 1, 1,
Pv:ﬁMpSO/ Po = P (EH —gll ﬂ>, (24)

2
where, Sp = 87’;’;‘;\22 is determined by the UV cut-off of the comoving momenta and the
z

reduced Planck mass M, = / % is implied. The energy density and pressure of vacuum
(24) satisfy a continuity equation

/
P43 (oo +po) =0, (25)

and, in the expanding universe, are related to the equation of state p, = w p,, as Figure 2
(upper panel) illustrates. Using this equation of vacuum state leads to the cosmological
Vacuum Fluctuations Domination (VFD) model [40-42]. According to VFD the universe
behavior at early times, when the scale factor was small, is as freely rolling, i.e., without any
deceleration or acceleration, but it is accelerated at a late time. The deceleration parameter

q(a) = — ’;’% + 1is shown in Figure 2 (lower panel) [42]. The discovery of an accelerated
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universe expansion was a big surprise [43]. However, if the above view of a vacuum is true,
a stage preceding the acceleration should be Milne-like, i.e., linear in a cosmic time. The
Milne-like universes have been much discussed again recently [44-50].
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Figure 2. (Upper panel). Equation of the vacuum state in dependence on the universe scale factor a.
(Lower panel) Deceleration parameter q(a) and the corresponding dispersion channels for the VFD
model (24) and two versions of ACDM model.

4.1. Nucleosynthesis in the Milne-like universe

Nucleosynthesis in a slowly expanding universe was considered earlier [51-53]. Here,
we present our calculation for the VFD model, which has a Milne-like stage, as shown
in Figure 2, corresponding to the region where the deceleration parameter g is close to
zero. The calculations have been performed with the PRIMAT code (version 0.1.1) [54,55]
including 423 nuclear reactions. The results of the calculations are presented in Table 1 and
Figure 3. For comparison, the results for the standard cosmological model are also shown.

As expected, there is a very low rate of neutrons during a period of helium formation
in the VFD model (see Figure 3b). That is because an equilibrium between protons and neu-
trons is shifted towards a neutron decay during the slow universe expansion. Nevertheless,
a small amount of neutrons during a long time can create a necessary amount of helium if
baryonic density (), ~ 0.76. From analysis of Supernovae Type-la, Cosmic Chronometers,
and Gamma-ray bursts, it was also found that (), ~ 0.87 for the VFD model [4213 1t
means that there is no need for any ad hoc dark matter in the VFD cosmological model
because ), ~ ). Moreover, as it was conjectured in [56], spatially nonuniform vacuum
polarization should be taken into account in the dynamics of the structure formation.

On the other hand, there is a lot of time for the growth of inhomogeneities in the
VFD model [34,57], and the nonlinear regime begins soon after the last scattering surface.
That allows the suggestion that almost all the baryonic matter collapses into eicheons [58],
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which replace the black holes in FVT. There are no strong constraints on the abundance of
black holes in a region of mass M ~ 1013-10% Mg [59], and it is possible that the matter
concentrates namely in this region.

In the VFD model, there is no cosmological deuterium production. The amount of
lithium is less than that in the ACDM, that alleviates the lithium overproduction problem
of the standard cosmological model. The amount of CNO is 107 times greater compared to
ACDM, but it does not contradict the observations [60,61].

X, Y X, Yp
(b)
04 0.4
03 03
0.2 0.2 /

0.1 0.1 !

7 8 8 9 9
0 50 100 150 200 250 300 ' 3107 10% 3x10% 107 3x10

Figure 3. Dependencies of relative abundances of neutron and He on cosmic time dt = ady are given
by red and blue curves, respectively, (a) for standard cosmological model, (b) for the VFD model.

Table 1. Final abundances of light elements in the ACDM model at (3, = 0.049 and the VFD model
at Q, = 0.87.

ACDM VFD
H 0.75 0.75
Y, = 4Yy, 0.25 0.25
D/H x 10g 2.6 <10-%
3He/H x 10° 1.1 <10-8
T/H x 108 7.9 <1032
("Li + 7Be)/H x 101 5.7 2.1
6Li/H x 10'* 1.2 <1072
9Be/H x 10" 9.2 <103
10B/H x 102! 29 <108
1B/H x 10 33 <10710
CNO/H x 10'° 8.0 5.6 x 107

It is widely believed that deuterium is produced only cosmologically in ACDM, but
for the VFD model, the most plausible and direct way is to create necessary deuterium by
beams of antineutrino arising during a collapse [62] before the formation of eicheons in
the range of M ~ 10'3-10! M. Their formation is unavoidable in the slowly expanding
cosmologies because there is much time for the collapse of inhomogeneities in contrast to the
standard cosmological model. Indeed, the matter stored in the supermassive eicheons is not
related to “dark matter” observed in rotational curves of galaxies because the latter could
be explained by the vacuum polarization [56]. Other mechanisms of non-cosmological
deuterium production are also discussed [63].

4.2. Notes about Cosmic Microwave Background in the Slowly Expanding Cosmological Models

By this time, there are no trustable studies of the CMB background for slowly ex-
panding cosmological models, and only some heuristic calculations exist [64]. The main
question is the origin of a scale corresponding to the first peak in the CMB spectrum and
the origin of the baryon acoustic oscillations (BAO) ruler [65]. In the standard cosmological
model, this is the sound horizon’s size at the recombination moment. For the Milne-like
cosmology, these quantities must be different [65,66]. Apart from this, the sound horizon
for the Milne-like flat universe is vast and cannot be a scale, which determines the position
of the first CMB peak. Let us hypothesize that the width of the last scattering surface [64]
could be such a scale for VFD.# In this light, the mechanisms of perturbation growth during
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a recombination period are of interest [67]. As for the BAO ruler, it has to be determined
by the complex nonlinear process in the slowly evolving cosmologies and is not related
directly to the scale corresponding to the first peak of CMB.

5. Size of Eicheon

The concept of ather considered in this work is based on postulating the preferred
coordinate frame, namely, CUM. One more consequence of this hypothesis is a replacement
of the black hole solutions of GR by the so-called “eicheons”. In Ref. [58], the spherically
symmetric solution of the Einstein equations in the CUM metrics (19) was analyzed, and it
was found that the finite pressure solution exists for an arbitrarily large mass. As a result,
there are no compact objects with an event horizon,? because an “eicheon” appears instead
of a black hole [58].°

In Ref. [58], we have turned from the CUM metrics (27) to Schwarzschild-like in order
to demonstrate that a compact object looks like a hollow sphere with a radius greater than
that of Schwarzschild (see Figure 4).

a

]

Figure 4. (a) A compact object of uncompressible fluid with the radius of r¢ in the CUM metrics (27)
looks as a shell (b) with the boundaries rg < R; < Ry in Schwarzschild’s type metric, where rg is a
Schwarzschild’s radius.

Here, we intend to calculate the radius of a compact object of constant density in the
CUM metrics depending on maximum pressure and density. For a spherically symmetric
space-time, the CUM metrics (19) is reduced to

ds* = a*(dn® — '7ijdxidxj) =™ (d;yz — e M dx)? — (M - efzf‘)(xdx)z/rz), (26)

where r = |x| and &, A are the functions of r. In the spherical coordinates, Equation (26)
looks as
ds? = e <d772 —dr?et — o2 (d@z + sin? 9d4>2)> . (27)

Let us compare (27) with Schwarzschild’s type metrics

ds? = B(R)dt> — A(R)dR® — R?(d6? + sin® 9d¢2). (28)

The difference between the metrics (26) and (28) is that the metric (28) suggests that
the circumference equals 277R. However, there is no evidence for this fact in an arbitrary
spherically symmetric space-time. For the metric (26), the circumference is not equal to 27t
in the close vicinity of a point-like mass. Coordinate transformation t = 77, R = R(r) relates
the metrics (27) and (28), while their comparison gives:

B(R) = %, (29)

RZ _ r28—2/\+20¢, (30)
2

A(R) (i—f) =t (31)
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Using (29), (30) in (31) to exclude A and « yields

dr  R%Al?

iR~ 2 BT G2

For an empty Schwarzschild space-time A(R) = (1 —r,/R) "t and B(R) =1 —r¢/R,
whereas in the region filled by matter, A(R) and B(R) obey [72]

d (R> 6 5
— (=) =1-—pR? (33)
dR\ A M%

1dB 2 dp
BAdR ~ pipdR’ (34

where g = 3 2%2 Further, as in [58], we will consider a model of the constant density
?
p(R) = po. In this case, Equations (33) and (34) can be integrated explicitly that gives
A= A , 35)
R — rg — 2pp (R3 - Rj%) M2

2

r 4
B=|[1-2% 0 (36)

( Rf> (p(R) + po)?

and one needs only to find a pressure p(R), which obeys the Tolman-Volkov-Oppenheimer
(TVO) equation

) 3 47R3p(R R MR\
p(R):—WM(R)F)(R)<1+TW7{;))><I+%> <1_2mvi;11> . @)

It is convenient to measure density and pressure in the units of M,Zgrgz, so that the
mean density of Schwarzschild black hole pg = m/ (%7‘(1‘2,) equals 1/2, while the TOV

limit Ry < g7, gives the value of pg = %(%)3 ~ 0.35. As for the eicheon radius in

Schwarzschild’s type metric, it equals Ry = §/ R} + ﬁ in the units of rg, where R; is an

inner radius, which determines maximum pressure. Using

M(R) = oo (R - R?), (39)

for solving the TOV equation for pressure, it is possible to find B, and then solve (32) with
the initial condition 7(R;) = 0 and find the eicheon radius rf = r(Ry) in the CUM metrics.

Let us plot (see Figure 5) the calculated radius of the eicheon in the CUM metrics in
dependence on density pp and maximum pressure, that is, the pressure in the center of a
solid ball in the metric (27). An approaching R; to unity increases the maximal pressure.
Actual density and pressure in the center of eicheon are defined by the extremal equation
of state, which is the subject of future investigations. However, Figure 5 allows concluding
that the pressure is considerably smaller than the energy density in a region of interest. That
results in a straightforward analytic estimation of the eicheon radius. For the estimation,
one could take pressure equal to some constant (e.g., p(R) = pp/10) in (36), or even simply
p(R) = 0. Then one could take R; = 1, i.e., the Schwarzschild radius and integrate (32)

to obtain
3, (R A2, V3V py/®
rp= ; WR dR ~ —6 (39)
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where a small “thickness” of the eicheon surface Ry — 1 is used, Ry is expressed as

Ry =31+ 21% , and only asymptotic term of large py is retained. In the ordinary units, the
result reads

33%/6/11m*/3 ¢/pg
TF= 6 3
4V2 4 3M3

and it is slightly unexpected because the eicheon radius rises with the density that turns

(40)

out to be a specific manifestation of the CUM geometry.” In particular, the eicheon of
the Planck density pg = M?J, which is sometimes considered as a maximal density in
4/3
nature [74] has a radius of ry ~ 0'81\/1%, (Mﬂ,, in the CUM metrics. Looking at the last
equation, one may assume that the large eicheons cannot be very dense. However, r; given
by (39) is not a physical distance but only points out a border of eicheon in the CUM metrics,
R
f

whereas the physical distance is given by ;¢ = forf 2 dr = [|7 AV24R ~ 245%.

Pmax

Figure 5. Dependence of the eicheon radius ry = r(Ry) in the CUM metrics, expressed in the units
of gravitational radius, on the density and maximal pressure (i.e., pressure in the eicheon center).
Pressure and density are in the units of Mf, rg 2,

Recently, many investigations explored the footprints of black holes manifesting
themselves through star trajectories and a shadow in the accretion disks around the galaxy
centers, gravitational lensing, and gravitational waves from the colliding compact objects
(see footnote 3 on p. 15). These phenomena can be explained from the properties of both
stationary and non-stationary metrics of Schwarzschild and Kerr types, where the radius
of “source” objects is of the order of r,. It seems reasonable to interpret these observations
in the CUM framework and obtain an actual eicheon radius 7 using its equation of state.?
The most informative study originates from collisions of ultracompact massive objects
producing the gravitational waves observed by the existing and developing detectors.
At this moment, direct astrophysical observations and, much less, analogous modeling
cannot provide decisive evidence, which would rule out some alternative concepts of
ultracompact massive objects without a horizon (nevertheless, see [76]). One could suggest
that off-horizon properties of an eicheon are the same as for a black hole. However, near-
horizon phenomena like gravitation wave emission in black hole collisions could be most
informative [71,77,78] and the study of these phenomena in the framework of FVT is a
matter for the future.
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6. Decoherence of the Particles Due to Gravitational Potential Fluctuations

Here, we return to the consideration of a locally defined scale factor as an oper-
ator. One more implication of the CUM metrics and aether arises for a gravitational
decoherence [79], which is the subject of the table-top quantum gravity experiments. In GR,
it would not be possible to say that the vacuum fluctuations under Minkowski’s space-time
are small. Actually, for the small vacuum fluctuations, one could turn to the reference
system where they are significant. That means the appearance of the so-called gauge
waves, which are the consequence of the reference frame choice. By restricting the possible
reference systems, it would be possible to reveal the actual vacuum fluctuation influencing
the motion of the massive particles. The main fundamental question is: Does a massive
particle lose its coherence due to interaction with aether? Under Minkowski’s background,
one could write for a locally defined scale factor:

a(ﬂrr) = (1 + q)(ﬂrr))r (41)

According to [79], the correlato;' of the Fourier amplitudes for the gravitational poten-
tial in vacuum & (17, 7) = Y O (7)€" takes the form

S(t — 1, k) =< 0|d7 (1) (1)|0 >= /w §(w, e ge, 2)

where a spectral function $(w, q) is approximately written as [79]

Nait
S(ew k) e | M 1< @ < Honax 3)
0, otherwise.

where Ny = Nposon + Nerm is @a number of all degrees of freedom.
For a nonrelativistic massive point particle propagating among the fluctuations of the
gravitational potential, the Fokker—Plank equation is:

0% f

. . e) . .
Ay fe(p) +i(Epirsa — Ep—k/2) fi(p) = —iKq kai;f +2iKo kp Ap fr(p) +2iK3 Pikjwf (44
] 1

where fi(p) is a Fourier transform of the Wigner function f(r, p) = ¥ fx(p)e’*". In the
first order on the constants Kj, Ky, K3 it is possible to write:

F2;1

o

2
[ o f(pn)dpdk = 1= (3K +3K; +6K) @)

This means that the interaction with a vacuum produces decoherence manifesting itself
in the decreasing of “purity” [79] of a particle state according to (45). From Equation (45), the
decoherence time is estimated as

1 m
thee = =\ == 46
dec ™ T\ 3Ky + 3K, + 6K3” (46)

and using the approximate expressions for the constants K1, K3, K3, the decoherence length

can be found [79]
4Mp v

Ljoe " ——vn——,
dec 3\/3Nu”7rm r
where v is a particle velocity, m is a particle mass, 1/T is a localization length of the particle

(47)

wave packet. That is, a point-like particle of mass m ~ ﬂdﬁvﬂ loses coherence at a distance
equal to the length of the wave packet 1/T. It should be noted that interaction with the
aether does not produce a particle scattering because the momentum distribution fy(p)
does not change. Nevertheless, decoherence arises. That is a fundamental result implying
Lorentz and Galilean invariance violation because one particle state becomes non-pure

quantum state.
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The difference in particle propagation in the QG and QFT is illustrated in Figure 1.
The aether in QG originates from an absence of an invariant vacuum state. The last is
not invariant relatively to the general transformation of coordinates and, in particular
relative to the Lorentz transformation when it is considered as a subgroup of the general
transformation of coordinates.

As regards the decoherence observation (47), such massive point particles are un-
known. A real particle of large mass has a finite size, which restricts momentums trans-
ferred by the particle form factor: g < 1/d, where d is particle size. In this case, the
following estimation arises [79]

2
Ljoe = ME. (48)
VNar T

This quantity seems very large and unobservable. At the same time, the real particles
are not rigid but have internal degrees of freedom and consist of a number of point particles,
so more careful investigation is needed. Moreover, other possible fundamental mechanisms
of decoherence also need investigation [80].

Recently, a gravitationally induced entanglement has attracted great attention (see
e.g., [81-85]). There is no doubt that the nonrelativistic quantum mechanics holds for any
interaction, including gravitational interaction in the form of the second Newton’s law and
any weak external gravitational field [86]. It is also no doubt that the gravitational waves of
linearized gravity are fully analogous to electromagnetic waves and have to be quantized.
Undoubtedly, the second Newton’s law could be interpreted as an exchange by gravitons,
like the Coulomb law can be interpreted as an exchange by photons. In contrast, the
result (47) seems much less trivial because this fundamental decoherence implies the
existence of aether with stochastic properties. Such an eether is absent in quantum electro-
dynamics due to the existence of the LI vacuum state. Implications of the aether in a photon
sector of LI violation [87,88] have to be investigated.

7. Conclusions

To summarize, the CUM metrics gives a sustained basis for quantum gravity physics,
cosmology, and physics of compact astrophysical objects. Although fascinating physics
like closed time-like curves [89-91], time machines [92,93], wormholes [94], and Hawking
radiation [95-97] are excluded in the CUM metrics, these metrics give a fresh impetus to
investigate the real physical phenomena, including the structure formation [34], CMB [64],
the structure of ultracompact astrophysical objects, and search for the decoherence QG
effects and other QG consequences from the vacuum fluctuations of the gravitational
potential. All these phenomena imply to single out the conformally unimodular metrics
corresponding to a reference system, where the aether is at rest “in tote”. Certainly, it
suggests the aether existence per se. In QG, an ather is not simply some background but a
thing that weaves all the physical phenomena into a whole quantum universe.

On the other hand, because black holes are absent in this theory, there is no actual
“eraser” of the information in the CUM metrics. In other words, a wave function of some
particular quantum system is only mixed to a more general wave function, including vac-
uum and, finally, all universe, and the universe’s wave function seems not an idealization,
but a reality conserving all information without any loss [98].
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Appendix A. Quasi-Heisenberg Quantization

For simplicity, it is convenient to consider two scalar fields, ¢; and ¢», that correspond
to a system with three degrees of freedom, including the logarithm of scale factor « = Ina.
As a result, there is only one degree of freedom because the Hamiltonian and momen-
tum constraints allow excluding two of them. Let us discuss a quantum picture of the
system (1), (4) and (5). The quasi-Heisenberg picture suggests that one needs to define
the commutation relations and initial values for operators at the initial moment and then
permit the operator evolution according to the equation of motions. For quantization with
the help of the Dirac brackets (see also [99]), one should set two additional gauge fixing
conditions corresponding to the Hamiltonian and momentum constraints.

Let us take these conditions as

a(0,0) = ag = const, (A1)
9:71(0,0) =0, (A2)

i.e., the logarithm of the scale factor and momentum 7t; (0, o) = 71y are c-number constants
at the initial moment. Generally, that is some time-dependent gauge, which is known only
at an initial moment. Then it is permissible for the commutation relations to evolve.

Dirac brackets could allow calculating the operator commutation relations at the initial
moment, but the equivalent receipt is to set

$2(0,0) = ¢(0), (A3)

o )
S¢(0)’ 3¢9()
and express other variables from constraints and gauge conditions to obtain

5 — &2 2 A R &2 2
pa(0,0) = 32 +nr7, &'(0,x)=e 52(0) + 77, (A5)

43& (O, ‘7) =—ie

#(0,0) = —i (A4)

. i [ 1)
$1(0,0) = 7%1/700 9(07(7/)5(% a,,/(p(a’)>da’, (A6)
$(0,0) = e 20y, (A7)

where the symbol S denotes symmetrization of the noncommutative operators, i.e.,
S(AB) = 3(AB+ BA) or S(ABC) = L(ABC +BAC+ ACB+...) and 6(0) is a unit
step function. Its appearance in (A6) is the only nontrivial moment that follows from
calculation of the Dirac brackets [100], and we have introduced it here for expressing ¢,
from the momentum constraint (5).

The equations of motion (2), (3) should be considered as the operator equations with
the initial conditions (A1), (A3)—~(A7).

The second stage of quantization consists of building the Hilbert space where the
quasi-Heisenberg operators act. This stage again begins from the classical Hamiltonian (4)
and momentum (5) constraints. The momentum constraint and corresponding gauge
condition (A2) are resolved relatively the variable ¢ and its momentum 7r;. Then, these
quantities are substituted to the Hamiltonian constraint, which is then quantized and
considered as the Wheeler-DeWitt equation in the vicinity of the small scale factor a~0, i.e.,
Ina = & = —oo. In such a way, we come to

< Z__& +nﬂwqu—o (A8)
sa(c)  ¢(o) ! T

where it is taken into account that 7711 is some constant. Space of the negative frequency
solutions of the Equation (A8) constitutes the Hilbert space for the quasi-Heisenberg operators.

96



Universe 2022, 8, 626

In the general case, the solution of Equation (A8) is of the form of the wave packet

P, g] = ./.C[k] e_[(—ia(fr)\/n%+k2(,r)+ik(g)<p<a))da Dk(o), (A9)

where only negative frequency solutions are taken and Dk(c) denotes a functional integra-
tion over k(o). The scalar product has a form [17,18,101]

<Y|¥ >= iZH/ (‘I’*[:x, PD"12(0) Mfa)‘lf[tx, 9]

. <D71/2(0—)5N6WT*[“’ q)])‘Y[tX, ¢])d¢(¢7)r (A10)

where D(c) = —% + n% and Z is a normalization constant. The infinite product is
taken over o-points, and to be understood in a formal sense as representing the result of a
limiting process based on a lattice in o-space. The scalar product (A10) is independent of
the choice of the hyperplane a(c).

The mean value of an arbitrary operator can be evaluated as

< ¥|Ala, —i%,qﬂ(ﬁ)”‘l’ >= iZl;[/(‘I’* [x, ] AD12(a) M[(SU)‘I’[zx, ]

A 0 * A
B (D 1/2@@1}/ [a,(p})A‘Y[a,(de(p(U) (A11)

a(o)=np——oc0

Let us note that the hyperplane a (o) = ag along which the integration is performed
in (A11), is the same as it is used as an initial condition for the quasi-Heisenberg operator &
in (17). In a more convenient momentum representation 7, (c) = k(c), ¢2(0) = i W;U), the

wave function ¢ is
yla, k] = C[K] exp<—i/a(a). fi2(x) + 2 dx). (A12)
Then, the mean value of an operator becomes
. .0
< ¢|A[“(U)/k(0)rlm|¢ >=

/C* {k]efifa(v)\/k2(0)+7r% do A eifa(a)\/k2(0)+7r% dUC[k} Dk(0r) (A13)

a(o)=ng——0c0

Thus, we have an exact quantization scheme consisting of the Wheeler-DeWitt equa-
tion in the vicinity of small scale-factor (A8), the operator initial conditions (A5) for the
equations of motion and the expressions (A11) and (A13) for calculation of the mean values
of operators.

Notes
1 See [27,28] for EP historical and philosophical overview, and [29] for compatibility of EP with QFT.

It should be noted that a mutual cancellation of the bosonic Np,s,, and fermionic Ny, degrees of freedom removes all the
vacuum energy but demands exact supersymmetry, which was not observed to date [33].

However, when one compares (), = Sggzp * from nucleosynthesis with (), from cosmological observations, the result could
depend on the possible renormalization of the gravitational constant [56]. Then, the gravitational constant measured on the Earth

or the solar system can differ from the constant used in cosmology for the uniform universe.

In ACDM, the recombination turns out to be almost instantaneous, i.e., the last scattering surface is very thin.
The event horizon is a region of space-time that is causality disjointed from the rest of space-time.

The observations revealed the phenomena such as ultra-speed star motion, accretion disks around the super-massive and
extremely compact objects (e.g., see [68,69]), and gravitational waves from colliding compact objects of stellar mass [70], which
fit well in the black hole concept. However, the claims about “black hole discovery” should be treated with caution because
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these observations do not rule out completely the alternative theories (e.g., see [71]), which also admit the existence of extremely
compact massive objects with the exterior mimicking a black hole.

7 Here, we obtain primitive geometrical formulas connecting the radius of a compact astrophysical object with its mass and density.
To obtain nontrivial formulas expressing the radius of the object through its mass only, using the physical equation of state is
needed, e.g., nucleonic matter or strange quark matter as it was done in the neutron star physics [73].

8 It could be compared with properties of neutron and exotic stars [75].
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Abstract: The Heisenberg uncertainty principle is modified by the introduction of an observer-
independent minimal length. In this work, we have considered the resonant gravitational wave
detector in the modified uncertainty principle framework, where we have used the position momen-
tum uncertainty relation with a quadratic order correction only. We have then used the path integral
approach to calculate an action for the bar detector in the presence of a gravitational wave and then
derived the Lagrangian of the system, leading to the equation of motion for the configuration-space
position coordinate in one dimension. We then find a perturbative solution for the coordinate of
the detector for a circularly polarized gravitational wave, leading to a classical solution of the same
for the given initial conditions. Using this classical form of the coordinate of the detector, we finally
obtain the classical form of the on-shell action describing the harmonic oscillator—gravitational wave
system. Finally, we have obtained the free particle propagator containing the quantum fluctuation
term considering gravitational wave interaction.

Keywords: resonant bar detector; gravitational wave; generalized uncertainty principle; path integral

1. Introduction

Quantum mechanics and general relativity are the two most successful theories ex-
plaining the phenomena at the two most fundamental length scales of the universe. While
quantum mechanics explains the intricacies of the atomic length scale, general relativ-
ity [1,2] sheds light on the large-scale structure of the universe. In order to understand
the fundamental mysteries of the universe, we need a quantum theory of gravity, explaining
the analytical structure of the gravitational interaction at the quantum length scale. Theories
such as loop quantum gravity [3,4], string theory [5,6], and noncommutative geometry [7]
have provided a convincing theoretical framework explaining the Planck-scale nature of
gravity, but none of them have compelling experimental evidence to support their claim
of providing an exact description of the quantum nature of gravity. Meanwhile, all of
them prescribe the existence of an observer-independent minimal length, which can be
incorporated by the modification of the standard Heisenberg uncertainty principle (HUP),
also known as the generalized uncertainty principle (GUP). The first few attempts to im-
provise an integral relation between minimal length scale and gravity was shown in [8,9],
followed by [10]. We also obtain strong evidence of the existence of this fundamental
length scale from the various gedanken experiments in quantum gravity phenomenology
as well. This GUP framework has been used to investigate several areas of theoretical
physics, including black hole physics and its thermodynamics [11-21], various quantum
systems, such as particle in a box and simple harmonic oscillators [22,23], optomechanical
systems [24-26], and gravitational wave bar detectors [27,28]. There have been several
recent studies involving the path integral formalism of a non-relativistic particle moving
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in an arbitrary potential in the generalized uncertainty principle framework [27,29,30].
The simplest form of the modified HUP can be written in the following form [31]:

Baitpi > 2 [14 (892 + () + 2 (897 + (pi)?)] i =1,2,3 8

where p? = Z£:1 PPk and gy, pi are the phase space position and its conjugate momenta.
In Equation (1), the GUP parameter - in terms of the dimensionless parameter 7 can be
recast as follows:

7= @)

22
mpc

where m,, is the Planck mass and c is the speed of light. It is quite natural to realize that
the order of magnitude of the GUP parameter will play a significant role in providing
an understanding of the GUP effects. There have been several studies to find a bound
on the GUP parameter itself [17,22,28,32-38].

In 1969, the first proposition to detect gravitational waves was made by J. Weber [39],
which was followed by a subsequent paper in 1982 by Ferrari et al. [40]. Bar detectors cur-
rently have a sensitivity A—LL ~ 10719[41], where AL is the fractional variation of the length
L (~1 m) of the bar detector. A historical perspective on these resonant detectors is given
in [42]. The detection of gravitational waves by the LIGO [43,44] and Virgo [45] detec-
tors has unveiled a new realm of quantum gravity phenomenology. There have been
several recent investigations regarding the traces of quantum gravitational effects in these
gravitational wave detectors. A great deal of investigation has been conducted to check
if any signature of this fundamental Planck length, whether it is noncommutativity [46-51]
or GUP [28,52], is visible in GW bar detectors. We would like to point out that, to date,
there has not been a successful detection of gravitational waves in resonant bar detectors.
However, there is strong hope that the sensitivity of the detectors will increase in the future,
enabling the detection of these waves. The AURIGA (Antenna Ultracriogenica Risonante per
I'Indagine Gravitazionale Astronomica) detector at INEN, Italy is probably the only functional
bar detector. These bar detectors are sensitive to frequencies of the order of 1kHz, along
with a strain sensitivity of the order 10719 [53]. In the case of astrophysical events, collaps-
ing and bouncing cores of supernova can be a source of huge intensities of gravitational
waves having frequencies in the vicinity of 1-3 kHz. The value of the strain sensitivity
can be calculated using Thorne’s formula [54]. The strain sensitivity (1), according to this
formula, is given by

1

1
AE 2[1kHz]2 [10Mpc
_ -20 GW p
h=270 {IMSCZ} { f } { d } ©

where AEgyy is the energy converted to gravitational waves, f is the characteristic frequency
of the burst, M is the solar mass, and d is the distance of the burst source from Earth.
A possible value of the fraction of energy converted to gravitational waves for supernova
events is around 7 x 10~%. Now, for h ~ 3 x 10~ and f ~ 0.9 kHz, the distance d has
a value around 25 kpc. The occurrence of such a supernova event of the required magnitude
at this distance from the Earth would definitely result in the detection of gravitational waves
by the bar detectors. An effort to increase the sensitivity of these detectors to 7t ~ 1072 is
presently being carried out, and achieving this sensitivity would increase the distance of
the supernova event from the Earth to 250 kpc, which is more likely to occur. The main
motivation to work with a gravitational wave bar detector is that it is a very useful and
economic alternative to the LIGO/VIRGO detectors.

In this work, we investigate the path integral formalism of a resonant gravitational
wave bar detector interacting with the gravitational wave emitted from a distant source
in the GUP framework. The incoming gravitational waves interact with the elastic matter
in the resonant bar detector, causing tiny vibrations called phonons. Physically, we can
describe these detectors as a quantum mechanical gravitational wave-harmonic oscilla-
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tor (GW-HO) system, because we call these vibrations the quantum mechanical forced
harmonic oscillator. To calculate the perturbative solution to the system, we use the grav-
itational wave and generalized uncertainty modifications as perturbations. Our study
presents a path integral approach to look at such a system and is the first work using a
path integral. The advantage of working with path integrals is that the effective action
describing the system can be easily read off from the structure of the configuration space
path integral [55].

2. The Gravitational Wave Resonant Detector Interaction Model

To begin the discussion, we need to present the Hamiltonian for the resonant bar
detector in the presence of a gravitational wave in the generalized uncertainty princi-
ple framework. The modified commutation relation following from Equation (1) takes
the following form [31]:

[di Pi] = i[85+ 7646% + 27 i @

where i,j = 1,2,3. The modified position and momentum operators §4; and p; in terms of
the usual variables §y; and py; read

§i = qoi, pi = ﬁ()i(l +’Yﬁ%> . ®)

Here, p3 = 22:1 PokPox and [do;, Poj] = ihd;;. In order to write the Hamiltonian of
the system, we start by analyzing the background metric as a superposition of a small
perturbation on the flat background metric. The background metric is taken as follows:

Suv = Nuv + h;n/ (6)

where 17, = diag{1, -1, -1, -1} and |h,,| < 1. We now consider a two-dimensional
harmonic oscillator with mass m and intrinsic frequency @. The geodesic deviation equation
for the aforementioned system in the proper detector frame is given as follows [56]:
mif* = —mRYygq — moq"
drk 7)
— q-k _ dtoqu 7w2qk; k=12

where Rk0 Jo in terms of the background perturbation is given by

drk h
U=—. ®

ko _
Koo == 2

Note that, here, we are using the transverse traceless gauge to eliminate the unphysical
degrees of freedom. The Lagrangian from which Equation (8) can be obtained reads

1 . . 1
L= qu% — ml"kmqkq’ — Ema)zq% . )
The Hamiltonian corresponding to the Lagrangian in Equation (9) reads
_ 1 e N2, 1 2o
H—%(p;ﬁrml“mq) +Emw qi - (10)
To write the Hamiltonian in Equation (10) in quantum mechanical description, we sim-

ply elevate g and p to the operator prescription. Therefore, the Hamiltonian in terms of
the position and momentum operators can be expressed as follows:

N N A 0
H—ﬁ(karmFOZq) +§mw qpr - (11)
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<qfrff\6li,tf>

N—o0

N—oo,

Using the representation of the position and momentum operators in Equation (5),
the Hamiltonian (11) of the GW-HO system in the presence of GUP can be written as
follows:

~ p2 R ) R A0 ~ D A A ~
A= (% + %mwzq%k) + 30503 + 3T (Pod + 4%'por ) + 3%, (PokPB® + % poitl) . (12)

Now, a typical bar is a cylinder of length L = 3 m and radius R = 30 cm [56]. Hence,
in a first approximation, we can treat the GW detector in the presence of GUP as a one-
dimensional HO. The Hamiltonian in Equation (12) can be recast in one dimension as follows:

A pz

1

p + F01(Pv/+qp)+ T (P +ap®) (13)

where, for notational simplicity, we have used pg; = p and §o; = g. In the next section,
we will proceed to construct the path integral formalism of the GW-HO system in the
presence of the GUP and calculate the propagation kernel for that system.

3. Path Integral and the Propagation Kernel

In this section, we will use the Hamiltonian in Equation (13) to calculate the propa-
gation kernel via the path integral approach. We consider the initial and the final state of

the Hamiltonian in Equation (13) at initial time ; and final time ¢ as |g;, t;) and ‘q 1ot f>,
respectively. The general form of the propagation kernel can be written as follows:

+
hm [ djn-1. d‘h<%f, trlan—1, tN—l><q1\l—1/ tN-1laN-2 tN-2) - (1, 1 1gi t)

N—o0

) ooN 1 t—tN 1) A1)
lim Hd%(czf\ Jan-1) e ) (14)
—1 +1 tp)
= lim H A H %ﬂ\e |96)

where tr=1tn, ti =to and ty — fy_1 = At. Now, we will introduce the complete set of

momentum eigenstates ( I j;o dplp)(p| = 1) in the following way:

N iH(qp, pp)(tp1 — tp)
(ag.trlaiti) =b1,gr3m/ [ |1 dq | IO/ dpﬂ<‘7ﬁ+l|l’ﬂ><l’ﬁ“7ﬁ>exp<* e R >
e

oo N—1 dpg iNN=1Tpp(gpi1—aqp) (P51 P
i S S B _P 15
qu“H/OQZnh { 5;){ At (2m+2 qﬁ+ m (15)

2At 2At

ppap(hger —hg)  1Ppap(hper — h;a))ﬂ

where we have used h1; = h . The final form of Equation (15) in the At — 0 limit can be
recast as follows:

' i
<‘7ff telai, ti> = / DgDpexp <g8> (16)
where S is the phase space action. The phase space action is given as follows:
t h h
S:/tfdt{pq‘—<2p pq+ qu +7p 7211p3q>}. (17)

To obtain the configuration space Lagrangian, we will simplify Equation (15) as
follows:
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oo N +oo dp iy At hgy1—h
(aptelaiti) = lim [~ H dge H /oo 5= { %(P% + %zﬁ%) + 0(72)} (18)
. 2 . 2
iMtm | (Gpe1—qp  hpr1—hp o, st [ (m(gpi1—qp)  m(hgi —hp)gp
XeXp[ 2 < At aar TB) TR | OP | T | PR Af AT '

To perform the momentum integral for each B value, we shall perform the following
coordinate transformation:

o m(q;m - Qﬁ) B m(hﬁ+1 _hﬁ)%
Pe=Pp ( At 4At ' 19)

Using Equation (19) in Equation (18), the propagation kernel up to ~ -, h can be recast
as

 dppg iyAET [ m(qp1 —qp)  mlpn —hp)gp\\*
<‘7frtf|‘77r 1> = hm / Hd% H /oo 27-[)&[{ mh {(pﬁ+< At a 4At )) -

hp1 — g (pﬁ N (m(q;m —qp)  m(hpi1 — hﬁ)‘iﬁ)>3q4 . 0(72)} exp {_ iAt ﬁfa] (20)

2At At 4At 2mh
iNtm | (Gp+1—4qp  hgi1—h z
X exp[ o |:< B AL b_TF 1 ﬁq;;) fwzq% .

The momentum integral in Equation (20) can be obtained as follows:

2 2
o[ m o4 hpa— g  BymP(hg —h—B) (G —ap
(g1, tpe1lp tp) =\ 5 {1 bym < At aar P 20 At

hgpq —h joymh imA - g1 —hg)as\ 2
( ,8+41At ,s)%)%+ 3iym } exp[m;ht Kfiﬁﬂm g (hpr ; p)%) 2 @1)
" K%H —qp  (hpp1— hﬁ)%>4 (hpt1 —hg)ap (’7ﬁ+1 —qp (g1 — hﬁ)'iﬁ>3 ) 2”
- + — —@qg| | -
At 4 2 At 4
Using Equation (21) in Equation (20), we obtain the form of the propagation kernel up
to some constant factor as follows:
N-1 2
4 imAt [ (g1 —qp (hg+1 —hp)ap _ of (9p+1 9B
I C ok (CoCU SR (e

~ (hgi1 —hp)gp\* N (hgs1 —hp)ap (Gpe1 —qp  (hpe1 —hg)ap° o2
1 2 Af 1 By

(22)

Imposing the At — 0 limit in Equation (22), the final form of the propagation kernel
has the usual configuration space path integral structure as follows:

<qf’ tf|qir ti> = N(T/ 'th) / ,qu%S . (23)

In the above equation, the configuration space structure of the action S is given as follows:

S 2 ; N
(e 1. 22 hq\* _ym’hq (g
5‘/@. dt<2<q_4) B L Uiy > U7 on

, .
%/fdt<%qz—%mw2q2—@ ym3g —l—lm Yhq q)
ti
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In the last line of the above Equation (24), we have kept terms up to O(h, y). The La-
grangian can be easily read off from Equation (24) as follows:

mhgq
4

The equation of motion following from the Lagrangian reads

L= %q‘z — %mc@zqz — — 'ym3q'4 + %'ym3hq'3q . (25)

i ) . )
ij— Zq + @%q — 12my4¢? + 3ym?higq + %'ymthzq +ym*hg® =0. (26)
In the next section, we calculate the classical solution for the above equation of motion.

4. Obtaining the Classical Solution for a Periodic Circularly Polarized
Gravitational Wave

To obtain the classical solution, we shall consider a circularly polarized gravitational
wave in the transverse traceless gauge. Now, for a periodic circularly polarized gravitational
wave, the perturbation term /1 containing the polarization information reads

ha () = 2fo (sx(t)akl, +er(t)f) s k1=1,2 @7)

where 2 is the amplitude of the gravitational wave (here, f; is very small), and ol and o?
are the Pauli spin matrices. In Equation (27), (¢4 (t),ex (t)) are the two possible polarization
states of the gravitational wave satisfying the condition e+ (£)? + e (t)? = 1. In this particular
scenario, the chosen functional forms of the polarization states can be written as follows:

e+ (t) = cos(Qt) , ex(t) = sin(Q) (28)

with Q) being the frequency of the gravitational wave. In our case, we will consider
that the only non-zero polarization state is () = cos(Qt). Therefore, in one dimen-
sion, the perturbation term can be written as i = 2f; cos(Qt). The equation of motion
in Equation (26) up to O(fy, v) takes the form as follows:

i+ w?q — 12m* i =0 (29)

where w? = @* — %’ For the equation of motion in Equation (29), we consider a solution
up to O(fo, ) as

q(t) = qo(t) + foqp (t) + 19, (t) - (30)

For the form g(#) in the above equation, we obtain the solution of Equation (26) as a lin-

ear combination as qo(t), 45, (t) and g, (#). The analytical forms of 4o (t), g, (t) and g, () are
given as follows:

go(t) = Aj cos(@t) + A sin(@t), (31)

a5 (t) = Ascos(@t) + Agsin(@t) — 2(4w?7—02)[0 cos(Qt){ A cos(@t) + Ay sin(@t) } 32)
—2@sin(Q){ Ay cos(@t) — Ay sin(@t)}],

g,(t) =  Ascos(@t) + Ag sin(ct) — 32 [t0 A (A2 + A2) sin(ot) — t@ Ay (A2 + AZ) cos(t) 33)

+AL(A2 — 3A2) cos(3t) — 42 (A3 — 3A2) sin(30t)]

where Aj, Ay, As, Ay, As and Ag are arbitrary constants, which we will calculate for the g, (t).
To obtain the form of the above constants, we will apply the following set of the initial conditions:

[ go for t=0
9(t) 7{ qr for t=T" (34)
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Using the initial conditions in Equation (34), the constants can be obtained as follows:

- (@T)

A =qo, A= 8 (35)
2
A = % ’ (36)
Ay = Q{cos(@T)[QA CDS(QT)—ZwAé(sEZ(ig]z-;—z;lEg;;[QAz cos(QT)+20A; sin(wT)]} As COt((DT) , 37)
As = gmi@ Ay (A} -343) (38)
3m?@% | @T(Aq sin(@T)—A; cos(@T)) (A2 +.A3)+ A1 (A%—S/;%)COS(SQT) - AZ(A%iSﬁ%hm(MT)] (39)
As = s — As cot(@T).

Using Equation (30) along with Equations (35)-(39) in Equation (24) (with & being
replaced by 2fj cos(Q)t)), we obtain the form of the classical action up to O(, f) as follows:

S¢ =53 + 55 + s (40)

where S (CO> , S (Cw' and S (Cf 0) are given by the following equations:

S = sty (18 ) costoT) ~ 2y &

353
s = _322134‘(“) [12@T(q§ +4q70 + qé) — 4840q®T cos(@T) (q7 + 45) + 2445070T cos(20T)

(42)
—~44qoqy sin(@T) (g3 + 43) + 4sin(20T) (28 + 150303 + 2q}) — 12909 sin(3T) (3 + 43) + sin(4T) (qf + q})},

Q in(QT
Séf”) = 7zsin(¢g¥)n(‘§w2—02) {‘D;:(‘((@T)) (q% —2qoq cos(@T) + quf cos(2wT)> +240q7Q2 cos? (%)

(43)

—Qcos(@T) (q% + qu( cos(QT))] .

Therefore, we now have the final form of the propagator for the resonant bar detector
interacting with a gravitational wave as follows:

_ mo Y is.
(a7, Tlao,0) = Zrsin(@1) (10T )

To obtain an overall structure of the fluctuation parameter in the above equation,
we consider the free particle structure involving gravitational wave (GW) interaction only.
In this case, the infinitesimal propagator considering the particle GW interaction from
Equation (15) can be extracted as follows (in the @ — 0 limit):

e d iAt - 3 b
(g1, At]go,0) = ‘/700 % exp [7 <p07(ql At%) — (2%)1 + % + LOZ(;J(O (cos(QAL) — 1)) >}

. 2 . 3 4
N Mmooy Simyh 2(m—q0\"  iym’(q1—qo0) (45)
=\ 2nar ™ Ly vl v AP

~ @(’“%T?W)(COS(QM) - 1)} .

Now, the total propagator can be written using the set of infinitesimal propagators as follows:
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24 BiymhN  6ym? 2
(a5, Tl0,0) = (55~ ) /dqldqz dq e (a0 e tesamava P g STERS O (g1 — g0)
3
ym
+<qz*q1)2+-~+(qf*qw—1>2>*ﬁ((thfqo>4+(qz*q1>4+~-+(qﬁqwq)4) (46)

e (10— 90)(cos(28) 1) -+ -1 — v-1) (cos(NOAL) — cos(N = 1)02D)] |

In the absence of the gravitational wave [29], the form of the propagator
in Equation (46) reads

)2 ; N2 s
(85, Tl0,0) = \/ et (@r=) <1+m—67m2(w) —9m (’1/_‘70)4>~ (47)

In the presence of the gravitational wave, the propagator has the form given as

mo im g o2 3iymh ar—q0\? iym3
<‘7f’T|‘7°’ > 2minT’ e =) <1+ T 67’”2( fT ) — 5 s =m0’

. 2 ‘
. zfoFrlnT ((ﬂif . %)) lcos(T) — 1] - lf;ﬂf (m(qu— %)) fcos(QT) — ”> 48)
= \/ %N(T/'yrfO)e%sg)

(f)

where S g 1s the classical action involving free particles and gravitational waves given by

s -

3
2 ym 4 mfo
T(ﬂf—qo) = 75 = q0)" = S (45 = q0) T

(1705107 = 0) (g - ) 2] 49)
and the form of the fluctuation term is given as follows:

N(T, v, fo) ~ 1+ ——— Swmh — 6ym? {qf ; qor o UfomT {‘1)‘ ; ‘JO}Z[COS(QT) - lf(’# {@} [cos(QT) — 1]

T
. - — in(Q)
B IMfO(Zq;;{T q0) {(‘Jf ‘i()()); Q1) — (g5 cos(QT) — qo)} .

(50)

5. Summary

In this work, we have constructed the path integral formalism of the propagation
kernel for a resonant bar detector in the presence of a gravitational wave in the generalized
uncertainty principle framework. In this framework, we have considered only quadratic-
order correction in the momentum. We have obtained the configuration space action for
this system using the path integral formalism. With the action in hand, we have then ob-
tained the equation of motion of the system. From the equation of motion, we observe that
the overall frequency of the resonant detector shifts due to interaction with the gravitational
wave. Next, we have used the form of the perturbation term for a circularly polarized
gravitational wave to calculate the classical solution of the detector coordinate g(t). Using
this form of q(t), we have finally obtained the classical action for a resonant bar detector
interacting with a gravitational wave in the generalized uncertainty principle framework.
We have then investigated the quantum fluctuation parameter of the bar detector in the
presence of a circularly polarized gravitational wave. In order to obtain the final form of
the fluctuation, we have considered a free particle interacting with the gravitational wave.
The final form of the fluctuation picks up correction terms due to both GUP correction
and gravitational wave interaction. In this process, we have neglected cross terms consid-
ering both GUP and GW interactions as it would result in a much smaller correction to
the fluctuation factor than the other corrections present in the analytical form of the quan-
tum fluctuation. It would also be important to carry out the above analysis in a linear
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GUP framework. However, we would like to report this in future. From an observational
point of view, the importance of our work lies in the fact that resonant bar detectors have
the potential for detecting gravitational waves with their present sensitivity at distances
of the order of 10? kpc from the Earth. The propagator captures the quantum effects also.
Hence, detectability of such quantum effects in resonant bar detectors is also a possibility
in the near future. Knowledge of the propagator of the detector coordinates is therefore
necessary, if not absolutely essential.

Author Contributions: Writing—original draft, S.S., S.B. and S.G.; Writing—review & editing, S.S.,
S.B. and S.G. All the authors have equally contributed towards the conceptualization and the prepara-
tion of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: Full APC funding via the discount voucher “0d7d8275791061d8".
Institutional Review Board Statement: The study did not require ethical approval.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Einstein, A. Die feldgleichungen der gravitation. Sitzungsber Preuss Akad Wiss 1915, 25, 844-847.

2. Einstein, A.Die Grundlage der allgemeinen Relativitatstheorie.Ann. Physik 1916, 49, 769. [CrossRef]

3. Rovelli, C. Loop Quantum Gravity. Living Rev. Relativ. 1998, 1, 1-69.

4. Carlip, S. Quantum Gravity: A progress report. Rep. Prog. Phys. 2001, 64, 885. [CrossRef]

5. Amati, D,; Ciafaloni, M.; Veneziano, G. Can spacetime be probed below the string size? Phys. Lett. B 1989, 216, 41-47. [CrossRef]

6.  Konishi, K; Paffuti, G.; Provero, P. Minimum physical length and the generalized uncertainty principle in string theory. Phys.
Lett. B 1990, 234, 276-284. [CrossRef]

7. Girelli, F; Livine, ER,; Oriti, D. Deformed special relativity as an effective flat limit of quantum gravity. Nucl. Phys. B 2005, 708, 411-433.
[CrossRef]

8. Bronstein, M.P. Kvantovanie gravitatsionnykh voln (Quantization of gravitational waves). Zh. Eksp. Teor. Fiz. 1936, 6, 195.

9.  Bronstein, M.P. Quantentheorie schwacher gravitationsfelder. Phys. Z. Sowjetunion 1936, 9, 140-157.

10. Mead, C.A. Possible Connection Between Gravitation and Fundamental Length. Phys. Rev. B 1964, 135, B849. [CrossRef]

11. Maggiore, M. The algebraic structure of the generalized uncertainty principle. Phys. Lett. B 1993, 319, 83-86. [CrossRef]

12.  Scardigli, F. Generalized uncertainty principle in quantum gravity from micro-black hole gedanken experiment. Phys. Lett. B
1999, 452, 39—44. [CrossRef]

13.  Adler, R].; Santiago, D.I. On gravity and the uncertainty principle. Mod. Phys. Lett. A 1999, 14, 1371-1381. [CrossRef]

14.  Adler, R].; Chen, P; Santiago, D.I. The Generalized Uncertainty Principle and Black Hole Remnants. Gen. Relativ. Gravit. 2001, 33,
2101-2108. [CrossRef]

15.  Banerjee, R.; Ghosh, S. Generalised uncertainty principle, remnant mass and singularity problem in black hole thermodynamics.
Phys. Lett. B 2010, 688, 224-229. [CrossRef]

16. Gangopadhyay, S.; Dutta, A.; Saha, A. Generalized uncertainty principle and black hole thermodynamics. Gen. Relativ. Gravit.
2014, 46, 1661. [CrossRef]

17.  Scardigli, F; Casadio, R. Gravitational tests of the generalized uncertainty principle. Eur. Phys. ]. C 2015, 75, 425. [CrossRef]

18. Mandal, R;; Bhattacharyya, S.; Gangopadhyay, S. Rainbow black hole thermodynamics and the generalized uncertainty principle.
Gen. Relativ. Gravit. 2018, 50, 143. [CrossRef]

19. Ong, Y.C. Generalized uncertainty principle, black holes, and white dwarfs: A tale of two infinities. ]. Cosmol. Astropart. Phys.
2018, 2018, 015. [CrossRef]

20. Buoninfante, L.; Luciano, G.G.; Petruzzeillo, L. Generalized uncertainty principle and corpuscular gravity. Eur. Phys. ]. C 2019, 79, 663.
[CrossRef]

21. Majumder, B. Quantum black hole and the modified uncertainty principle. Phys. Lett. B 2011, 701, 384-387. [CrossRef]

22. Das, S.; Vagenas, E.C. Universality of Quantum Gravity Corrections. Phys. Rev. Lett. 2008, 101, 221301. [CrossRef] [PubMed]

23. Das, S.; Vagenas, E.C. Phenomenological implications of the generalized uncertainty principle. Can. J. Phys. 2009, 87, 233-240.
[CrossRef]

24. Pikovski, I; Vanner, M.R.; Aspelmeyer, M.; Kim, M.S.; Brukner, C. Probing Planck-scale physics with quantum optics. Nat. Phys.
2012, 8, 393-397. [CrossRef]

25. Bosso, P; Das, S.; Pikovski, I.; Vanner, M.R. Amplified transduction of Planck-scale effects using quantum optics. Phys. Rev. A
2017, 96, 023849. [CrossRef]

26. Kumar, S.P; Plenio, M.B. Quantum-optical tests of Planck-scale physics. Phys. Rev. A 2018, 97, 063855. [CrossRef]

109



Universe 2022, 8, 450

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

Gangopadhyay, S.; Bhattacharyya, S. Path-integral action of a particle with the generalized uncertainty principle and correspon-
dence with noncommutativity. Phys. Rev. D 2019, 99, 104010. [CrossRef]

Bhattacharyya, S.; Gangopadhyay, S.; Saha, A. Generalized uncertainty principle in resonant detectors of gravitational waves.
Class. Quant. Grav. 2020, 37, 195006. [CrossRef]

Das, S.; Pramanik, S. Path integral for nonrelativistic generalized uncertainty principle corrected Hamiltonian. Phys. Rev. D 2012,
86, 085004. [CrossRef]

Gangopadhyay, S.; Bhattacharyya, S. Path integral action in the generalized uncertainty principle framework. Phys. Rev. D 2021,
104, 026003.

Kempf, A.; Mangano, G.; Mann, R.B. Hilbert space representation of the minimal length uncertainty relation. Phys. Rev. D 1995,
52,1108. [CrossRef] [PubMed]

Bawaj, M.; Biancofiore, C.; Bonaldi, M.; Bonfigli, F; Borrielli, A.; Di Giuseppe, G.; Marin, F. Probing deformed commutators with
macroscopic harmonic oscillators. Nat. Commun. 2015, 6, 7503. [CrossRef] [PubMed]

Feng, Z.W.; Yang, S.Z.; Li, H.L.; Zu, X.T. Constraining the generalized uncertainty principle with the gravitational wave event
GW150914. Phys. Rev. B 2017, 768, 81-85. [CrossRef]

Bushev, P.A.; Bourhill, J.; Goryachev, M.; Kukharchyk, N.; Ivanov, E.; Galliou, S.; Tobar, M.E.; Danilishin, S. Testing the generalized
uncertainty principle with macroscopic mechanical oscillator and pendulums. Phys. Rev. D 2019, 100, 066020. [CrossRef]
Scardigli, F. The deformation parameter of the generalized uncertainty principle. J. Phys. Conf. Ser. 2019, 1275, 012004. [CrossRef]
Girdhar, P.; Doherty, A.C. Testing generalized uncertainty principles through quantum noise. New J. Phys. 2020, 22, 093073.
[CrossRef]

Chatterjee, R.; Gangopadhyay, S. Violation of equivalence in an accelerating atom-mirror system in the generalized uncertainty
principle framework. Phys. Rev. D 2021, 104, 124001. [CrossRef]

Sen, S.; Bhattacharyya, S.; Gangopadhyay, S. Probing the generalized uncertainty principle through quantum noises in optome-
chanical systems. Class. Quant. Grav. 2022, 39, 075020. [CrossRef]

Weber, ]. Evidence for Discovery of Gravitational Radiation. Phys. Rev. Lett. 1969, 22, 1320. [CrossRef]

Ferrari, V.; Pizzella, G.; Lee, M.; Weber, ]. Search for correlations between the University of Maryland and the University of Rome
gravitational radiation antennas. Phys. Rev. D 1982, 24, 2471. [CrossRef]

Giazotto, A. Status of Gravitational Wave Detection. In General Relativity and John Archibald Wheeler; Astrophysics and Space
Science Library 367; Ciufolini, I., Matzner, R.A., Eds.; Springer: Berlin/Hei elberg, Germany, 2010.

Aguiar, O.D. Past, present and future of the Resonant-Mass gravitational wave detectors. Res. Astron. Astrophys. 2010, 11, 1.
[CrossRef]

Aasi, ].; Abbott, B.P; Abbott, R.; Abbott, T.; Abernathy, M.R.; Ackley, K.; DeSalvo, R. Advanced LIGO. Class. Quant. Grav. 2015, 32, 074001.
Abott, B.P. LIGO Scientific Collaboration and Virgo Collaboration. GW170817: Observation of Gravitational Waves from a Binary
Neutron Star Inspiral. Phys. Rev. Lett. 2017, 119, 161101.

Acernese, F.A.; Agathos, M.; Agatsuma, K.; Aisa, D.; Allemandou, N.; Allocca, A.; Meidam, J. Advanced Virgo: A second-
generation interferometric gravitational wave detector. Class. Quant. Grav. 2015, 32, 024001. [CrossRef]

Saha, A.; Gangopadhyay, S. Noncommutative quantum mechanics of a test particle under linearized gravitational waves. Phys.
Lett. B 2009, 681, 96-99. [CrossRef]

Saha, A.; Gangopadhyay, S.; Saha, S. Noncommutative quantum mechanics of a harmonic oscillator under linearized gravitational
waves. Phys. Rev. D 2011, 83, 025004. [CrossRef]

Saha, A.; Gangopadhyay, S. Resonant detectors of gravitational wave as a possible probe of the noncommutative structure of
space. Class. Quant. Grav. 2016, 33, 205006. [CrossRef]

Saha, A.; Gangopadhyay, S.; Saha, 5. Quantum mechanical systems interacting with different polarizations of gravitational waves
in noncommutative phase space. Phys. Rev. D 2018, 97, 044015. [CrossRef]

Bhattacharyya, S.; Gangopadhyay, S.; Saha, A. Footprint of spatial noncommutativity in resonant detectors of gravitational wave.
Class. Quant. Grav. 2018, 36, 055006. [CrossRef]

Gangopadhyay, S.; Bhattacharyya, S.; Saha, A. Signatures of Noncommutativity in Bar Detectors of Gravitational Waves. Ukr. J.
Phys. 2019, 64, 1029. [CrossRef]

Bosso, P.; Das, S.; Mann, R.B. Potential tests of the generalized uncertainty principle in the advanced LIGO experiment. Phys. Rev.
B 2018, 785, 498-505. [CrossRef]

Pizzella, G. Search for Gravitational Waves with Resonant Detectors. In General Relativity and John Archibald Wheeler; Astrophysics
and Space Science Library, vol 367; Ciufolini, I., Matzner, R.A., Eds.; Springer: Dordrecht, Germany, 2010.

Thorne, K.S. 300 Years of Gravitation; Hawking, S.W., Israel, W., Eds.; Cambridge University Press: Cambridge, UK, 1987; p. 330.
Gangopadhyay, S.; Scholtz, EG. Path-Integral Action of a Particle in the Noncommutative Plane. Phys. Rev. Lett. 2009, 102, 241602.
[CrossRef] [PubMed]

Maggiore, M. Gravitational Waves. Vol. 1: Theory and Experiments; Oxford Master Series in Physics; Oxford University Press:
London, UK, 2007.

110



* universe

Communication

Gauss’s Law and a Gravitational Wave

Olamide Odutola ** and Arundhati Dasgupta %**

Citation: Odutola, O.; Dasgupta, A.
Gauss’s Law and a Gravitational
Wave. Universe 2024, 10, 65. https://
doi.org/10.3390/ universe10020065

Academic Editor: Csaba Balazs

Received: 22 November 2023
Revised: 16 January 2024
Accepted: 29 January 2024
Published: 31 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Department of Physics, University of Durham, Durham DH1 3LE, UK; olamide.odutola@durham.ac.uk
Department of Physics and Astronomy, University of Lethbridge, Lethbridge, AB T1K 3M4, Canada
Correspondence: arundhati.dasgupta@uleth.ca

These authors contributed equally to this work.

[

*

Abstract: In this paper, we discuss the semi-classical gravitational wave corrections to Gauss’s law
and obtain an explicit solution for the electromagnetic potential. The gravitational wave perturbs the
Coulomb potential with a function that propagates it to the asymptotics.

Keywords: gravitationalwave; semi-classical gravity; loop quantum gravity

1. Introduction

The discovery of gravitational waves (GWs) has not only opened a window to astro-
physical events, but it has also given us instruments that are sensitive enough to test very
weak gravitational phenomena [1,2]. Therefore, new theoretical work acquires meaning
and some of the results can be tested, thereby providing evidence for the correctness of the
physical theories. In particular, quantum gravity, which has no experimental confirmation
as of yet, needs to be tested. Our entire understanding of the visible matter universe
is based on the standard model of particle physics, which is quantized. The quantum
of the GW—the graviton—is yet to be detected, and theoretical predictions regarding it
have non-renormalizable quantum interactions. What, therefore, is the story of gravity at
tiny length scales? In [3], we explored a coherent state for the GW, which would help to
predict semi-classical phenomena at higher length scales than the 10733 cm Planck length.
Verification of the predictions from the coherent states would provide evidence for an
underlying quantum world, which we hope to probe at a later time with more sophisticated
instruments and understanding. On this note, we will briefly discuss a modified GW metric
that was obtained in [3] and has a semi-classical correction to it. A similar computation
of generalized uncertainty principle correction to a GW detector has appeared in this
volume [4]. We will then solve Gauss’s law and find that there are interesting results with
the GW metric when used by itself. What we will find could be interpreted as the charge
density receiving a correction that is measurable. We will consider a configuration with a
point charge at the origin, which thus places us in the realm of electrostatics. Coulomb’s law
is valid and gives the electric field but no magnetic field. We found that if the background
of this is not flat spacetime but a GW, then there is a non-zero ‘current’ generated. An
interesting discussion of a similar phenomenon and its applications can be found in [5].
Note our work is also different from the example of an oscillatory electron, which is dis-
cussed in [6]. As the change in source is proportional to the GW amplitude, we studied a
‘perturbation” of Coulomb’s law that is time-dependent and gives rise to a magnetic field.
The time-dependent scalar potential does not fall off at infinity but rises with distance.
The electric field’s radial component runs to zero at infinity, but the angular components
rise as they have the same radial behavior as the potential; this can be measured and we will
provide some numerical estimates. We also show that the magnetic potential is generated
in a similar way as the electric potential. A magnetic field will be obtained from this as
non-zero, though one that is very weak. In the conclusion, we will discuss the results
in detail.
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2. Gauss’s Law and the Gravitational Wave

We solved for Maxwell’s equation when investigating the background of a gravita-
tional wave metric, which was corrected using semi-classical coherent states [3]. For the
Maxwell field, the Lagrangian is:

o=V B, = VB, R

= VS (s~ ) (e~ )5,

where we assumed a non-trivial metric.
From the Euler-Lagrange equations, we obtained the following EoM in the presence
of a four-source current j*:

1
——9, o FMY) = ) — np 1/(71:0 — v 1
= u(y/—g F'") W u(v/—8 8" 8" Foor) = 1

In [3], which appeared in this volume, we found semi-classical corrections to a GW metric.
We used the coherent states in a system of loop quantum gravity (LQG) [7,8], which was
defined on the phase space of the LQG canonical variables, i.e., holonomies /,,(A) and
conjugate momenta P!n (&). The holonomy of the gauge connection A, was obtained from
the exponential of a path-ordered integral of a gauge connection over a one-dimensional

‘edge’ e;, which formed the links of a graph; meanwhile, the momentum (built from the

densitized triads &,;) was obtained by smearing the triads &, over surfaces S,, which the
edges intersected. In this calculation, we used only the momentum variables,

pl = / gl p, = Pl Pl @

and the following relation:
£} = aq", 3)

where 7 are the density triads; a, [ = 1,2, 3 represent the space and internal SU(2) indices
respectively; g, is the three-space metric of the background; and g is its determinant. The
coherent states were also characterized using a semi-classical parameter F ~12/A2, which
is a ratio of the Planck length to the length scale of a system (here A is the GW wavelength)
and has a range of 0 < f < 1. For these purposes, we considered a measurable f ~ 10716
for a GW with a frequency of 10%® Hz. This, however, was too high for the observed waves
(which had a frequency of 100 Hz) as their  was far smaller. For the next generation of
detectors which will detect higher frequency waves, see [9] for a review.

The momenta were generated by smearing the triads over the faces of a cube, which
were perpendicular to the edges e, which were straight lines along the three axes. This
type of discretization is not unique; however, with respect to the continuum limit, it serves
the purpose of helping to find a semi-classical correction to the metric, as defined from the
operator expectation values of the momentum (a detailed discussion on this topic can be
found in [3]). The LQG-corrected metric of a gravitational wave with the polarizations of
hy = Ay cos(w(t —z)), hy = Ax cos(w(t — z)) (as derived in [3]) is as follows:

—1 0 0 0
0 AHr)A+2Ef) (L4 Efx +Ey) 0
S =0 e (I4+Ef+Ef,) (I—h)(1+2Ff,) 0
0 0 0 14 2ff,

4)

The determinant of the metric was simplified to a first order in E hy +, which yielded
the following:
~ (1 +2Ffy + 2Ef, + 2Ff.) (W% + W2 — 1), ()
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where the semi-classical correction functions in the metric were

fi=f(Pe), f(P) = %(% - coth(P)),

where ¢; refers to the straight edges along the x, y, z directions of the three spatial slices of
the system [3]; € represents the graph edge lengths; e — 0 gives the continuum geometry;
and « is the dimensional gravitational constant, which is expressed in natural units as the
Planck length squared. We then found the Oth component of the Maxwell’s equations in
a vacuum, i.e., in the presence of no sources. In flat geometry, this gives us Gauss’s law,
but in the background of the new metric, one instead obtains the following:

-

oE, ok, oE JoE, OE 1 9y/—
XX yy Y zzY0z Y x
— & +8 ay +e 9z + <8x ay> ZZEZ\/ az

As the metric semi-classical corrections were proportional to the GW, these corrections
were found to be functions of ¢,z (which has been found as such only in [3]). However,
the derivative terms were proportional to fA, which is a product of small quantities;
therefore, we could neglect them in the first approximation. Thus, we obtained

- . aEy oE, J0E, OEy JdEy  OE.
V-E= t(fxax +fy +fz ) (8x _W>+hx<8x+8y> ©)

In the approximation, we wrote the electric field as a zero-eth order field plus a small
perturbation, and the RHS of the above equation could be interpreted as a source for the
perturbation. The zeroeth order field was a static EM field, which was generated by a point
source at the origin. Hence, we obtained

- 1 7 =z
E=—=+E, 7
47eq 12 + @
where we assumed a point source charge at the origin, or at least a charge of 1 Coulomb
within a small radius € (which is where our considerations were outside the radius). As the
source was time-dependent, we took the perturbation to be composed of the potentials
0A

E= Vot ®)

In the Coulomb gauge V - A = 0, the following was yielded:

X x2— 2
V20 (x, 1,2, t) = 6l Tg + 3h+%, ©)

which is clearly Poisson’s equation with a time-dependent source. Seeing as the divergence
of the electric field was zero and the first order in the corrections, all of the f(P,;) were
found to be equal; as such, we can ignore the semi-classical term (=2ff V-E=0).A way
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through which to understand the GW-generated oscillation of the source was to observe
that the charge density fluctuated with time as the volume changed.

To simplify the system, at § = 71/2, we solved for the equations. As such, we obtained,
as the particular solution, the following:

D(r,t) = (—%) cos(2¢) cos(wt). (10)

Clearly, this potential is different in behavior to the regular 1/r spherical potential of the
point-charge source at the origin. Here, the ¢ dependence makes the potential acquire
different signs as it approaches the x and y axes. If we write the above equation in spherical
coordinates, in which we assume a form of the potential in spherical harmonics with the
same frequency as that of the GW in its time dependence, we obtain

(1, 0,¢,1) = ) Pr(r,1)Y]"(60,9), 11

Im

which gives, from Gauss’s law, the following:

iw(t—z)
ZF (rz dcp]m) -+ 1)‘:1)1”1] Yin(0,0) = 2 sin?pcos(29).  (12)
i dr dr r

We then assumed that @, (1, ) = e/“!®;,,(r). If we keep the plane wave eikzl in the
source (k = w), then we have to use the spherical wave expansion of the function e/" ©©s?,
where we obtain the following:

plkr cost _ Z il(2l +1)ji(kr)P(cos8). (13)
=0

Using the partial wave analysis of the above RHS (with the assumption that the EM po-
tential has the same frequency as the GW), a propagating mode was generated in the case of
the oscillating sources. We also wrote the equation cos(2¢) = 1/2(exp(2i¢) + exp(—2i¢)).
We found that the ODE for @), (r) was the same as the ODE for ®; ,(r); therefore, we
dropped the second index and solved for the following equation:

d [ ,do 21 +1) (1—2)!
Z]:{E(rzd—rl>710+l)®l] i (l+2)!P12(‘3059)

_B3AY oy oy (kT 2
== ;z (2r'+1) . Py (cos ) sin” 6. (14)

The associated Legendre function P?(cos(6)) is on the left and the usual Legendre function
Py(cos 0) is on the right. If we take the orthonormality property of the associated Legendre
functions by first multiplying with P2 (cos 8)d(cos ) and then integrating both sides of the
Equation for —1 < cosf < 1, we obtain

d [ ,d® !
;{E <r2d7r1> _1(1+1)<I>l] A /71 P?(x)P2(x)dx
_ 3“%;#’(21’ +1)]%"(rkr) [1 Py (x)(1 = x?) P} (x)dx, (15

where A; represents the normalization constant from Y;,, (6, ¢). Furthermore, we replaced
cos 0 with x for brevity. The LHS uses the orthogonality condition; but, on the RHS, the
integral was difficult to compute. Given the Legendre function recursion equations [10]

114



Universe 2024, 10, 65

@y (r)

and integrals [11], we obtained non-zero values for I = n — 2 and n,n + 2. Therefore,

we found
d [ d®,(r) 2(n £ 2)1Ay
{;(*7) o+ 1>‘D"<”} Cnt1)(n—2)

1 . . ,
; (An72]n72(kr) + An]n(kr) + An+2]77+2(k}’)}, (16)

where there were also the following constants:

O BA4 g, o[2n(n?—1)(n+2)
i il ey "
_ BAL L [am(n+1)(n—-1)(n+2)
Ano= = [ 2n—1)(2n+3) ] s
A, — A2l (et 2)(n 1) )

2 (2n+1)(2n+3)

There were, therefore, three independent I = n — 2, n n + 2 partial waves, which gave
non-zero values for the RHS of the equation and generated the ‘source’ for the EM potential
of the nth angular mode. We used MAPLE to generate the solution to the above ODE,
and we found a very elongated formula that contained LommelS1 and Hypergeometric
functions, which, nevertheless, gave the RHS particular solution. It must be noted that,
if we keep the f term detailed in the above equation, the particular solution will become
corrected with static functions as there are no-time dependent contributions of the first
order in . As mentioned earlier, we ignored the fA. product terms, which are equivalent
to the second -order infinitesimal corrections to Gauss’s law.

The general solution is as follows:

- By 13/2 (rk)"“ 252
A r(3+n)2 1/2( s a7 P 2 =)

(k)" (n+3)(n+ ) 3, 122
+ B Sn(nf%) t32 H([n), [n+1,n+ 5], ——

(=) (n+3)(n+3) (k"> K2
+ 2(,,!7 ) . H([nf ] [ ] T4 )

(7’k)"k3/2 1 1

+ 96n(n+1)(n+1/2)(2+n) K g ") Jn-1/2(kr) + (n+ ) 1(kr)) (A,B,C)S3/2-nnr1/2(kr)

1

+  —n(kr)W(A,B,C)Jut1/2(kr)S1/2—n3/04n (kr)] + %6+ Duin s )2+ 7)

K—%(kr)l/zw(A, B,C)

— 2An(n+1)(n+= )(n+ )(kr) 72y (kr)’3/2nW(A,B,C))],,H/z(kr)

+

(i(kr)’l/an(A, B,C) + (kr)3/2%W(A, B,C) + (kr)~°/2V (A, B, C))],l_l/z(kr)} . (20)

In the above, we have [, (x) as the Bessel function of the first kind, S, ;» (x) as the LommelS1
functions, and H(a,b;c,d, e, x) and H(a; b, c, x) as the Hypergeometric functions of the (2,
3) and (1, 2) type, respectively. In addition, ®, was set to have the usual partial wave
potentials of the form 7" and r~"~!, which were also the solutions of the homogeneous
equation. The particular solutions represent the functions generated by the GW-induced
oscillations and are propagating EM potentials. There were singularities hidden in the
LommelS1 functions for the integer values of 1, which we regulated. Note that we can
trust only the solutions for  # 0, and this is justified as we have a semi-classical parameter
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f &~ 0 and the discretization € length scale, which provide a minimum length to which the
geometry can be probed. The constants were

(2n+1)(n—2)!

A = WA;HZ/ (21)
B = w,\m (22)
2(n +2)10,
_ @@n+1)(n-2)!
c = WAn—Z/ (23)
W(A,B,C) = %(an) + (2B +4C)n+ A — 4B + g(C), (24)
V(A,BC) = —%(an)—k(A—C)n-i-gA-&-%(C). (25)

Note that the above results were true only for n = 2 and higher. As the behavior
of the functions for general n were difficult to plot, we simply took one representative
partial wave and observed the difference from a regular solution. We took n = 3 and
observed the behavior of ®3(r) as ¥ — oo. The ®3(r) function had a real component that
fell of as the r—* was obtained from the homogeneous equation solution, and an imaginary
component (which was evident from the coefficients on the RHS) was the particular solution
for n = 3. Additionally, as our ansatz for the potential was of the form ®(r)e!, it was not
surprising that the solution was complex. We then plotted the function |®3(r)|? to examine
its asymptotic behavior. We found that, despite putting the particular solution strength
as 10710 of the r—# term, the function started increasing after a certain interval. We know
that r~* — 0 as ¥ — oo, but the presence of GWs reverses the fall off. This behavior persists
for a higher n, thus confirming our claim that the electric potential now extends to the
asymptotic region.

In general, the solutions will be of the form

D(r,0,¢,t) =) P(r) <P12(cos 0)e¥® + P, 2(cos H)e_Zi‘P) elt, (26)
]

To obtain the observable function, one must take the real part of the summed solution.
As shown above in Equation (20), ®;(r) is composed of solutions to the homogeneous
equations of the form At +B lr*(l +1), In addition, for each I, there is a particular solution.
It is plausible that the sum over I for the particular solution has a finite convergent answer.
We tried finding a convergent answer but the summation was not simple; thus, work is still
in progress. We instead used a numerical method of summing up the partial waves to some
finite number. We then plotted the particular solution and summed up to! = 3,...,m,
where m is some large number. This evidently represents a truncated GW wave contribution
that is up to the m + 2 mode in the source, but it is a good-enough approximation to what
might be the real system. Therefore, we—in the following—plotted the plane wave that
was summed up to m = 50,100, as well as showed the corresponding Coulomb potential
that was generated by the system.

We investigated the analytic formula in Equation (20) and the partial wave summation
of the spherical wave solution. We found that the potential started growing as had been
observed for the | = 3 solution of the potential, as shown in Figure 1. We then plotted
the potential in 3d and for ¢ = 0. This showed that the GW effect on the Coulomb
potential was non-trivial and was, in principle, detectable using an electrometer, which is
sensitive to the electric potential. This approach will aid in the detection of a GW in a very
isolated environment.
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Figure 1. The modulus square of the potential for I = 3.

As is evident from the above plots, i.e., in Figure 2a,b (one for m = 50 and another for
m = 100), the potential increased as a function of r, and the image on the x = cos 6 axis
showed oscillations due to the Legendre function. If one plots the sum over a small interval,
then these features are also evident, as shown in Figure 3a. If one plots the potential on the
sphere, the oscillations would of course appear as ‘petals’ in a spherical coordinates plot, as
shown in Figure 3b.

o 60 T0 80 90 100

-0t 20 30 40 5
cos(6) " cos( @) 110 »

(a) (b)

Figure 2. Real parts of ®(r,6,0). (a) Potential with partial modes summed from [ = 3,...,50, ¢ = 0.
(b) Potential with the partial modes summed for ! = 3,...,100, ¢ = 0.

The electric field defined from the above potential was expressed simply as

L b, 19D, 1 9D,
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(a) (b)

Figure 3. Real parts of ®(r,0,0). (a) Potential with partial modes summed from ! = 3,...,50 and
plotted for k =1, r = [0, 20], ¢ = 0. (b) Potential with partial modes summed for ! = 3,...,50 and
plotted in6,¢, k=1,r=1.

The electric field in the 7 direction had a non-trivial derivative in the radial direction.
The derivatives of 6 and ¢ acted on the P?(cos 0) and the cos(2¢) functions. We found that
the E, function was the derivative of the potential function that is given in Equation (20); it
was also found to be very lengthy and involved SturveH functions. Instead of quoting that,
we show a graphical representation of the functions in the following Figure 4a,b for the
I = 3 partial wave only.

600 600
1% 1=l

100 400

200

(a) (b)

Figure 4. Magnitude of the radial electric field solution for I = 3. (a) Magnitude of E; « —0d,®3 for
¢ =0, 0=rm/4r=]0,400]. (b) The E, field for p =0, 6 = 7t/4,r = [0,4].

As evident from the above, the radial component decreased with distance. However,
it must be mentioned that the particular part of the solution did show an increase as a
function of r. As in the potential, we took the ratio of the Coulomb term and GW-induced
term as 10710, In the event that this ratio was different, the nature of the electric field’s
radial component would again change. As shown in Figure 5, the contribution from
the GW-induced electric field increased with r. It also remained that there were angular

components of the electric field, which were generated due to the GW, and these should be
detectable in an electrometer.
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Figure 5. The GW-induced electric field radial component for I = 3, k = 1.

Next, we also found that the electric field’s radial component for the summed potential
was E.(r,0) = —9; (2?23 D, (r)Pf(G)) This showed behavior that was almost similar to
the electric field for I = 3, where the function shows a fall off as a function of r. We plotted

the particular solution of the GW-induced electric field, which is non-trivial, for k =1, as
shown in Figure 6.
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12 3 4 5 6 7 8 9 10
»

Figure 6. The GW-induced electric field radial component for the partial wave summed as [ =
3,...,50,k=1.

Before we end this discussion, the obvious question is whether a calibrated electrome-
ter will detect the above-generated fluctuating electric field, and the answer is yes. If we
find the potential function at a distance of 10 m from the origin where a 10~ Coulomb
charge has been placed (q/4mey~1) and where the GW has a frequency of 10 Hz with an
amplitude of 10721, then the Ey component at a fixed angle being proportional to the
potential is almost of a 0.1 N/C order. Small changes in the magnetic fields were detected
by SQUIDS [12], we therefore needed to discuss the magnetic field generated by the GW.

In the above, we showed how a GW can modify Gauss’s law but where our electric
field perturbation was time dependent. Therefore, the discussion is incomplete without
discussing the magnetic field and studying the vector potential. To obtain the magnetic
field, we studied Maxwell’s equations for v = i, where i is a space component and the
current density is j' = 0, as we are only studying Coulomb’s law for a static source in this
discussion. We found that Maxwell’s equation is as follows:
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As the magnetic field was initially zero, the contribution to a non-zero magnetic field B at a
first order in the GW amplitude was

(9:By —9,B;) = —dohiE2+ Ly, (29)
(0xB: —:By) = dohiE)+dEy, (30)
(9xBy — yBy) = 9pE-. 31)

In the above, E? is the components of the Coulomb field and £; is the perturbations that
were computed due to the GW. If we use the Lorenz gauge and write the magnetic field in
terms of a Gauge potential B = V x A, such that V - A = 0, one obtains

V2Ay = —3ohiE)+QE,, (32)
VA, = 3ohiE)+ ok, (33)
V2A, = 9yE.. (34)

The above equations can be solved using the same method as the scalar potential solution
for Gauss’s law. Thus, apart from modifying Gauss’s law, the GW also induces a magnetic
field, and this can be calculated. We hope to discuss this in a future work. The fact that a
tiny magnetic field was generated is important for detection purposes as small changes in
magnetic fields can be found using SQUIDS [12].

3. Conclusions

In this short article, we have shown that the GW generates a source for a perturbation
of the EM potential, which is time-dependent. The solution is complicated in form but was
exactly obtained. As GWs were detected, we predicted the corrections to the Coulomb
potential being of a point source charge, and we hope to find an experimental verification
of our results. The semi-classical corrections to the metric described in the paper will also
correct Gauss’s law in a slightly similar functional form but will also be of a next order in the
perturbation. Previously, and in recent years, GW wave-induced corrections to Maxwell’s
equations have been studied [12-16], but our results specifically discussed corrections to
a static electric Coulomb potential using partial wave analysis. We also showed how a
magnetic field is generated by the GW. We found that, when using numerical values, the
GW-induced electric fields propagated and can be almost of an order 1. The question then
is, have we already seen the GW-induced correction to Gauss’s law in some detector? To
attribute the EM detection to a GW would therefore be the next task.
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Abstract: Background independence is often emphasized as an important property of a quantum
theory of gravity that takes seriously the geometrical nature of general relativity. In a background-
independent formulation, quantum gravity should determine not only the dynamics of space-time
but also its geometry, which may have equally important implications for claims of potential physical
observations. One of the leading candidates for background-independent quantum gravity is loop
quantum gravity. By combining and interpreting several recent results, it is shown here how the
canonical nature of this theory makes it possible to perform a complete space-time analysis in
various models that have been proposed in this setting. In spite of the background-independent
starting point, all these models turned out to be non-geometrical and even inconsistent to varying
degrees, unless strong modifications of Riemannian geometry are taken into account. This outcome
leads to several implications for potential observations as well as lessons for other background-
independent approaches.

Keywords: background independence; space-time physics; geometry; loop quantum gravity; covariance

1. Introduction

A key feature of general relativity is its ability to determine both the dynamics and
the structure of space-time. A complete quantum theory of gravity should therefore
refrain from presupposing space—time structure; only then can it be considered a proper
quantization of the theory. As a conclusion, space—time structure must be derived after
quantization for a subsequent physical analysis, and the result may be modified compared
with the familiar Riemannian structure. Depending on the quantization procedure, it may
even happen that no consistent space—time structure exists for its solutions. A detailed
analysis is then required to see whether the theory can be considered a valid candidate for
quantum gravity, even if it is formally consistent, judged by non-geometrical standards
such as conditions commonly imposed on quantizations of gauge theories. These questions
are highly non-trivial in any approach. A detailed analysis is now available in models of
loop quantum gravity, but it remains preliminary owing to the tentative nature of physical
models of space—time in this theory.

Loop quantum gravity is often advertised as a background-independent approach to
quantum gravity. This characterization suggests that the theory might indeed be free of
pre-supposed space-time structures. In practice, however, the rather involved nature of
methods suitable for derivations of space—time structures, combined with the canonical
treatment used in the more successful realizations of loop quantum gravity, has for some
time obscured the role and nature of space-time in this theory. In fact, several long-standing
doubts exist as to the possibility of covariance in models of loop quantum gravity. For
instance, the “bounce” idea, used in a majority of cosmological and black-hole models in
this setting, is largely based on calculations available for the dynamics in homogeneous
cosmological models, introducing formal properties of discreteness or boundedness seen
in the kinematics of the full theory of loop quantum gravity. Since it remains unknown
whether there is space-time dynamics consistent with the kinematics of the full theory,
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there is no guarantee that kinematical ingredients exported to homogeneous models of
quantum cosmology can give rise to a meaningful structure of space-time and some sense
of general covariance.

More specifically, kinematical features that apply spatial discreteness work as a cut-
off which, if it is a fixed scale, is hard to reconcile with the transformations required for
covariance. If one accepts the possibility that quantum gravity may well lead to non-
classical space-time structures that require a modified and perhaps weakened version
of general covariance, consistency requires a detailed demonstration of how one can
avoid various low-energy problems that may then trickle down from the Planck regime,
as pointed out in [1,2]. Moreover, in such a situation, it is important to determine how
a modified space-time structure can be described in meaningful terms, for instance by
addressing the question of whether such a theory can still be considered geometrical
and whether there is an extended range of parameters (such as 1) in which effective line
elements may still be available.

A consideration of space-time structure in bounce models also raises the question
of how exactly singularity theorems are evaded. In models of loop quantum cosmology,
bounce solutions are obtained without modifying matter Hamiltonians. The standard en-
ergy conditions therefore remain satisfied, obscuring the possibility of avoided singularities
often claimed in this setting. Since singularity theorems make statements about boundaries
of space-time and use the general properties of Riemannian geometry such as the Ricci
curvature and the geodesic deviation equation, they depend on and require a consistent
form of space—time structure. Unfortunately, however, bounce models of loop quantum
gravity are often accompanied by poorly justified and contradictory statements about
space—time. For instance, standard line elements are commonly used to express modified
gravitational dynamics in tractable form, implicitly presupposing that space-time remains
Riemannian. However, then, singularity theorems should be applicable to the resulting
modified solutions since the behavior of matter energy is assumed to remain unchanged,
making it impossible to evade singularities by a bounce. (The behavior of singularities
may depend on a possibly modified relationship between stress-energy and Ricci curva-
ture even if one maintains positive-energy conditions. However, simple bounce models
based on modified Friedmann equations do not provide such a relationship because their
space-time structure remains unclear.) The fact that this contradiction has gone unnoticed
for several years in this field serves to highlight the challenging nature of questions about
space-time in loop quantum gravity.

Independently of bounce claims, results about space-time structure in models of loop
quantum gravity have been accumulating in recent years. This review presents a summary,
highlighting the similarities between different ways in which covariance can be and often
is violated. By now, all the high-profile claims made in the last decade in the context of loop
quantum gravity, including [3-6], have been shown to rest upon inconsistent assumptions
about space-time structure and covariance. It is therefore of interest to combine and
compare the various ways in which covariance can be violated in order to arrive at a
general perspective. (Some of these models have already been presented in an overview
form in [7]. The focus of this previous review was on implications for models of black
holes, while the present one emphasizes the role of these results for general aspects of
background independence and the viability of quantum gravity. Moreover, it presents
further comparisons between the different results).

A discrete fundamental theory is not expected to respect all the properties that we are
used to from classical space-time. Some violation of classical covariance may therefore be
allowed. Nevertheless, because covariance does not only describe a property of classical
space—time but also implies that all consistency conditions are met for gravity as a gauge
theory, the requirement of general covariance cannot just be abandoned without suitable
replacements. One task to be completed for a consistent theory of quantum gravity is
to find suitable middle ground between completely broken covariance and the strictly
classical notion of general covariance. Considerations of covariance therefore remain
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important even if one believes that quantum gravity may completely change the structure
of space-time in its fundamental formulation.

The examples of violations of covariance discussed here do not directly apply to
fundamental quantum gravity but rather to models used for phenomenological studies of
cosmology or black holes. In this context, the question of covariance is even more pressing
because a general (but often implicit) strategy in this context is to use well-understood
Riemannian geometry to analyze potential modifications in the dynamical equations of
quantum gravity. Since these modifications may easily affect space-time structure as well,
any implicit assumptions about space-time must be uncovered and analyzed before an
analysis can be considered meaningful. In this phenomenological context, the question of
space—time structure is not as challenging as it is at the fundamental level, but it is still
relevant. The task is to show that a certain geometrical structure applies to solutions of an
effective description of quantum gravity not only in the strict classical limit where 71 = 0
but also within some finite range of the expansion parameter, given for instance by p/pp in
a cosmological model with energy density p relative to the Planck density.

The studies [3-6] of interest here implicitly assume that space-time structure remains
unmodified even in the presence of modified dynamics, and sometimes even all the way
to the Planck scale [3,6]. This strong assumption is implemented by inserting solutions of
modified equations in a standard line element, without checking whether the modified
solutions obey gauge transformations compatible with coordinate transformations such
that an invariant line element results. Such a line element is crucial in these studies
because it enables the formulation of new claims of potential physical effects that make
these studies interesting and publishable in high-profile journals. The same ingredient
makes these studies vulnerable to violations of covariance, as reviewed in detail in the
following sections.

The concluding section of this review points out general properties of covariance in
models of loop quantum gravity that may be useful for other approaches. It is generally
expected that quantum gravity leads to new geometrical features at large curvature that
can no longer be described by a classical form of space-time with its common sense of
covariance. Loop quantum gravity is only one approach in which a specific example
of discreteness or other non-classical geometrical effects is being explored. The general
question to be addressed is then whether quantum gravity at large curvature remains a
geometrical theory in the sense that its solutions can still be described in terms of space—
time with a certain generalized meaning compared with our classical notion.

2. Models of Loop Quantum Gravity

In order to set up our analysis, we should first introduce the general form of modi-
fications implemented in models of loop quantum gravity (see [8] for more details). It is
sufficient to illustrate these modifications by recalling the basics of loop quantum cosmol-
ogy for spatially flat, isotropic models.

2.1. Holonomy Modifications and Space-Time Structure

The classical dynamics of the scale factor a can be expressed by a canonical pair (g, p)
where g = i (a proper-time derivative) and |p| = a?, subject to the Friedmann constraint:

— =0 M

with the energy density p. Kinematical aspects of loop quantization suggest the replace-
ment, or “holonomy modification”:

2, sin(lg//Ipl)
%H quﬁ ?
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where / is a suitable, possibly running length scale, such as the Planck length /p in
simple cases.

Taken in isolation, holonomy modifications imply non-singular behavior in isotropic
models with a modified Friedmann constraint:

sin(4q/+/Tpl)? _ 8nG
e =

: ©)

because the energy density of any solution to this equation must be bounded (assuming
that ¢ is constant, as commonly done in this context). However, this equation includes only
one type of expected quantum corrections. In addition, a complete effective description
of some underlying dynamics of quantum gravity (of any kind) should also include the
remnants of higher-curvature terms in an isotropic model. Higher-curvature terms, just
like holonomy modifications, require a given length scale, which we may assume to equal ¢
if holonomy modifications and higher-curvature terms are derived from a single quantum
theory of gravity. It is easy to see that higher-curvature terms are not described by (3)
because they generically imply higher time derivatives and therefore extend the phase
space by additional momenta.

The Equation (3) is therefore incomplete from the viewpoint of effective theory. Nev-
ertheless, it may be useful because it determines at least one type of quantum corrections.
However, knowing that there are additional terms not included in (3) that also depend on
¢, we cannot trust the full function sin?(¢q/+/[p|) /£? but should rather expand:

Mwﬁ(l,lﬁﬁJr._) (4)
2

¢ Pl 3 pl

and only include leading-order terms. If £ ~ (p, these leading corrections are of the order
Z%,qz /|p| ~ p/pp, which is the same as the order expected for higher-curvature terms. Even
the leading corrections in (3) should therefore not be considered to be definitely certain
and considered with caution. Interpreting the full series expansion or its sum to the sine
function as an indication of bounded densities is unjustified in the absence of information
about higher-curvature terms.

Higher-curvature terms are also of interest from the point of view of space-time
structure. We already used the fact that they generically include higher time derivatives, but
the specific appearance of such terms is not arbitrary and is instead guided by requirements
of general covariance. In loop quantum cosmology, the form of quantum corrections that
may appear in addition to holonomy modifications can therefore be determined only if
there is good control on space-time structure in this setting.

Isotropic and homogeneous models are not sufficient for an analysis of space—time
structure and covariance because these questions rely on how spatial and temporal depen-
dencies are related in differential equations and their solutions. At least one spatial direction
of inhomogeneity should then be included in suitable models, in addition to the non-trivial
time dependence already described by models such as (3). While such (midisuperspace)
models have been considered in loop quantum gravity for some time, their application to
the question of covariance is rather new and has led to several surprising results.

2.2. Three Examples and One Theorem

We will review three examples of the proposed methods to describe inhomogeneity in
models of loop quantum gravity and the reasons why they turn out to violate covariance
in ways that render them inconsistent. The first example, the dressed-metric approach
for cosmological inhomogeneity [9], has been used several times as a crucial ingredient
in cosmological model building, leading to claims of observational testability that, given
the underlying problems with space-time structure, turn out to be unfounded. (Similar
arguments regarding violations of covariance apply to the hybrid approach to inhomo-
geneity in loop quantum cosmology [10]). The remaining two examples, given by partial
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Abelianizations of constraints in spherically symmetric models [4] as well as a misleadingly
named “covariant polymerization” [11] in related studies apply to proposed scenarios for
quantum black holes. (The proposal of [11] was intended to justify modified equations
used for a study of critical collapse in [5]).

In addition, we will describe a detailed no-go theorem based on a minisuperspace
description of the static Schwarzschild exterior by a homogeneous time-like slicing, as
originally proposed for a different purpose in [6].

3. Dressed-Metric Approach

In classical gravity, as is well known, it is possible to describe cosmological inhomo-
geneity in the early universe as a coupled system of two independent sets of degrees of
freedom, given by inhomogeneous perturbations evolving on a homogeneous background
with THE choice of a time coordinate (such as proper time or conformal time). In a discus-
sion of possibly modified dynamics and space-time structure, it is important to remember
that these two ingredients, background and perturbations, have rather different properties
related to covariance.

3.1. Background and Perturbations

The dynamics of any homogeneous background can be modified without violating
covariance because there is a single constraint, (3), which is always consistent with itself
in any modified form: because {C, C} = 0 for any Poisson bracket, Hamilton’s equations
generated by a constraint C are guaranteed to preserve the constraint equation C = 0
imposed on initial values.

Applied to the Friedmann constraint C, we generate equations of motion:

df

2L ffN
for any phase-space function f, with respect to a time coordinate ¢ indirectly determined by
the lapse function N > 0. The generic time derivative, applied to solutions of the constraint

C = 0, can be rewritten as
1df

_ _df
NE“U'C}‘E (6)

introducing proper time 7 in the last step by the usual definition dt = Ndt.
All allowed choices of time coordinates (monotonically related to T) can therefore be
described by a single line element:

ds? = —d7? + d(1)2do? )

where 4(T) denotes the scale factor subject to potentially modified dynamics, and do? is
a standard isotropic spatial line element. Because the definition of T implies that the line
element is correctly transformed to:

ds? = —N2d#? + a(t)%do? (8)

for any other time coordinate ¢, there is a suitable way to describe any modified homoge-
neous dynamics, subject to a single constraint, by a space-time geometry that is invariant
with respect to the full coordinate changes allowed by the symmetry, given by reparame-
terizations of time.

Coordinate changes are more involved in the case of spatial inhomogeneity because
several independent coordinates may be related by transformations. In the canomical
language of constraints, the presence of a multitude of independent ones, one Hamiltonian
constraint per spatial point as well as diffeomorphism constraints, which implies that a
modification of one or more constraints no longer implies the consistency of their Hamilto-
nian flows with respect to the other constraints. Since the relevant constraints implement
space—time transformations, a dedicated space-time analysis then becomes important.
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For small, perturbative inhomogeneity, there is a standard way to describe curvature
perturbations in terms of combinations of metric and matter fields that are invariant with
respect to small coordinate changes [12]. However, compared with the reparameterizations
of time relevant for the background, it is much harder to derive a suitable invariant line
element extending (8) in a way that is consistent with Hamilton’s equations generated by
modified constraints for perturbative inhomogeneity. In fact, the standard derivations of
curvature perturbations [12,13] as well as the canonical version given in [14] assume that
space—time is of its classical form, for instance by directly working with the coordinate
substitutions in a line element. A modified or quantum treatment then cannot take it for
granted that the form of these curvature perturbations remains unchanged, because the
space—time structure itself may be modified in quantum gravity.

The dressed-metric approach proceeds by quantizing standard curvature perturba-
tions on a modified background, leading to wave equations for perturbations on a modified
background line element ds? = g”l,(ﬁdx“dx/S of the form (8). The approach therefore im-
plicitly assumes that space-time structure remains classical even while the dynamics of at
least the background are modified. Upon closer inspection, this assumption turns out to
be unjustified.

3.2. The Metric’s New Clothes

As already pointed out in [15], Bardeen variables or curvature perturbations are
“gauge invariant” under small coordinate changes, but not necessarily under all coordinate
changes relevant for a given cosmological situation. In particular, in cosmological models of
perturbative inhomogeneity, we also need invariance under potentially large background
transformations of time, such as transforming from proper time to conformal time.

Small coordinate changes of perturbations and large reparameterizations of back-
ground time are not independent of each other. Algebraically, they form a semidirect
product rather than a direct one, as shown in [16]. The non-trivial interplay between these
transformations can be deduced from vector-field commutators such as:

3 0] @ sad
[f(t)g,ﬁ @} =f¢ w—f(’fog ©)

which in general are not zero (in contrast to what a direct product would imply) but
rather form a small inhomogeneous transformation. This interplay is a general prop-
erty of perturbations in Riemannian geometry, as encoded in line elements suitable for
perturbative inhomogeneity.

The applicability of standard line elements requires the precise algebra of coordinate
transformations to be modeled by gauge transformations in a canonical formulation of any
gravity theory. However, while the dressed-metric approach assumes the availability of
standard line elements with the usual coordinate dependence (but possibly modified metric
coefficients), it violates the algebraic condition by its independent treatment of background
and perturbations: quantizing the background separately from the perturbations evolving
on it implicitly assumes a direct product of coordinate changes. Writing a line element
ds? = g”aﬁdx"‘dxﬁ based on modified metric components g, in a dressed-metric model is
therefore meaningless.

3.3. Effective Line Element

Because a line element ds? = g,,(ﬁdx”‘dxﬁ is defined as the square of an infinitesimal
distance, it can be meaningful as a description of geometry only if it is independent
of coordinate choices that affect dx* as well as g,5. For ds? to be invariant, the metric
coefficients g, must be subject to the standard tensor-transformation law:

9x* 9xP
S = a5 S8 (o
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if coordinates x* are transformed to x? .

Canonical quantization in its usual form, as applied in models of loop quantum
gravity, does not modify space-time coordinates x* and their transformations, but it may
alter the equations of motion (with respect to these coordinates) for the spatial metric g;; in
the generic canonical line element:

ds? = —N?d# + g;;(dx’ + M'dt)(dx/ + M/dt). (11)

Modifications of the remaining components, the lapse function N and shift vector M,
are also determined by canonical equations, although more indirectly because N and M’
do not have unconstrained momenta. In the presence of modifications, altered equations
for q;, N and M must remain consistent with coordinate transformations if an effective
line element ds? is to be meaningful.

A crucial ingredient in a canonical analysis of covariance is therefore given by the
transformations of N and M, in addition to the more obvious transformations of gij- The
full set of canonical transformations makes use of the specific properties of the constraints
of the theory. At this point, the analysis of geometrical properties relevant for effective line
elements benefits from a discussion of hypersurface deformations in space-time, which are
generated from the constraints. While properties of hypersurface deformations constitute
some of the classic results in canonical general relativity [17-21], they do not appear to
be widely known. What follows is a construction of hypersurface deformations based on
elementary properties of special relativity.

3.3.1. Hypersurface Deformations

In special relativity, an observer moving at speed v assigns new coordinates to events
in space-time according to a Lorentz transformation:
’ x — ot ’ t—ox
x N t Niprh (12)
Interpreting this transformation as a linear deformation of axes in a space-time di-
agram, as shown in Figure 1, the set of all Poincaré transformations can be geometri-
cally represented by linear hypersurface deformations with respect to lapse functions
N(x) = At+ v - x (deformations in the normal direction of a spatial slice) and shift vector
fields M(x) = Ax + Rx (tangential deformations within a spatial slice). The parameters
in these expressions for linear lapse functions and shift vector fields determine a time
translation At, a boost velocity v, a spatial shift Ax and a spatial rotation matrix R.

t'=const

t=const

Figure 1. A Lorentz transformation in Minkowski space-time, shown in the traditional way by means
of axes as well as in terms of linear normal deformations of a spatial slice. A slice = const in the
original coordinate system was transformed to a new spatial slice ' = const by a linear deformation
with position-dependent displacement N(x) = Nj + vx along the unit normal vector field n.

We extend these considerations to general relativity by replacing the restricted set of
translations, rotations and Lorentz boosts with arbitrary non-linear coordinate changes.
Correspondingly, hypersurfaces are subject to non-linear deformations [17]. Infinitesimal
hypersurface deformations in Riemannian space-time, split into “temporal” deformations
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T(N) in a normal direction and “spatial” deformations S(M) in tangential directions, can
be shown to obey the commutators:

[S(M1),8(M2)] = S((M1-V)M; —(Mz-V)My) (13)
[T(N),S(M)] = —T(M-VN) (14)
[T(N1), T(N2)] = S(N1VN, — NoVNp) (15)

when they are applied in two alternative orderings. A visualization is shown in Figure 2.
The brackets (13)—(15) represent general covariance in canonical form. While specific ex-
pressions for S and T can vary depending on the gravitational theory, such as different
higher-curvature actions [22], the brackets remain the same as long as the underlying
geometry of space-time is Riemannian. Conversely, deviations of the brackets from their
Riemannian form can be used to detect non-classical space-time structures in modified
canonical gravity. The algebraic nature of the brackets makes it possible to analyze gravi-
tational theories without presupposing specific geometrical formulations of space-time,
constituting a major strength of the canonical approach.

Figure 2. Two non-linear normal deformations, one with a lapse function N; and one with a
lapse function N, applied in two different orderings, show the commutator (15) given by a spatial
displacement M.

Figure 3 represents the commutator of an infinitesimal time translation and an infinites-
imal normal deformation. This picture can be interpreted as a version of the vector-field
commutator (9) of a background transformation and a small perturbative transformation.
The non-zero result of (9) corresponds to the presence of a spatial shift on the right-hand
side of Figure 3. Even though there is no immediate time dependence of the canonical
data on which a background vector field as in (9) would act, the semidirect product of
background and perturbative transformations is clear. In canonical language, the failure of
the dressed-metric approach to realize the correct semidirect product means that there is
no common T(N) for background and perturbations in this setting. The non-existence of
consistent temporal deformations signals the break-down of space-time and covariance.
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Figure 3. Semidirect product of time reparameterizations and inhomogeneous transformations as
in (9), represented in the picture of hypersurface deformations: The commutator of two such normal
deformations produces a non-zero spatial shift M.

3.3.2. Structure Functions

The brackets of hypersurface deformations have structure functions because the
gradient in (15) requires the use of the spatial metric, and therefore depend on the geometry
described by these brackets. A canonical realization of these brackets is given by the
Hamiltonian and diffeomorphism constraints, H[N] and D[M], of a given gravity theory.
Written in the form:

{DIMi],D[M}]} = DMy, My)] (16)
{H[N],D[M]} = —H[MjV;N] 17)
{H[N,], H[N]} = D[g"(N1V;N, = NaV;Ny)], (18)

they make the appearance of structure functions explicit, depending on the inverse spatial
metric q’j . Formally, we may write the constraint brackets as {C4,Cp} = F EBCD with
indices A, B and D that combine spatial positions with the type of constraint (Hamiltonian
or a component of the diffeomorphism constraint). The coefficients FZ, are not constants
but phase-space functions.

The presence of structure functions causes long-standing problems in the quantization
of canonical gravity [23,24]: upon quantization, qij as well as D and H are turned into
operators. Maintaining closed brackets therefore requires specific ordering, regularization,
or other choices. Even if the brackets can remain closed under certain conditions, quantized
structure functions may be quantum corrected. A question relevant for covariance is then
that of whether a meaningful interpretation of the generators as hypersurface deformations
in space-time still exists.

As shown in [25], a meaningful space-time interpretation does exist at least in some
cases of modified structure functions. To see this, it is necessary to construct a space-time
line element that is consistent with the modified gauge transformations generated by (18)
with the quantum-corrected structure functions. If these functions are modified, so are
the versions of hypersurface deformations they represent, and therefore the objects g;;, N
and M’ in which the brackets are formulated, do not directly define the components of a
meaningful line element because this notion is based on classical space-time with standard
hypersurface deformations. However, in some cases, suitable redefinitions of the canonical
fields are available that can serve this purpose.

A derivation of proper effective line elements is based on the general property of
Hamiltonian and diffeomorphism constraints as generators of evolution equations, giving
the time derivative: '

f = Lif = {f, HIN] + DM} 19

of any phase-space function f with respect to the time-evolution vector field #* = Nn* + M*".
(The space-time vector field M* is the push-forward of the spatial vector field M’ by the
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embedding map of a spatial slice in space-time). In addition, the constraints generate
gauge transformations:

0ef = {f, Hle] + DIe']} (20)

which would correspond to coordinate changes generated by the vector field * = en® 4 €*
if structure functions were unmodified.

In all cases—modified and unmodified structure functions—evolution equations and
gauge transformations must be consistent with each other: a gauge-transformed f must
evolve according to the general Equation (19) with the same generators H and D as the
original f, but possibly with a new time-evolution vector field. Since the direction of
the time-evolution vector field within a given theory is determined by lapse and shift,
this consistency condition can be used to derive gauge transformations for N and M'.
Together with the gauge transformations of g; i directly determined by (20) because qij are
phase-space functions, all components of a candidate space-time line element can therefore
be unambiguously transformed.

For generic structure functions F EB, evolution and gauge transformations are consis-
tent with each other, provided the multipliers (N4) = (N, M!) gauge transform according
to [26]:

SeNA = ¢4 4 NBeCFLL-. (21)

Unlike in the case of deq;; = {qij, Hle] + D[e']}, the structure functions appear explic-
itly in (21). Structure functions, and their possible modifications, are therefore directly
relevant for space-time structure and the existence of meaningful effective line elements:

ds? = —N2d# + g;;(dx’ + M'dt) (dx/ + Mdt) (22)

which may require field redefinitions of N, M’ as well as gij if the structure functions Fé“c
are modified.

3.4. Lessons from Hypersurface Deformations

In canonical models of modified gravity, control on space-time structure requires full
expressions for the Hamiltonian constraint H[N] and the diffeomorphism constraint D[M']
with closed brackets. This condition is violated in the dressed-metric approach (as well
as in hybrid loop quantum cosmology) because the independent treatment of remnant
coordinate freedom in background and perturbations, the former through deparameteri-
zation and the latter by using curvature perturbations, precludes the construction of joint
constraints for both sets of degrees of freedom. The common assumption that space-time
in this setting can still be described by a line element, presupposing a Riemannian structure
of space-time, is therefore unjustified. Detailed discussions of the underlying modifications
of contributions to the Hamiltonian constraint from background and perturbations show
that the implicit assumption of unmodified brackets, and thus Riemannian structures, is
inconsistent [16].

For a consistent space—time structure, the gauge behavior of the classical theory must
remain intact, even while it may be modified and subject to quantum effects. In general,
this condition requires anomaly freedom, such that the same number of physical degrees of
freedom as in classical gravity is realized in a modified version. If this condition is violated,
the modified theory cannot have the correct classical limit owing to a discontinuity in the
number of degrees of freedom. An anomalous modification or quantization of gravity does
not permit a semiclassical or effective treatment by line elements in any form because it is
incompatible with the gauge structure of space-time.

A formal statement of the condition that the gauge behavior remains intact is the exis-
tence of closed Poisson brackets of H[N] and D[M'] for all relevant N and M’, depending
on whether one considers the full theory or a restricted version such as a midisuperspace
model. This condition allows for possible quantum corrections in the structure functions

131



Universe 2021, 7, 251

of the gauge algebra, given in the case of gravity by the inverse spatial metric 4/ as it
appears in: -
{H[M], H[N2]} = D[B(q,p)g" (N1 VN2 — NaV;Ny)] (23)

with a possible modification function B(g, p) on phase space. We have the classical space-
time structure if = %1, giving two possible choices of the signature of a classical four-
dimensional metric, where = 1 for Lorentzian-signature space—time and = —1 for 4-
dimensional Euclidean-signature space. (In each case, the name only refers to the signature
and does not imply flatness).

We have a consistent non-classical space-time structure if the brackets are closed
such that B # +1. The modification function  determines the structure functions of
hypersurface-deformation brackets in the modified theory. Modified structure functions,
in turn, show via (21) how lapse and shift transform and whether it is possible to find
suitable field redefinitions of these fields that can be used in a proper effective line element
as discussed in detail in [25].

As we saw in the present section, suitable transformations of lapse and shift as
components of the space-time metric require knowledge of the structure functions of H[N]|
and D[Mi]. If the brackets do not close, as in the dressed-metric approach, there are no
meaningful transformations of lapse and shift and it is impossible to construct a valid
structure of space-time. Such a structure exists only in anomaly-free modifications of the
constraints. However, the condition of anomaly-freedom is not sufficient if it does not
imply a clear modification of the structure function of hypersurface-deformation brackets,
for instance in cases in which the constrained system is reformulated before it is modified
or quantized. An example for such an approach is given by a partial Abelianization of the
constraints [4], to which we turn next.

4. Spherical Symmetry

An instructive set of examples is given by spherically symmetric space-time geome-
tries with the line element:

ds? = —N2d#? + L*(dx + Mdt)? + S2(d9? + sin? 9d¢?) (24)

where N, L, M and S are functions of t and x. Together with the momenta p;, and pg of
L and S, respectively, the components L and S of the spatial metric in classical general
relativity are subject to the Hamiltonian constraint:

_ [ N[ pes  Lei (897 88" SS'L L
H[N}/mN( s T T T iy L 25)

and the diffeomorphism constraint:

Dle] = / e(psS’ — Lpp)dx. (26)
The relevant bracket with a stucture function is given by
{H[N), H[NaJ} = DIL™?(N1N; = NaNy) @7

4.1. Reformulating the Constrained System

In [4], a reformulation of the constraints has been suggested that can remove the
structure function and even partially Abelianize the brackets. Instead of H[N], this refor-
mulation uses the linear combination:

) 2 "2
H[2PS' /L] + D[2Pp1./(SL)] = /_oo P% (—”SL v S(LSZ) - s) dx (28)
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of Hamiltonian and diffeomorphism constraints. Specifically, the combination replaces
H[N] with a new constraint whose integrand (except for the multiplier P) is a complete
derivative. Imposing (28) as a constraint therefore requires that the parenthesis in this
expression equals a constant, Cyp. The same condition can be expressed by the alterna-

tive constraint: ) )
C[Q]:/_OOQ<_}7L+S(S) —S—C0>dx (29)

S L2

(The constant can be related to boundary values). Because C[Q] depends neither on
ps nor on spatial derivatives of L, it is easy to see that two such constraints always have a
vanishing Poisson bracket, unlike two Hamiltonian constraints. Together with the original
diffeomorphism constraint, we have the brackets:

{ClQl, Dle]} = —C[(eQ)'] , {ClQu],C[Q:]} =0 (30)

free of structure functions. Therefore, it may be expected that using the reformulated con-
straints greatly simplifies the quantization procedure or the derivation of viable modifications.

However, the reformulation has made use of metric-dependent coefficients S’/ L and
pr/(SL) in (28). In general, it is not clear whether these coefficients will be subject to
quantum corrections, in which case it may be difficult or impossible to reconstruct valid
hypersurface-deformation brackets with the correct classical limit from a quantization or
modification of the system (30). The non-trivial nature of this question has been shown
in [27] and the related [28], where examples were presented in which (30) can easily be
modified while no hypersurface-deformation brackets can be reconstructed at all or only in
modified form.

For instance, the modification:

CrlQl = /j; Q<ff(’;f)2 + %;)2 —5— Co> dx (31)

with a free function f(pr), such as sin(¢py) /¢ where ¢ is a suitable length scale analogous
to (3), and an unchanged D[e] maintains the brackets (30) and is therefore anomaly-free in
the reformulated system. By reverting the steps undertaken in (28), it can be seen that (31)
corresponds to the modified Hamiltonian constraint:

_ [ N[ s df(p) | Lf(p) | (8% SS" SS'L' L
Hf[N]*/fooN< 5 dp e ot o) &

This modification of the Hamiltonian constraint, which has already been found in [29],
also turns out to be anomaly-free, but with a modified bracket:

{H¢[N1], H¢[N2]} = D[B(pr)L 2 (N1 Ny — NoNy)] (33)

where: ) d2f
B(pL) = 245 (34)

The modified structure function is an example of signature change because f is
negative around any local maximum of f.

If spherically symmetric gravity is coupled to a scalar field, the partial Abelianization
of [4] is still available and can be modified as in (31). However, in this case, there is no
consistent set of hypersurface-deformation generators [27]. Therefore, the modified theory
is formally consistent but not geometrical: its solutions cannot be described by Riemannian
geometry or effective line elements, even after a field redefinition. This problem poses
a significant challenge to loop quantization because an application to vacuum models
would only be too restrictive. Moreover, the problem is broader because polarized Gowdy
models, which can also be partially Abelianized, do not admit a consistent set of modified
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hypersurface-deformation brackets [28]. To date, therefore, midisuperspace models with
local physical degrees of freedom cannot be geometrically described in the presence of
loop modifications.

4.2. Non-Bijective Canonical Transformation

To circumvent this problem, ref. [11] proposed a modification of spherically symmetric
gravity based on a non-bijective canonical transformation:

po= S0Py L (35)
cos({pr)

The transformation can be applied to the Abelianized constraint C[Q] or to the Hamil-
tonian constraint by inserting p; (fr) and L(L, fiL) in their classical expressions. (The
diffeomorphism constraint is not modified by this transformation.) Terms depending on
pr. in C[Q] are then modified as before in (31) with a specific version of f(py), and there
are new modifications in the L-term. As postulated in [11], this procedure, based on a
canonical transformation, might be able to preserve the covariance of the classical theory
even in the presence of a scalar field, and yet allow room for new quantum effects because
of the non-bijective nature of the canonical transformation.

Unfortunately, this hope remains unfulfilled precisely because the transformation is
not bijective [30]. In particular, the bijective nature breaks down at hypersurfaces defined
by {p;, = £1or {p; = (n+1/2)m, and py, as well as j, are spatial scalars but not space—
time scalars. Therefore, while the transformation preserves symmetries of the classical
theory when it can be restricted to regions of phase space in which it is bijective, these
regions themselves are defined in terms that are not space—time covariant. The resulting
theory is not covariant.

For the same reason, fi; not being a space-time scalar, the variable L introduced by the
canonical transformation does not have the same behavior as L = L/ cos(¢fi) under space-
time transformations. As a consequence, L cannot be used in a space—time line element
based on L2dx?. A meaningful effective line element is obtained only after a suitable
field redefinition that leads to a function of L with the correct transformation properties.
Since we already know that [ was derived from such a function, L, the field redefinition
simply sends us back from L to L in regions in which the canonical transformation is
invertible, undoing the modification of the theory in such regions. (More systematically,
such a field redefinition can be derived using the methods introduced in [31].) In these
regions, exact classical solutions without any modifications are produced, but different
regions are connected along hypersurfaces (again, given by ¢p;, = £1or {p;, = (n+1/2)m)
that are not covariantly defined. Since these hypersurfaces refer to fixed values of certain
components of extrinsic curvature, their positions in space-time depend on choices of
coordinates and spatial slicings.

In particular, slicings with large p; ~ 1// exist even in flat space-time, and therefore
violations of covariance in this model cannot be considered a “large-curvature effect”.
These violations can occur at a low space-time curvature (in an invariant meaning), and
therefore the model cannot be considered a permissible model of quantum gravity that
would have non-standard geometrical features only at the Planck scale. The model could
be permissible only if it were combined with a mechanism that somehow prevents one
from choosing slicings that lead to large extrinsic curvature p;. However, preventing
such slicings (or any slicing) from being allowed requires violations of covariance that
are hard to reconcile with the application of line elements, even if they were only used in
low-curvature regions.

4.3. Bijective Canonical Transformation

As discussed in more detail in [30], the application of canonical transformations makes
an analysis of space-time structure rather non-trivial even if the transformation is bijective.
A bijective canonical transformation from (L, pr.) to some (L, 1) may well be such that all

134



Universe 2021, 7, 251

possible values of p; are mapped to a finite range of fi;. One could then conclude that the
transformed theory resolves singularities if i, interpreted as some curvature expression
in the new theory, remains bounded. However, the new theory was obtained by applying a
bijective canonical transformation that cannot modify the physics of classical spherically
symmetric models.

The answer to this conundrum relies on effective line elements. For a transformation
with a significantly modified f; to be canonical, L must also be modified compared with L.
Then, the structure function in (27) is modified when expressed in terms of L instead of L,
and solutions of the transformed theory cannot be directly interpreted in terms of a line
element where L directly takes the place of L. An effective line element, derived again as
in [31]), requires the undoing of the canonical transformation for a valid coefficient of dx?,
sending us back to the classical theory in its geometrical interpretation.

Models of loop quantum gravity are not obtained by bijective canonical transfor-
mations and could lead to new physics. However, the example of a bijective canonical
transformation demonstrates that predictions can only be reliable if a proper effective
line element is derived. Unfortunately, this task is rarely performed in phenomenological
studies of models of loop quantum gravity. In several proposals, as in the dressed-metric
approach, it is even impossible to construct an effective line element because they do not
amount to consistent modifications of the crucial bracket (27) that determines the structure
of space-time.

5. Homogeneity in Schwarzschild Space-Time

It is well known that a spatially homogeneous geometry of Kantowski-Sachs type [32],
with the line element:

ds? = —N(£)2d£ + a(t)%d2® + b(t)? (dz?z + sin? t9d(p2> (36)
is realized in the Schwarzschild interior—in the (almost) standard version:

dr?

2_ 1 »
ds® = —(1 2M/r)dt+2M/r—1

+72(d¢? + sin? 0dg?) 37)
of the Schwarzschild line element, f is a time coordinate only for r > 2M, outside of the
horizon. For r < 2M, the coordinate r may be used as time while f contributes to a positive,
space-like part of the line element. Indicating the modified roles of the coordinates in the
notation, we define t = r and x = f for r < 2M, such that the line element turns into:

dr?

ds? = —————
s IM/E—1

+ (2M/t = 1)de® + 2 (d0? + sin? 0dg? ) (39)
for t < 2M. A suitable identification of N(t), a(t) and b(t) shows that this line element is
of the general form (36).

The coordinates f and x determine a homogeneous space-like slicing in the interior of
Schwarzschild space—time. It is therefore possible to apply minisuperspace quantizations
to the interior region. However, such models do not show how a modified quantum
interior may be connected to an inhomogeneous exterior, and they do not reveal properties
of space-time structure (let alone physical processes such as occasionally hypothesized
explosions of black holes).

5.1. Time-Like Homogeneity of Exterior Static Solutions

A complex canonical transformation A = ia and py = —ip, together with n = iN
in (36) implies a Kantowski-Sachs line element of the form:

ds? = n(t)2df — A()?dx® + b(t)z(cw2 + sin? z9d<p2) . (39)
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The complex transformation has the same effect as crossing the horizon in the Schwarzschild
geometry: it flips the roles of ¢ and x as time and space coordinates. Defining X = t and
T = x, the transformed line element (40) takes the form:

ds? = —A(X)2dT? + n(X)2dX> + b(x)z(ow2 +sin? 19d<p2) . (40)

The exterior Schwarzschild line element:

dx?

2 _ _ 2
ds? = —(1-2M/X)dT? + o

1 x? <d192 + sin? 19d(p2> 1)
with X > 2M is now of this general form. In particular, the coordinates T and X determines
a homogeneous time-like slicing in the exterior. Methods of minisuperspace quantiza-
tion can therefore be applied even to inhomogeneous geometries [6], possibly leading to
modified space—time structures.

Symmetries of individual space-time solutions such as homogeneity, as opposed to
general covariance which relates different solutions of the underlying partial differential
equations, are built into the setup of the model. Therefore, they are preserved by min-
isuperspace quantization. Time-like homogeneity then remains intact for any modified
dynamics in this setting. As shown in Figure 4, time-like homogeneity with the given num-
ber of degrees of freedom, in turn, implies the existence of a static spherically symmetric
configuration if the resulting theory is covariant and slicing-independent (described by a
meaningful line element). Since the black-hole analysis of [6] is based on line elements and
refers to notions of Riemannian geometry, such as horizons, curvature scalars or Penrose
diagrams, slicing independence is one of the ingredients of the construction and does
not need to be assumed independently. It must therefore be possible to formulate the
same physics claimed in [6] for a homogeneous time-like slicing also within a covariant
spherically symmetric theory, restricted to static solutions.

Figure 4. A homogeneous time-like slicing with coordinates (¢, x) and an inhomogeneous space-like
slicing with coordinates (T, X), both in the same static spherically symmetric space-time.

Covariant versions of spherically symmetric gravity models and their static solutions are
under good control, thanks to work on dilaton gravity [33,34] and its generalizations [35,36].
It is therefore possible to check whether a proposed modification of the homogeneous
time-like slicing has a chance of corresponding to a covariant theory.
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5.2. Line Elements

Time-like homogeneity with modified dynamics leads to a formal line element:
@2:ﬁUfwzfAUYdf+@Uf<wy+ﬁ¥6d#> (42)

if solutions 7i, A and b are simply inserted in the classical line element. Since properties
of space—time transformations have not been checked at this point, there is no guarantee
that (42) presents a proper effective line element.

Assuming that the Kantowski-Sachs-like (42) is a proper line element that describes a
slicing-independent theory, it is equivalent to the Schwarzschild-like:

ds? = —K(X)2dT? + L(X)?dX? + §(X)? (d6? + sin? 6dg? 43)

where X = t, T = x and:
A=K , b=S , #i=L. (44)

By construction, the coefficients in (43) depend on X but not on T. The line element
therefore presents a static solution in a spherically symmetric model, subject to some
modified dynamics because K, L and S are only Schwarzschild-like but not exactly of
Schwarzschild form if the dynamics of the underlying homogeneous model is modified.

If the assumption of covariance, made implicitly in [6] is justified, (43) must be a solu-
tion of a 1 + 1-dimensional gravity model in terms of time and space coordinates (T, X).
Such theories are under strong control: all local covariant theories of this midisuperspace
form are known as generalized dilaton gravity models [35]. (Their equivalence to Horn-
deski theories in 1 + 1 dimensions has been shown in [36]). While several-free functions
exist in this general setting to specify the dynamics, for instance through an action, as
they can only depend on the variable analogous to our field S. Loop quantum cosmology
applied to the homogeneous time-like slicing, however, implies modifications that do not
fulfill this condition: such minisuperspace modifications depend non-linearly on momenta
px and p;, which are linear combinations of dA/dt and db/dt that, according to (44),
are translated to 0K/0X and 05/0X in the spherically symmetric slicing. Therefore, no
holonomy modified dynamics of Kantowski-Sachs-style models can be part of a covariant
space—time theory [37].

6. Conclusions

We discussed the main constructions that were supposed to circumvent difficulties
in earlier applications of loop quantization to inhomogeneous models. Instead of solving
older problems, however, these constructions led to no-go results for covariance in models
of loop quantum gravity. A complete understanding of covariance in any given model is
important not only to demonstrate its consistency, but also to evaluate possible observa-
tional implications of the underlying theory. For instance, if one neglects the identification
of suitable space-time structures for a model of modified or quantum gravity, one could be
led to posing initial conditions at an inadmissible place where there is, in fact, no mean-
ingful version of time. A detailed space—time analysis may well show other regions in
which initial values could reliably be posed, however, the altered location, perhaps at a
different range of curvature values, would affect implied phenomenological effects. Ad-
dressing such questions requires an understanding of different ways in which covariance
can be violated, which we compare in the next subsection. The final two subsections will
discuss general implications for loop quantum gravity and a brief outlook on covariance in
other approaches.

6.1. Comparison of Different Violations of Covariance

The examples reviewed in the preceding sections show different ways in which covari-
ance can be violated in models of loop quantum gravity. The dressed-metric approach, just
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as hybrid loop quantum cosmology, is based on the incorrect assumption that background
and perturbations can be quantized or modified independently in an inhomogeneous
model. This assumption ignores a crucial feature of space-time and covariance, according
to which background and perturbative transformations form a semidirect product but not
a direct one as an independent treatment would require. The fundamental nature of this
property implies that covariance is completely broken in these models, which are therefore
inconsistent as a description of (quantum) space—time.

As usual, one may expect that space-time is non-classical at large curvature and may
exhibit properties different from classical space-time. However, this expectation does not
redeem quantum models that violate covariance unless they can demonstrate that the
classical properties are recovered in a suitable classical limit. Moreover, the dressed-metric
and the hybrid approach both refer to features of classical space-time, such as line elements
or curvature perturbations, even close to the Planck curvature.

The inconsistency of these approaches is rooted not so much in possible modifications
of classical space-time properties near the Planck curvature, but rather in the unquestioned
(and often implicit) application of classical space-time ingredients for an analysis in this
regime. For a model to be consistent, such an assumption must be justified, but this
crucial step has not been attempted in the dressed-metric and hybrid approaches. There is
therefore reason to doubt the validity of these constructions and their implications.

The technical observation that a key property of classical space-time is violated, given
by the semidirect-product nature of transformation, serves as a concrete property that turns
this doubt into a proof that the models are inconsistent, not only in the Planck regime but
to any order in a semiclassical expansion by 7 or /p. Consistency is recovered only in the
strict limit of 7 — 0, just because we happen to know that the classical theory is covariant
and has solutions that can be described by line elements. In such modifications, there is
a strong discontinuity at 7# = 0 in geometrical structures, seen as an /i-dependent family
of modifications. In practice, this discontinuity translates into low-curvature physical
problems, as discovered in the case of black-hole models of loop quantum gravity in [38,39].

Similarly, the original attempt in [6] to describe the inhomogeneous Schwarzschild
exterior by homogeneous models, using time-like slicings in a static geometry, was based
on an untested assumption that is true in classical space-time but may be violated in
the presence of quantum modifications. The description of inhomogeneity in this case
is different from the preceding example because it is non-perturbative in a space-like
slicing. Here, homogeneous and inhomogeneous configurations do not appear as back-
ground and perturbations, but rather as models of a single space-time geometry using two
different slicings.

Classically, any slicing gives an equivalent description of the full geometry, but this
does not need to be the case once equations have been modified, in contrast to what has
implicitly been assumed in [6]. The good control on covariant local theories for spherically
symmetric dynamics makes it possible to test and invalidate this assumption. Again, it is
the application of line elements in [6] even in the presence of quantum modifications that
makes it possible to demonstrate inconsistency. It is not necessary to assume additional
classical features in the inconsistency proof, beyond properties that have already been used
in [6], explicitly or implicitly.

Models that work directly with spherically symmetric inhomogeneity usually tread
more carefully because the appearance of first-class constraints is explicit. A consistent
quantization or modification then requires that the first-class nature be preserved, i.e.,
that there are no anomalies, in order to prevent spurious degrees of freedom or over-
constraining the theory. However, even in an anomaly-free modification, the structure
of space-time and geometry may remain unclear without further analysis. Here, our
remaining two examples are relevant, given by different modifications implemented for
reformulated, partially Abelianized constraints and modification through a non-bijective
canonical transformation, respectively. These modifications are anomaly-free and therefore
consistent in a formal sense used for general constrained systems. Nevertheless, they turn
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out to violate covariance in different ways, even though the papers in which they have
been proposed go on and analyze their solutions by standard line elements.

6.2. Covariance Crisis of Loop Quantum Gravity

As we just saw, a crucial ingredient of proofs of inconsistency and non-covariance in
models of loop quantum gravity focuses on the application of line elements used routinely
to evaluate solutions of modified equations in canonical gravity. Since modifications
of canonical equations need not preserve covariance, even if they may remain formally
consistent and anomaly-free, line elements are rendered meaningless. It might therefore be
possible to evade some of the no-go results by foregoing line elements or related and more
advanced methods, such as Penrose diagrams. In principle, a physical analysis would
still be possible, at least in the anomaly-free case, by expressing solutions of anomaly-free
modified equations in terms of suitable canonical observables.

However, this option is rarely exercised in interesting models because of the com-
plicated nature of deriving strict observables, compared with the simple procedure of
modifying coefficients in a formal line element. Furthermore, if such an analysis could be
performed, it would not be clear in which sense solutions of the modified theory could
still be considered geometrical, even when quantum modifications are very small, or more
practically, how one would define the horizon of a black hole or curvature perturbations for
cosmology in the absence of geometry. The important covariant form of general relativity
and its geometrical nature would be a mere accident of the classical theory, rather than a
fundamental property of gravity that could be extended to even the tiniest of corrections.
While requiring a geometrical nature for quantum gravity may be largely a matter of taste,
it also has practical implications because most of the gravitational methods and definitions
that we know and understand are based on geometry.

A few additional ways might remain to solve these deep problems. First, in the
context of Section 5, non-local effects might help because they would evade the strong
control on possible covariant theories with spherical symmetry. However, the underlying
analysis of minisuperspace dynamics in [6] implicitly assumes locality because there is
a single momentum for each classical metric or triad component. If one were to try non-
locality in order to solve the covariance problem in models of loop quantum gravity,
the entire formalism used until now would have to change, even in minisuperspace
models. Moreover, non-locality is often pathological and there is no indication that loop
quantization could lead to more controlled situations.

Secondly, one may try to understand non-Riemannian space-time structures as they
would be implied by modified hypersurface-deformation brackets (8 # +1). In some
(but not all) cases, these modified geometries can be described by an effective Riemannian
line element after suitable field redefinitions. At present, such models, recently analyzed
in [25,40-42], are the only well-defined descriptions of geometries that may incorporate
quantum modifications. If suitable field redefinitions exist, strict effective line elements are
available, but in the presence of holonomy modifications they generically imply a signature
change at high curvature.

There has been progress in constructing anomaly-free versions of the Hamiltonian
constraint directly at the operator level in various versions of loop quantum gravity [43-48].
These constructions do not directly refer to symmetry-reduced models but, for now, im-
plement restrictions of general ingredients such as the spatial dimension, the local gauge
group, or the signature of gravity. In this approach, progress is usually made by reformu-
lating the constraints, simplifying their brackets in a way that is conceptually similar to
partial Abelianizations discussed in Section 4. As in this case, the successful construction of
anomaly-free reformulated constraints does not immediately reveal whether they describe
a consistent structure of space—time or covariance.
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6.3. Lessons for Other Approaches

Background independence implies that space-time structure must be derived in some
way and cannot be presupposed. We should not simply assume that inserting modified
solutions in classical-type line elements is consistent. As a consequence, quantum gravity
may not be “geometrical” as we understand it from general relativity. In the main body of
this paper, we discussed how the canonical nature of loop quantum gravity gives access to
powerful space-time methods, based on algebra, that can be used to rule out many models
that might otherwise look reasonable.

It is not easy to see whether there may be possible analogs of our results in alternative
approaches to quantum gravity if they are not canonical. Nevertheless, we are able to
draw several lessons of general form. First, non-canonical theories do not directly aim
to quantize generators of hypersurface deformations, but it should still be of interest to
construct them and consider their properties in order to facilitate a space-time analysis.
Instead of using these generators, covariance is often expressed in terms of coordinate
choices or embeddings of discrete structures, but these ingredients do not directly refer to
the actual degrees of freedom of gravity. Moreover, the explicit application of these space-
time ingredients reduces the freedom in formulating suitable modifications of space—time
structures if they are called for by modified dynamics.

Secondly, the no-go results we encountered are very general. In particular, they do not
require a specific form of modifications but only qualitative features related to discreteness,
such as bounded modification functions with local maxima. They should therefore be
expected to be largely independent of the specific approach. Even though they were
derived for canonical quantum gravity, the no-go results can be applied to any modified
cosmological dynamics that can be presented in canonical form, even if it has been derived
from a non-canonical approach. It would be interesting to see how other approaches might
be able to circumvent our no-go theorems, for instance by requiring new quantum degrees
of freedom or specific non-local behaviors. (For an example of non-local effects derived for
effective actions, see [49]).

Finally, hypersurface-deformation generators make it possible to analyze different
space—time structures because they express geometrical properties through algebra. It
is easier to control possible modifications or deformations of algebras (or algebroids),
compared with geometrical structures. The strong algebraic background of canonical
gravity is therefore the main reason why it is possible to analyze space-time structures in
detail with canonical methods. Non-canonical approaches are often viewed as preferable
because they can provide a direct four-dimensional space-time picture, at least heuristically.
However, this proximity to the standard four-dimensional formulation of classical gravity
also implies that hidden assumptions about the underlying geometry may easily and
unwittingly be incorporated in a specific approach. As shown in the present paper, even
canonical approaches are not immune to such hidden assumptions, but they also provide
strong methods to spot and test unjustified assumptions.
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Abstract:
gravity-matter system into a part which lives close to a quasi-classical state and a “small” quantum

In this review, we analyse different aspects concerning the possibility to separate a

subset. The considered approaches are all relying on a WKB expansion of the dynamics by an order
parameter and the natural arena consists of the Bianchi universe minisuperspace. We first discuss
how, limiting the WKB expansion to the first order of approximation, it is possible to recover for the
quantum subsystem a Schrodinger equation, as written on the classical gravitational background.
Then, after having tested the validity of the approximation scheme for the Bianchi I model, we give
some applications for the quantum subsystem in the so-called “corner” configuration of the Bianchi
IX model. We individualize the quantum variable in the small one of the two anisotropy degrees of
freedom. The most surprising result is the possibility to obtain a non-singular Bianchi IX cosmology
when the scenario is extrapolated backwards in time. In this respect, we provide some basic hints
on the extension of this result to the generic cosmological solution. In the last part of the review, we
consider the same scheme to the next order of approximation identifying the quantum subset as made
of matter variables only. This way, we are considering the very fundamental problem of non-unitary
morphology of the quantum gravity corrections to quantum field theory discussing some proposed
reformulations. Instead of constructing the time dependence via that one of the classical gravitational
variables on the label time as in previous works, we analyse a recent proposal to construct time by
fixing a reference frame. This scheme can be reached both introducing the so-called “kinematical
action”, as well as by the well-known Kuchar-Torre formulation. In both cases, the Schrédinger
equation, amended for quantum gravity corrections, has the same morphology and we provide a
cosmological implementation of the model, to elucidate its possible predictions.

Keywords: quantum cosmology; WKB approximation; minisuperspace dynamics; canonical methods
of quantization; Born-Oppenheimer separation

1. Introduction

All the canonical formulations for quantum gravity [1-6] have to deal with two
fundamental questions: one concerning the construction of a suitable time variable for the
dynamics, and the other one on the determination of a correct classical limit coinciding
with General Relativity (GR).

The first question has been widely addressed in the literature [7-14] and the most
commonly accepted idea is that the dynamics must be described via the introduction of
a “relational time” [7]. The second point on the classical limit is a rather natural question
for the metric approach, related to the Wheeler-DeWitt (WDW) equation, but it becomes
a puzzling question in Loop Quantum Gravity [15,16]. However, these two points are
unavoidably related to the possibility to reconstruct an evolutionary quantum field theory
when, starting from a purely quantum gravity approach in the presence of matter, we

Universe 2022, 8, 556. https:/ /doi.org/10.3390 /universe8110556 143

https:/ /www.mdpi.com/journal /universe



Universe 2022, 8, 556

consider the classical limit on the geometrical component only. This theme contains also the
challenging perspective to determine quantum gravity corrections to quantum field theory.

The first well-known attempt to reconstruct a Schrodinger functional theory for quan-
tum matter from Canonical Quantum Gravity was performed in [17], limiting attention to
a minisuperspace model, in which a “small” quantum subset (not necessarily restricted
to matter) is recovered on a quasi-classical geometrodynamics. For previous approaches
where gravity was treated on a classical background level, see [18,19]. This line of research
was then expanded in [20], where a full development of the gravity-matter dynamics has
been performed in terms of a single order parameter, combining the Planck length and
the Newton constant (see also [21] where such expansion was considered but not fully
developed). As shown in [22], the latter analysis is very similar to that in [17], but it is
extrapolated to the next order where quantum gravity corrections to quantum field theory
must appear. However, constructing a time variable via the time dependence of the classical
limit of the metric has been recognized as affected by a non-trivial shortcoming, i.e., the
emergence of non-unitarity features in the Schrodinger equation.

Here, we review the original formulations giving some sample of the implementation
to the idea in [17] to specific cosmological situations, with particular reference to the
“corner configuation” of a Bianchi IX dynamics. We also discuss the comparison of the
Wentzel-Kramer-Brillouin (WKB) analysis to the standard Arnowitt-Deser-Misner (ADM)
reduction [23] of the dynamics for the Bianchi I model, confirming that a basic assumption
of the proposed formulation is the “smallness” of the quantum phase space available to
the subsystem.

Then, in the second part of the review, the question concerning the non-unitarity
problem is addressed in more detail and proposals for its solutions [22,24-26] are presented
and discussed. In particular, we focus our attention to a cosmological implementation of the
idea developed in [26] that the time variable can be constructed a Iz Kuchar-Torre [8], i.e.,
fixing a Gaussian reference frame, which is “materialized” as a fluid in the dynamics. In this
framework, both the violation of the so-called strong energy condition and the non-unitarity
of the quantum corrections to quantum field theory are simultaneously overcome.

The main aim of the present review is to focus attention to a theory that lives between
quantum gravity and quantum field theory on curved space-time, i.e., the co-existence of
quantum field theory for matter with weak quantum features of the background gravita-
tional field. A convincing solution to the non-unitarity problem is therefore a central theme
in this perspective and we provide a valuable picture on both the existing problems and
the most promising formulations.

The review is structured as follows. In Section 2, we illustrate the general formalism
of the minisuperspace reduction of a gravity-matter system, addressing the problem of
time concerning the cosmological wave function. In Section 3, we present the work [17]
that proposes a solution by a semiclassical separation of the system, with a brief discussion
on the boundary conditions for such wave function in Section 3.1. In Section 4 we show
the implications of such model for a Bianchi I universe. Section 5 presents instead the
results of the model for the Bianchi IX universe, considering the vacuum case (Section 5.1),
the presence of a cosmological constant and scalar field (Section 5.2), the Taub model
(Section 5.3) and the generic inhomogenenous extension (Section 5.4). In Section 6 we
present the Wentzel-Kramer—Brillouin expansion, whose special case is [17], discussing
in Section 6.1 the proposal [20] that uses such a method to compute quantum gravity
corrections to the matter sector dynamics and the following non-unitarity issue, while
in Section 6.2 we review the Born—-Oppenheimer scheme proposed in [25] discussing its
shortcomings. Section 7 contains the recent proposals to solve both the problems of time and
non-unitarity by implementing as a clock either the kinematical action (Section 7.1) or the
reference frame fixing procedure (Section 7.2), presenting a cosmological implementation
of the latter in Section 7.3. Further discussion and conclusions are provided in Section 8.
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2. General Formalism: The Minisuperspace Analysis

Let us preliminarily fix the general context in which we will develop our analysis.
In this respect, we consider a minisuperspace cosmological model [27-29], namely a re-
duction of the Wheeler superspace in presence of symmetries, with the line element in the
Arnowitt-Deser—Misner (ADM) formulation [30] such as:

ds*> = N?(1)dt* — hy, 0"0?, 1)

where Iy, (a,b = 1,2,3) is a function of n time dependent variables g%, the 1-forms ¢*
define the specific isometry of the considered model, e.g., the Bianchi universes [31,32]
and N is the lapse function, whose specification determines the adopted time variable.
An application of the above considerations can be developed for f(R) gravity as analysed
in [33,34].

In the Hamiltonian representation [27], the action for the minisuperspace takes the
general form

Smss = /dt{Pu §"— NHpmss}, 2

pa being the conjugate momenta to the configurational variables ¢* (¢ = 1,2, ..., n), and the
superHamiltonian reads

Hyss (8, Pa) = G™ papy + V(8°) - 3)

Here G% denotes the minisupermetric, encoding metric properties in the minisuperspace
and in general having a pseudo-Riemmannian character, while V(g?) is a potential term
due to the spatial curvature of the considered cosmological model. Additional contributions
to both of them can come from the introduction of matter in the dynamics. Of particular
reference is, in this respect, the presence of a self-interacting scalar field ¢, interpretable as
the inflaton and responsible for the inflationary phase of the Universe. In such a case, the
superHamiltonian becomes

a L 2
Hiss (g ,m)+2ﬁp¢+¢ﬁU(¢), 4)

py being the conjugate momentum to the scalar field, U(¢) its self-interaction potential and
h = det h,]

Clearly, by varying the action with respect to N, we get that the (total) superHamilto-
nian (4) identically vanishes and this fact reflects the time diffeomorphism invariance of the
theory. Thus, implementing the Dirac prescription [6] for the canonical quantization of a
constrained system, we naturally arrive to the following Wheeler-DeWitt (WDW) equation

_hzcab(gu)ii_ﬁiJrv(g“)Jr\/ﬁu(q>) p=0 (5)
098" ag®  2v/h o¢? '

where the Universe wave function (g%, ¢) is intrinsically taken over 3-geometries [27] since
the spatial diffeomorphisms leave the 1-forms ¢ invariant. Above, we have chosen the
so-called natural operator ordering, i.e., the functions of g* are taken always on the left of
the corresponding partial differentiations in constructing the quantum operator constraint.
In this case, the minisupermetric is often redefined by a global scaling as G — /I G*,
when the whole constraint is multiplied by v/4 # 0. Other operator orderings are available
and classes of equivalence can be established [4]; in particular, we mention the choice of a
symmetric superHamiltonian operator (for a justification see [35]).

Equation (5) is affected by the so-called “frozen formalism” problem, i.e., no time
evolution emerges in terms of the wave function dependence on an external time parameter,
as will be discussed in Section 2.1. However, it is a well-known result [1-3] that the WDW
equation has a Klein—-Gordon-like structure due to the pseudo-Riemmannian nature of
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G In fact, taking h'/* as a generalized coordinate, we easily see that it has a different
signature with respect to the remaining ones, including also the scalar field. In the spirit
of the relational approach proposed in [7], see also [28], the scalar field can be taken as a
matter clock, even though it has the same signature of the “space-like” variables in G?.

Thus, the quantization of a minisuperspace model corresponding to a Bianchi Universe
is reduced to the quantum dynamics of a relativistic particle [36] which is affected by a
subtle question concerning the construction of a Hilbert space. In particular, the presence
of the two potential terms in Equation (5) prevents, in many situations, the possibility for
a frequency separation, which can be achieved under specific assumptions or in suitable
asymptotic limits. In this respect, it is worth stressing that we consider here the WDW
equation as a single particle dynamics [37], see also [38], without considering the so-called
“third quantization approach” [39,40], that was first introduced as production of “baby
Universes” in relation to the cosmological constant problem [41-46]. Finally, we observe
that in Quantum Gravity, according to a very general prescription [47], the choices of
/% or of ¢ as internal time coordinates can be performed after or before the quantization
procedure. In the former case, the quantization is covariantly performed, without specifying
any explicit expression for the lapse function. Instead, in the latter case, the choice is
performed on a classical level by fixing the temporal gauge which naturally leads to the
ADM-reduction [23] of the classical variational principle and therefore to a Schrodinger-like
quantum dynamics for the Universe wave function.

2.1. The Wave Function and the Problem of Time in Quantum Cosmology

An important approach to quantum cosmology and its many applications regards
the semiclassical approximation of the Universe. Indeed, in the full quantum picture,
there is still some discussion regarding the probabilistic interpretation of the Universe
wave function. This aspect is not straightforward since the wave function itself does
not evolve in “time” due to the vanishing of the WDW Equation (5) [6,48-50]. In the
canonical quantum picture [51], this is equivalent to a timeless Schrodinger equation with
null eigenvalues describing a trivial evolution leading to the so-called problem of time [11,14,
47,52,53]. This issue has been long discussed in the literature since the formulation of the
DeWitt theory [54-60]: for example, in [56] some time choices (scalar field, cosmological
constant conjugate, and proper time) models are discussed via a semiclassical expansion in
h. Indeed, the time coordinate could in principle be regarded together with the gravitational
degrees of freedom and integrated over [17], such that there is no clear choice for the
definition of another time parameter; subsequently, the definition of a conserved and
well-defined probability distribution is troublesome, unless one imposes further conditions,
e.g., hermicity of the Hamiltonian [61] or finiteness of the probability density [62]. One
of the most followed approaches is the definition of a relational time [5,7-9,37,54,63,64] to
recover a time parameter leading to a Schrodinger dynamics; such “emergence of time”
has been discussed not only for quantum gravity but also in the context of non-relativistic
quantum mechanics, for example in [65].

This identification of a proper time-like variable avoiding the frozen formalism leads
to different results whether it is tackled before or after quantization [66]. Hence, to give
a meaningful probabilistic interpretation to the wave function of the Universe, one can
pursue two different approaches. In the first, the super-Hamiltonian constraint is classically
solved and then the resulting Schrodinger equation is quantized [67,68], i.e., the reduced
phase space quantization (RPSQ) [69,70]. The RPSQ is the most straightforward method
because it is an exact procedure requiring no WKB approximation based on the wave
function of the Universe, even if its mass-like term is time-dependent and the Hamiltonian
density is non-local. While in the second case, one implements both the WKB and Born-
Oppenheimer (BO) approximation (see Sections 6 and 6.2), that is essentially Vilenkin’s
approach (see also the discussion and application in Section 4).

DeWitt himself observed that (5) is equivalent to a n-dimensional Klein-Gordon
equation with variable mass term [1-3] given by —+v/h R®), being R(®) the scalar curvature
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associated to the induced metric /;;, and so one could implement a Klein-Gordon-like inner
product. However, being the mass term not necessarily positive, and the Hamiltonian
containing second derivatives in the metric coordinates, such definition could give negative
probabilities for the wave functional, i.e., negative frequency components. This feature can
be avoided in some special cases [37] with ad-hoc conditions, but it remains standing in the
general case, leaving some concerns on how to interpret the wave functional itself.

3. Semiclassical and Quantum Universes: Vilenkin’s Approach

Vilenkin’s proposal [17] will be the starting point of our analysis, that aims to reconcile
the WDW equation with a functional field theory formalism for gravity in the minisuper-
space via a semiclassical expansion. To better show the feasibility of this model in the
context of quantum cosmology, some key implementations to Bianchi universes are then
examined in Sections 4 and 5.

Starting from the interpretation of DeWitt and following the path of a relational time
study, Vilenkin’s work [17] suggested to separate the Universe variables into semiclassical
and quantum components. This separation is indeed valid at some point, since gravity
has a full quantum behaviour only near the Planck scale, and many physical phenomena
relevant in cosmology happen at lower energies.

Vilenkin first considered the case in which the whole Universe behaves semiclassically.
In the homogeneous minisuperspace setting, such a system can be described by a wave
function of the form

¥(h) = A()ehs™, ©)

where we label by /“ all the semiclassical superspace variables (both gravity and matter
fields) and S(h”) the classical action that must be a real function, while A(h) encodes the
semiclassical features. The WDW equation reads as

(—hZV(C)Z + u(C))qf =0, 7)

being U©) = VEU(¢) + V() the potential associated to all semiclassical variables and

Vfﬁ the derivative with respect to h? (we are using the superscript () to identify the
semiclassical components). Such a writing is superfluous since at this stage the whole
Universe behaves semiclassically, but it will come into play later by considering the more
general case. A perturbative expansion of S, and so of i, can be implemented in powers of
the Planck constant due to the semiclassical feature of the Universe (in the original work,
the expansion was performed in a parameter proportional to /z and the 7z in (6) was absorbed
inside the function S; here, for clarity, it is collected in front). This allows to study the
dynamics going from the lowest order corresponding to the classical limit  — 0, to higher
orders in such parameter. The procedure is clearly linked to the Wentzel-Kramer—Brillouin
(WKB) approximation [71] explained in Section 6, that uses an ansatz very similar to (6) but
with a complex exponential and without the explicit separation of a semiclassical amplitude.
The expansion of (7) brings at O (1")

(V82 +ul =o, ®)

that is the Hamilton-Jacobi (HJ) equation for S, ensuring the classical limit of the model.
The next order O () gives

2v9A.vEs 4+ AvVO2s =, 9)

where the supermetric G, is implicitly assumed by the scalar product symbol (-); this is
equivalent to the conservation of the following current

jOr = AP V@S, (10)
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whose interpretation can now be understood together with the associated semiclassical
probability distribution p(©). Indeed, the action S defines a congruence of classical trajec-
tories, as follows from (8); each point 1” in a classically allowed region in the superspace

belongs to a trajectory with associated momenta p, = VZEC)S and velocity
h* =2N Vg, 1n

that depends on the choice of N(t) from the foliation. Here, we can infer the form of the
time derivative

9 _Hnvs. v

ps =2NV¥Ss. Vi, (12)
which will come into play later. The points that satisfy V()S = 0 separate the classi-
cally allowed and forbidden regions, breaking down the semiclassical approximation. By

requiring that each hypersurface is crossed only once by the congruence of trajectories, i.e.,
idzy) >0, (13)

then the probability density
dp = j©a 4zl (14)

is positive semi-definite, thus the Universe wave function can be properly normalized.
The same can be implemented for a wave function that is a superposition ) ;. ¥y of terms
defined as in (6) when the condition (13) is satisfied for each k, such that the total probability
is conserved.

One could then wonder if a similar implementation is possible in the more general
case, when only a part of the Universe is semiclassical and the rest must be described
in a full quantum picture. Vilenkin examined the case in which the quantum variables
(labeled by g” with v = 1, ..., m) represent a small quantum subset, with negligible effects
on the semiclassical variables (h* with a = 1, ..,n — m) dynamics. The full Wheeler-DeWitt
equation then becomes

where using the previous notation —?vO2 4y = A js given neglecting the quantum
variables and their conjugate momenta, which instead appear in A1) = —>V(®)2 4 11(0)
(here the the superscript (@) refers to the quantum components). At the same time, the
semiclassical part is assumed to satisfy its own WDW Equation (7), thus obtaining a system
of coupled equations for the two sectors dynamics. This separation is backed both by the
hypothesis on the smallness of the quantum subsystem, expressed as

k4
Aoy = Om), (16)

and by the independence between the two sets, namely

Gap(h,q) = Gap(h) + O(R), 17)
Gay = O(h). (18)

In other words, we are assuming G,;, to be dependent on the semiclassical variables
only, and the two subspaces to be approximately orthogonal, since any mixed term of
the supermetric (being the index a for the semiclassical variables and v for the quantum
variables) is of higher order in the perturbative expansion; it follows that higher order
terms will not appear inside V()2 = G, V() 9V (9)? (see for example the applications in
Sections 4 and 5). Following these hypotheses, the wave function can be separated in

¥(h,q) = p(h)x(g,h) = AR)eh S x(n,q). (19)
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We observe that this ansatz shares similarities with both the WKB and BO approximations.
Considering the former, this is due to the presence of a complex exponential with a small
parameter that can lead the expansion; instead, the latter is due to a separation of a purely
semiclassical sector and the quantum one, as explained in more detail in Section 6. Actually,
Vilenkin’s proposal can be reformulated as a special case of a BO-like approximation with
expansion in 7, i.e., the semiclassical expansion, as discussed in Section 6.1.

We here use again the Planck constant for the expansion, instead of the parameter
proportional to 71, as mentioned before. Since the previous hypotheses hold, the semi-
classical function ¢ must satisfy Equation (7), giving Equations (8) and (9) respectively at
O(1°) and O (). Meanwhile, the quantum function x inherits a different dynamics from
Equation (15), that is

—12vO2% 22 A1V A) . VO —2in (VOS) . VEOx + AWy =0,  (20)

where we can observe that all terms except the last two are of higher order in the expansion
parameter (H (@) is of order 71 due to assumption (16)). Thus, at O(%), we obtain

AWy = 2in (V)s) - vy @

Multiplying (21) by N(t) and using the same time derivative (12) defined for the semiclas-
sical universe, it becomes

29X _ \py)
zhanNH X, (22)

namely a functional Schrédinger equation for the matter wave function.

It is worth noting that the definition introduced above for d¢ is very close to the notion
of a composite derivative d; = % dj applied to the quantum wave function. This fact can
be easily realized by recalling that ;.S is just the conjugate momentum p, and, hence,
it is enough to write down the first Hamilton equation (obtained variating the classical
action with respect to p,) to arrive to the desired statement. By other words, the time
dependence of the quantum wave function is recovered in the approach proposed in [17],
by means of the dependence that the quasi-classical variables h* acquire, at the leading
order, on the label time of the space-time slicing. Clearly, it is also possible and discussed
in [17] that one of the /" themselves is chosen as time coordinate to describe the system
evolution., suitably choosing the lapse function N(t). It is also useful to stress that, as we
will see later in the considered specific applications, the form of the supermetric G" asa
function of h* is sensitive to the specific set of adopted configurational variables to describe
the studied cosmological model. However, we can observe that any variable among the
h"’s, which is related to the Universe volume, acquires a different signature (say a time-
like one) different from all the other ones (regarded as space-like coordinates) [1-3,38].
Independently from the specific form of G™ and H ), the important point to make safe the
model self-consistence is that the semiclassical metric G and the quantum one, fixed by
the form of H@ itself, live in orthogonal spaces, i.e., cross terms in the supermetric with a
classical index and a quantum one must be of higher order in the present formulation, as
expressed by (18).

Explicit examples of this classical-from-quantum variable separation are given below,
see Sections 4 and 5. We consider here both the situations in which this separation takes
place between the gravitational degrees of freedom, e.g., Universe volume taken as a quasi-
classical variable and space anisotropies as quantum variables, as well as the case in which
the same separation concerns quantum matter living on a quasi-classical space-time. This
last situation is of particular physical relevance since, as we shall see below, its analysis
to the next order of approximation in the order parameter corresponds to the study of
quantum gravity corrections to standard quantum field theory.
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Differently from the purely semiclassical case, two probability currents now emerge.
The one including the semiclassical sector is

i = xPlAPv s = @ p,, (23)

where j(©)4 is the same as (10) and py = |x|? is the probability distribution of the quantum
variables computed on the semiclassical trajectories. For the quantum components instead
we find

i = *E\Alz(x Vv — vy ) = 5|APT (24)

associated to the distribution py, where j; is a Klein-Gordon-like current. From the

conservation of both the total current fo) j* Vl(,q) j¥ = 0 and the semiclassical current

VS,C) j(92 = 0, given by the full WDW Equation (15) and assumption (7) respectively, we
can state that at the leading order the following equation holds

Px g NV =0, (25)
which is a continuity equation for the quantum variables. Moreover, both p. and p, can be
normalized on their respective subspaces by requiring | dz(©)plc) = 1and Ik Q) oy =1,
being dX = d%.(¢) 40 the total surface element on the equal-time surfaces identified with
the foliation. In this way, the standard probabilistic interpretation is recovered for ¢ when
such a separation in semiclassical and quantum variables is valid.

However, there is still one case to discuss, that is when in such a framework one
(or more) quantum variables become semiclassical at later time. This means that the
two subsets change: starting from an initial wave function of the form (19), we have
dexx — Ly k(W) xr (W, q"), the new semiclassical set {h’} having increased by one variable
and the quantum one {4’} decreased by one variable. The sum is explained by the transition
during which each semiclassical trajectory branches into many trajectories, each one for a
different initial condition of the “new semiclassical” variable. For this reason, one has to
impose a unitarity (normalization) condition on the semiclassical current j(©)4

[z = 5 [ i 26)

that is satisfied only at an approximate level, i.e., when the cross terms can be neglected. It
should be stressed that the division itself between the two subspaces is heavily dependent
on the considered case and almost arbitrary in a certain footing, leading to an approximate
concept of unitarity for the Universe.

3.1. Boundary Conditions for the Cosmological Wave Function

Vilenkin’s work provides a meaningful description at the typical scale of the quantum
subsystem of the Universe. One related point concerns how to impose boundary conditions
on the wave function (19), which has led to ample discussion in the literature. Vilenkin
himself had previously studied this issue [72-74], developing the so-called tunneling pro-
posal: he constructed a wave function describing an ensemble of Universes that tunnel from
“nothing” to a de Sitter space by implementing a similar expansion of ¥ (19) and choosing
the purely expanding solution.

A different implementation is the one by Hartle-Hawking [75], also known as the
no-boundary proposal. The wave function for a closed Universe is constructed in the
Euclidean path integral approach by integrating over all the possible compact 4-geometries
corresponding to a certain induced metric /;; on a spacelike boundary (see also discussion
in [76]); the resulting wave function can be shown to approximately satisfy the WDW
equation, whose corresponding Hamiltonian is required to be a Hermitian operator.
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In this respect, the path integral approach [77] represents an alternative formulation
of gravity as a quantum field theory and it has been widely discussed in relation to the
problems of time and unitarity [46,78-80]. We mention that, actually, Vilenkin’s tunneling
proposal can be reformulated in the Lorentzian path integral formalism [81]. The WKB
implementation also allows to study the probability of tunneling from a false vacuum to a
true vacuum state from the Wheeler—deWitt equation (see [82] and references within). We
will here focus on the Dirac quantization method only, however an interesting discussion
between the two schemes can be found in [83] where, using the Lorentzian path integral,
the WDW equation is uniquely recovered in the minisuperspace via a particular gauge
fixing on the values of 1;j and N, that solves the operator-ordering ambiguity of the Dirac
scheme. Some sort of WKB procedure a la Vilenkin can also be included in the path integral
formalism to study the boundary conditions, see for example [84-86] (Lorentzian), finding
in some cases different features with respect to the Hartle-Hawking interpretation.

4. Validation of the Vilenkin Proposal for the Bianchi I Cosmology

One of the most interesting open questions in theoretical cosmology concerns how
a primordial quantum universe reaches a classical isotropic limit [28]. The reason to
hypothesise a very general morphology of the universe near the singularity (for a big
bounce picture of the Bianchi I model see [87-91]) relies on the request to address the
quantum cosmological problem within the Bianchi homogeneous framework [6]. These
models are characterized by the preservation of the space-line element under a specific
group of symmetry, and are collected in the so-called Bianchi classification.

4.1. The Minisuperspace Dynamics of Bianchi Universes

The most general homogeneous model is the Bianchi IX model [28,32,92], also called
Mixmaster model [93] (for a recent semiclassical discussion see [94]), that has a relevant
role in the study of the cosmological dynamics. Despite its spatial homogeneity, it presents
typical features of the generic cosmological solution such as a chaotic time evolution of
the cosmic scale factors near the singularity [95]. This corresponds to an infinite sequence
of bounces of the point particle, in the Hamiltonian representation, against the time-
dependent potential walls which can be shown to induce an ergodic evolution in the
Misner—Chitre variables. The standard dynamics in the central region of the potential well
are then restored [28] once it escapes the small oscillations configuration. However, in the
asymptotic limit to the cosmological singularity, the potential term of Bianchi IX dynamics
has the morphology of an equilateral triangle and three open corners appear in the vertices,
which correspond to the non-singular Taub cosmology [96], see Figure 1 [97,98].

This kind of cosmology defines the limit of Bianchi IX dynamics when two scale factors
are considered equal over the three possible independent ones. The importance of the
Hamiltonian formulation of the Mixmaster model (see [93]) using the ADM description,
relies on the fact that it is possible to reduce the dynamics to the two-dimensional point
particle. We start with the line element of the model in the Misner picture

ds? = N(t)2dt* — ypw° @b, (27)

where w® = wjdx® is a set of the three invariant differential forms that fixes the geom-
etry of the considered Bianchi model, N(t) is the lapse function and 7, is defined as
Hap = €2*(e?P),p. The choice of these variables allows us to separate the isotropic contri-
bution expressing the volume of the universe related to a, i.e., for & — —oo the initial
singularity is reached, from the gravitational degrees of freedom S, B_ contained in
the matrix By, = diag(B4 + V/3B—, B+ — V3B—, —2B) acting as the anisotropies of this
model. Moreover, the introduction of the Misner variables makes the kinetic term in the
Hamiltonian diagonal. We can rewrite the superHamiltonian constraint as

Hix = e (P2 P PRV A =0, (28)

3(87)2
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where x = 871G/ c* is the Einstein constant and the potential V takes the form

4
s
V=- p 7RG = T€4ule(ﬁi), (29)

where the spatial scalar of curvature generates the Bianchi IX potential term depending
only on the anisotropies

Vix(B+) = e 8+ — 4e72P+ cosh(2v/3B_) + 2¢*F+ [cosh(4v/3B_) — 1]. (30)

This function has the symmetry of an equilateral triangle with steep exponential walls and
three open angles. The expressions for the equipotential lines for large values of |f4 | and
small |f_| are

e 8+ — —oo, [B-| <1
Vig(Be) ~ 40 P A (31)
48e'P+ g2 By — foo, |B-| <1
while close to the origin, for B+ — 0,
Vix(s) ~ BL + B2 (32)
The Hamiltonian approach provides the following equations of motion
. OHIx . v9HIx
”“Naa’ Pu=N on (33)
=N , =N . 34
B+ Fre p+ 3B (34)

One recognizes that the dynamics of the universe towards the singularity is mapped into
the motion of a particle that lives on a plane inside a closed domain and bounces against
the potential wall.
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Figure 1. Description of Bianchi IX potential isocurve on which is marked the corner structure. Here,
6 describes the width of the . channel.
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The canonical quantization of the system consists of the commutation relations

[Ga, Po] = i0ap, (35)

which are satisfied for p, = fi% = —id, where (a,b = a, B4, p—) adopting natural

units. By replacing the canonical variables with the corresponding operators, the quantum
behaviour of the universe is given by the quantum version of the superHamiltonian
constraint (28), i.e., the WDW equation for the Bianchi IX model

3(47r)

Hix¥(a, Bs) = — 9% -9 e Vix(B+) | ¥(a, B=) =0, (36)

where ¥ («, B+ ) is the wave function of the universe providing information about its physi-
cal state. Therefore, following the step in [17] we can obtain the probability distribution for
the wave function of the universe, that reads as

pla, B t) = 0\ (a, 1) py(a, B (1), 1), (7)
)
‘2

|2 is related to the components of the classical

where in particular p(©)(a,t) = |A(a(
B(t),t)|* to those in the quantum subspace, as explained

space and py (a, B (1), 1) = [x(w, B(1),
in Section 3.

In the subsection below, we will focus on the Bianchi I model in which the structure
constants and so the spatial curvature R®) vanishes. Hence, the associated superHamilto-
nian constraint in vacuum read as

t
)

_ K Ba_ 2, 2 2\ _
Hi= 5t (Pt pi+p=) =0 (38)

This cosmology is the natural extension of the FRLW model with k = 0 generalizing an
homogeneous flat Universe.

4.2. Implementation of the WKB Approach in the Minisuperspace of Bianchi I

Let us consider the case of the Bianchi I model, i.e., with WDW expressed by the
constraint (38). As mentioned in Section 2.1, the time definition for the model can be
implemented before or after quantization, namely the RPSQ and Vilenkin’s proposal,
which present striking differences. The Vilenkin proposal (Section 3) is more feasible,
namely it avoids the square root non-local Hamiltonian operator emerging from the former
but the probabilistic interpretation is achieved only after performing the semiclassical limit
and, in this sense, it can not be seen as a fundamental approach. However, the role of the
time-like variables itself can make the two schemes comparable. In order to determine
under which restrictions the Vilenkin representation of the Universe volume dynamics
becomes predictive, it has been shown in [99] a rigorous comparison of the two quantization
methods carrying out the probabilistic interpretation of the wave function for the Bianchi I
cosmology in which R(®) = 0.

We recall that Vilenkin suggested a semiclassical approximation of the wave function
to achieve a proper probabilistic interpretation due to the emergence of time. This does
not happen for the definition of a scalar product from a conserved current suggested by
DeWitt. Hence, considering a Bianchi I model in the presence of a matter contribution and
achieving the Schrodinger equation describing the motion of a free particle in the (B4, f—)
plane, we arrive at the following result

C h[z\od‘x 75 ++p faoda

¥lapo) = /RZ 2ht 1,2(a e%paﬁ”ﬂ"‘or Pa), (39)

153



Universe 2022, 8, 556

where the subscript , stands for (+, —) and {(«o, pa) determines initial conditions. The
matter contribution is encoded in the term p2 as

Zyz 3(1— wzx (40)

where the sum contains all the fluids components characterized by different values of w,
while y2, are constants. It is important to stress that with the BO approximation we are
assuming « as the slow variable whereas . and B_ are the fast ones. The validity of both
Vilenkin’s semiclassical expansion and BO approximation, which will be discussed in detail
in Sections 6 and 6.2, implies that we admit a decomposition of the wave function as

n=0

¥, Ba) = exp <;l Z(h)"s,,) (41)

and the following conditions hold

1 did(w)| 4
W (a) da < n (42)
hSy(a)] < |S1(w)]  and K|Sz (a)| < 1. (43)

Moreover, the integral over the momentum space extends over those values for which

(P2 +p2) £0, (44)
(P2 +p2) < p(a). (45)
Now, the BO approximation implies that near a value for which (45) holds, we need a wave

packet for the initial conditions sufficiently peaked, for simplicity a Gaussian distribution
of the form

1 7(P+*g+>2 7(#—*5—)2
s 20 20
), = —%¢ Toe -, 46
X(ao, pa) T (46)

The aim is to check whether the functional form of the wave functions obtained from the

two formalisms, or their associated probabilities, coincide. In order to do this, we need the

Klein-Gordon-like time-independent inner product, achieved from the RPSQ approach.
Following the steps described in [6,70] the resulting Schrodinger equation is

2 2
ih%é(ﬁa,rx) = \j —1? <aa/32 + aa,32> + 12(a) D(Ba, ), 47)

in which limy o yz () = y% and we denoted @ as the wave function of the RPSQ. Hence,
via inverse Fourier transform a generic solution can be formally found as

F g A0/ =1 A2

(Bo, ) =e " V(o a0), (48)

where |po|? = —12AL = —1? < 9;2 + ) Now, to compare the two formulations, we

aﬁz
need to identify the same time variable. In particular, we need the two lapse functions (one
from RPSQ and the other one from Vilenkin’s proposal) to be the same

3ck e 3ck e

A4nGT /p%r + p% + ]IZ(T) 4nGT A /;,[2(”[)

(49)
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DBy, T) &

frTS A’ /2 (') dZP

where £ = [ de\det(el(”) (x5))|, the vectors el@ constitute the so-called frame and a« =
t/T = 7 in which the constant T can be defined in terms of fundamental constants, e.g., it
can be chosen proportional to the Planck length. The above equation is effectively valid if
P2+ p? < u2(7). Anissue arises if we promote B, to quantum operators since the lapse
function Nrpsg (on the left-hand side) becomes an operator acting on the wave function.
For this reason, we need to replace it by its expectation value. However, in Bianchi I,
pa are essentially constants of motion and we can treat them as numbers. Now, we are
able to choose a range of T such that the semiclassical approximation is valid, namely 7.
Hence, by normalizing (48) with respect to the inner product near the singularity, such that
#? — p2 becomes time-independent [100], implementing it with the BO approximation, we
can write

2

e*%}xniwﬁ)ﬁgdf’,,z(%/) _ (e=pe)® _ (p—=p-)

eitibrg 21 o 22 (50)

2 2 2
4 /H% R2 (27th) /271040~ 4 /14_p+;p7
1

Two main differences are noticed comparing (50) with (39). In Equation (39), the factor
~1/4

2 2
(l + p*ﬂ# is not present and (13)~1/4 is replaced by (12(7))~'/*. However, we
1

achieve the same probability of finding the Universe in a region of the plane (B, -)
for both approaches, if the spectra of the corresponding momenta span sufficiently small
values. In this way, the contribution of the anisotropies to the total energy is negligible
with respect to the matter part. In other words, for the Vilenkin approach we need to
impose a constraint on the anisotropies variables phase space, namely that they exhibit a
“light dynamics”.

5. Implementation of the Vilenkin Approach to the Bianchi IX “Corner”

Let us now analyse the well-known Bianchi IX “corner” configuration [28] implement-
ing the WKB idea to separate the quasi-classical component from the “small” variable 5_.
Thus, to describe Bianchi IX’s dynamics near the singularity using the Misner variables
and the Vilenkin approach, we consider as an initial condition for the point-universe the
right corner of the potential V;x ~ 48¢*f+p2 , where B, — +c0 and |8_| < 1, therefore,
« and B have to be semiclassical variables while f_ quantum. In the following analysis
(see [101]) we will include a massless scalar field ¢ for which ¢ < U(¢), and we will
assume a synchronous frame N(t) = 1.

Substituting the ansatz (19) and using the conditions above in the WDW equation,
Equation (9) becomes

2(9, A5 — 34 ADLS —9pAdyS) + A(ags —Ps— a;s) =0, 1)

associated to the probability density, while the dynamics of a harmonic oscillator with
time-dependent frequency and unitary mass reads as

ihg%‘ = (3% + 166 P+)p2 )y, (52)

if we impose w?(7) = 16¢***F+) and T = ¢ [ e3*dt. Note that in what follows time will
be rescaled by a factor 2 as in [101]. To solve (52) we make use of the invariant method
developed in [102]. The general solution is given by

x=Y DB, 7) =Y cuxn(B-, 1), 3)

where ¢, are numerical coefficients that weight the different x;,
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Cn = /d,B*XVl(.B*/T)XO(IB,,T), (54)
fon () (b
xXn(p-,7) = eihn<ﬁ;>en(:’+*’2)ﬁ*, (55)
rtn2tp P

where the index  states the initial condition, /1, are Hermite polynomials, p satisfies the
auxiliary equation
f+wto—p =0, (56)

an(T) = — <n + %) /OT plzd'r’. (57)

It is usually complicated to analytically solve (56), but in [102] the author developed a
method that allows us to have the explicit expression for p, linear combination of functions
h(t) and r(7) dependent on the considered model

and

p = (W) 1(A%2 + B2 + 2(A2B% — (W)?)2hr)2, (58)

where A2, B2 are arbitrary real constants, and W is the Wronskian.

As a first step, the dynamical evolution of the Mixmaster model could be studied in
vacuum, namely the simplest case. For further studies of Bianchi IX considering a vector
field, see [103,104].

5.1. Bianchi IX in Vacuum
Starting from (52) and using (36), (33), (34) in particular we find

1
«(7) = 3 1og(6lpulK) +2[palT, (59)

where K = x/ 3(87r)2. It is worth noting that, in the calculation above, we adopted the
absolute value of p, due to its relation to &. In fact the expression for i (with referring to
the synchronous time ¢),

&(t) = —2Kpue™ >, (60)

denotes how much the volume of the universe changes with the synchronous time and it has
the opposite sign of p,, so that an expanding universe is described by p, < 0. Considering
the variable 7, for 0 < t < 400 we have —c0 < T < +oo. At the same time, for an
expanding universe, the semi-classical variable B, increases toward larger values that
means S (t) > 0 and this, again, translates in p1 > 0. Therefore, the equation for B+ () is

B+ (1) = Bo +2[palT. (61)

Hence, the frequency for the harmonic oscillator becomes w?(t) ~ Ce™*, with m and C
constants. Now, we can compute the expression for p that reads as

m

0= 2114 n2J2 (W) + 64m2N? <W> +871V3m]y <2ﬁn‘1/€"7> Ny <2‘En‘1/€m> (62)

where Jy and Ny represent the Bessel functions of the first and the second kind.

To conclude the study of the probability density, firstly we need to compute (37)
using (53). We choose |xo|? such that it has a Gaussian shape peaked around f_ = 0.
Figure 2 shows the probability density function for different values of the synchronous
time variable as a function of the quantum anisotropic variable f_. We observe that, when
the point-universe enters the corner, there is a suppression of the quantum variable _,
as its standard deviation decays in time. In other words, the Gaussian packet tends to
peak around the value B_ = 0. The corner becomes an attractor for the global system
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dynamics and the point-universe cannot escape anymore. This is the reason why the
universe approaches on a good level the Taub model.

T T T T T T T T T T T T T T T T T T T T T T T T
: I — t=10"%
©— t=107
| — t=10710
©— =108
L —t=10718
©— 110

P S S s S S S N S S S USSR S
-30 -20 -10 0 10 20 30

Figure 2. Time evolution of the probability density of the quantum subsystem considering Bianchi IX
in the vacuum case with 1 = 2|p,|7, for an expanding universe. Figure re-elaborated from [101].

The vacuum case can be analysed also for a collapsing behaviour of the universe. The
dynamical evolution is represented by a decreasing . for t — +cc. In this case, the initial
assumption is that 8 < 0, which translates in p < 0. Therefore, following the same steps,
we achieve

p(T) = = , (63)

in which w(t) = 4¢%% is constant. The eigenfunctions x, which depend on time through
0(T) are now constant; hence the probability density distribution |x|? is defined simply
by choosing its shape at the initial time. This means that it remains constant as the point-
universe moves towards the time singularity, namely the point universe goes deeply inside
the corner (B4 < 0). Here, the backward evolution of the universe would correspond to a
Taub universe, which is no longer a singular cosmology in the past, endowed with a small
fluctuating anisotropic degree of freedom in addition to the macroscopic classical universe.
Hence, the singular behaviour of the Bianchi IX universe can be removed. This result could
have a deep implication, under cosmological hypotheses, on the notion of the cosmological
singularity as a general property of the Einstein’s equations (see Section 5.4 and for the
possible removal of the singularity in loop quantum cosmology (LQC) see [105,106]).

5.2. Bianchi IX in the Presence of the Cosmological Constant and a Massless Scalar Field

The aim of this analysis is to mimic the behaviour of the Bianchi IX universe if the de
Sitter phase (which is associated to the introduction of the cosmological constant A and the
scalar field ¢) takes place when the corner evolution is performed by the point-universe.
The quantum part of the superHamiltonian H; does not change with respect to the previous
one but we have extra terms in the classical part, namely

Ho = ¢ >*K(=p; + P2 + pj + Ae®™), (64)

where K = x/3(87)2. Now, following the same steps of the previous Section 5.1, expres-
sions for 7(t), a(7) and B4 (7) are

1
)= ———
6,/P% +pp

T(t log {tanh(%(émﬂt +])>}, —c0o<T<0  (65)
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3

2 2
VP3P I
a(t) = llog % sinh<2arctanh(e6T p*ﬂl‘P)) , —co << oo (66)

B (1) =Po+piT, —co < By <fo.  (67)

This time, the evolution of the probability density function is computed numerically for
different values of t, as shown in Figure 3.

T T T T T

0
B-
Figure 3. Time evolution of the probability density of the quantum subsystem considering a scalar

field and a cosmological constant, in the case of an expanding Universe. Figure re-elaborated
from [101].

We can conclude that as the universe evolves in time, the variable B is suppressed
while the fully quantum one _ is characterized by a decaying standard deviation. Hence,
in the proposed scheme, the universe naturally isotropizes. In other words, starting with a
Gaussian shape, its evolution is then approaching a Dirac é-function around the zero value
of B_. Thus, this result offers a new paradigm for the Bianchi IX cosmology isotropization
based on the idea that the de-Sitter phase is associated with the corner regime of the model.

5.3. Taub Model

Another interesting application [107] could be the case of the Taub model [108] (for a
full quantization see [109-112]) that is the natural intermediate step between Friedmann-
Lemaitre-Robertson-Walker (FLRW), which is invariant under rotations around any axis,
and the Bianchi IX universe in which the rotational invariance is absent due to the presence
of three different scale factors. Therefore, since the corners of Bianchi IX asymptotically
correspond to the equality of two scale factors, e.g., one is fixed by the condition p_ = 0
and the other two are obtained for the rotational invariance of 277/3 in the plane (B4, f—),
this leads to the Taub solution. The line element of the Taub space-time corresponds to (27)
but the traceless symmetric matrix which determines the anisotropy via 8 only is

Bap = diag(B+, B+, —2B+) - (68)

Within this study, we consider again a cosmological constant A and a free minimally cou-
pled scalar field ¢ to mimic the inflationary scenario. For further studies about inflation in
quantum cosmology, see [28,113,114]. The dynamics is summarized by the scalar constraint

Hy = Ke 2 (=pi 4 74+ ph 4V + A =0, ©)
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i3

P =0 A\ 7

e

(we remind that K = x/3(87)?) in which the potential term takes the form

V=200 devp(py), (70)

where Vr(B4) = e~8+ — 4¢72P+_ The phase space of the system is six-dimensional with
coordinates (&, pa, B+, P+, §, pp) having py as a constant of motion because of the absence
of a potential term U(¢). The dynamical picture is completed by taking into account the
choice of N = ¢ /K which fixes the temporal gauge.

Now, following the same steps of the Vilenkin approach, we can construct the classical
and the quantum dynamics. Equations (8) and (9) become

— (325)% + (9pS)* + Ae® =0, (71)

0u(A?04S) + 9y(A%04S) = 0. (72)

Equation (22) is instead responsible for the evolution of the quantum subspace, here
represented by B : introducing the change of variable ¢* = g, the equation takes the form

ndk <ai+ (m)) (73)

where dt = Ke~3*dt and the variable a increases with the synchronous time while T
decreases. In this respect we have

du

= 2Kp <0, (74)

with py ~ VAeb since in (71) pé can be neglected for large values of a. We are also
taking the positive square root since we consider an expanding universe. The behavior of T

compared to a is then
dr 1 da

dat —  2Ky/Adbdt
According to Vilenkin’s idea of a small quantum subsystem, the quasi isotropic regime is

considered, in which || < 1, and as a consequence the potential term gets a quadratic
form

(75)

Vr(By) = —3+24p%. (76)

It is worth noticing that the zero order of the approximate potential would provide a
contribution to the H] Equation (71) and becomes negligible when the cosmological constant
dominates, once substituted into the WDW, i.e., —3¢%* = —34*. Hence, the frequency of the
harmonic oscillator reads as w?(7) = 67~%/3 /k? where k2 = x2(6x+/A)*/3. Now, with the
method used above [102], we can construct an expression for p namely

1 9A2 + 64B2) (k% + 54 72/3 —9A2 + 64B?)(k* — 54 12/3) — 144/24A2B2 — 59049 1/
k6
) +6v2 (2 8A2B2 19:83 R+ V/3(~9A% + 64B2)kT!/? — 108 /8 A2B2 — 19;683 2/ 3> 77)

v\
X sin 7 ,

and the probability density for a generic expansion, i.e., |x(B+, T)|?, is then calculated.
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Figure 4 shows that, as the volume of the universe expands, i.e., T — 0, the profile of
the Gaussian shape becomes more and more peaked. In this case, it cannot reach a real
J-function as stated in [115] but a steady small finite value emerges, namely

2./% B 4/3
\ﬁk3 + 25 @ +0(0)%3. (78)

P(T=0) ==K +3

A confirmation of this behaviour is present also considering an asymptotic study of an
exact Gaussian solution of the time-dependent Schrodinger equation, which will be dis-
cussed below. We can state that the de Sitter exponential expansion of the universe strongly
suppresses the quantum anisotropy leaving a small relic at the end of inflation. This sur-
prising result suggests that, although the anisotropy cannot have the same non-suppressed
behaviour of a scalar field, a small tensor degree of freedom can be present on a quantum
level. In this sense, in the full inhomogeneous scenario, it could originate a smaller tensorial
component of the primordial spectrum.

al
al
o
> 2f
4L
0 :
i i i i
2 1 0 1 2
B.

Figure 4. Time evolution of the probability density is highlighted with different colours. The
dashed black line represents the initial time 7; while the continuous line is the solution with Hermite
polynomials. The wavy trend is given due to the truncation of the Hermite polynomials. In this plot
we used A = % and B = 1. Figure from [107].

To clarify what we anticipated above, we now search for an exact Gaussian solu-
tion [116,117] of the time-dependent Schrodinger equation as

X(B+,7) = N(1)e 2908, (79)

since it is evident from the harmonic oscillator eigenfunction that the simplest way to locate
the universe is a Gaussian shape. Substituting (79) in (73) and separating all terms of zero
and quadratic order in ., we get

iN'(7) = %N(T)Q(T), (80)
i) (1) = O%(1) — (7). (81)

To achieve the modulus of the normalization factor we also request a normalized wave func-
tion for any value of time.To obtain the physical information on the anisotropy behaviour
we solve (81) since the quantity we need is the inverse Gaussian width. Now, separat-
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ing Q) into its real and imaginary parts, i.e., QO = f(7) +ig(7), we obtain the following
non-linear system

!

2g = 7 (82)
§ =g+ —f (83)

It is worth noting that (82) and (83) do not admit an analytical solution, but we can easily
construct an asymptotic behaviour for which 7 — 0. We achieve

3C2
g(t—0) ~ i (84)
F(T = 0) = foe 6", (85)

where C? = 6/k? and fo is an integration constant. The standard deviation of the Gaussian
probability distribution is

1 1 §C2¢2/3

~

w0 Ve

Hence, the standard deviation exponentially decays (Figure 5) when the universe expands,
ie., T ~ 1/a° decreases. However, also here, it approaches a non-zero value. In fact, this
feature corresponds to the constant value assumed by p in (78). We can state that, if the
universe anisotropy is small enough to be in a quantum regime when inflation starts, it is
still present at late times.

o(t—0) =

(86)

5.4. Inhomogeneous Extension

We now briefly review the analysis developed in [97], where the ideas presented above
have been extended to the generic inhomogeneous cosmological solution, also clarifying
the physical conditions under which the WKB scheme becomes applicable.

The analysis of a generic inhomogeneous Universe has been first developed in [118],
see also [68,119-121] and it corresponds to the situation in which the functions &, f4 and
acquire a dependence on the spatial coordinates and the 1-forms, describing the geometry
of the 3-hypersurfaces, are associated to a generic vector field, whose time dependence is
neglected at the higher order.

This scheme allows to implement the so-called “Belinski-Khalatnikov-Lifshitz (BKL)
conjecture” (for its validation on a classical level see [28,119]), according to which each
region of the order of the averaged cosmological horizon behaves like the homogeneous
Bianchi IX and Bianchi VIII models, sufficiently close to the initial singularity. In this
picture, the chaotic feature of these two Bianchi models is extended to the dynamics of a
generic inhomogeneous Universe as a local concept: each causal region is characterized
by the same oscillatory regime and chaotically evolves independently from any other one.
Actually, this picture is the result of a more rapid decreasing of the average horizon with
respect to the typical inhomogeneous scale, as the initial singularity is approached. Thus, in
the limit of the BKL conjecture validity (for the question concerning possible spikes in the
spatial gradients see [122]), the Mixmaster scenario described by the triangular potential in
Figure 1 can be applied as a point-like model, including the corner dynamics addressed
above [28].
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Figure 5. Time evolution of the probability density is highlighted by different colours. The initial
time is 7;. We considered J%O = 27%%/3. Figure from [107].

In [97] it has been argued that, inside the corner, the variables « and 1 are, near the
singularity, very large and therefore remain classical degrees of freedom, while the small
variable f_ can become a real quantum variable, according to the proposal in [17]. The
idea is that, in a long sequence of iterations of the piecewise representation of the evolution
in terms of the Kasner-like solution, a deep penetration of the point-universe inside the
corner must, soon or later, take place in each spatial point [123].

By other words, it is argued that the uncertainty in the value of the variable f_ in
the corner is of the order AB_ ~ 2B +/h. Hence the uncertainty principle implies that
the indetermination on the corresponding momentum is Ap_ ~ 2+/71/f ;. Recalling that
deeply in the corner B is very large, we deal with a small quantum subsystem associated
to the phase space {f_, p—} and the ratio between the quantum Hamiltonian and the
classical one is of order fi. That is, all the assumptions at the ground of the decomposition
into two parts of the global system, one classical (here the quantum corrections on « and
are not present at all) and a small quasi-classical subset, considered in [17] are fully satisfied.
Hence, the same analysis performed above follows directly in each space point, since the
variable f_ dynamics is descried by a time-dependent quantum harmonic oscillator in each
locally homogeneous region. However, in the inhomogeneous case, it has to be taken into
account the so-called fragmentation of the space [28,120,124,125]. In fact, the chaotic time
evolution of the locally homogeneous regions induces a corresponding oscillation of the
spatial dependence of the metric functions. As a result, the comoving inhomogeneity scale
is not the same during all the evolution toward the singularity, but it also decreases [28,119],
although the Mixmaster scenario is preserved.

The important point here is that the corner configuration is then reached in each (even
arbitrarily small) space region which contains a rational value of the parameter u, by which
the BKL map is described [118,120]. This feature ensures that, as the initial singularity is
approached, essentially all the space is (homogeneous patch by homogeneous patch) in the
corner configuration (this takes place in different instants of time) and the WKB scenario
inferred in Section 3 can be applied. Thus, in the end, since the variable B_ is frozen out
to a negligible value (described by a constant standard deviation around the zero mean
value), then we deal with a non-singular generic inhomogeneous universe. In this respect,
the implementation of the ideas developed in [17] to the inhomogeneous Mixmaster leads
to a possible picture to solve the problem of the initial singularity on a very general footing.
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6. WKB Expansion for Quantum Gravity Contributions

As seen in Section 3, the work [17] implemented a perturbative expansion in the Planck
constant in order to obtain a functional probabilistic interpretation for the wave function
of the universe. This procedure can be enclosed as a special case of the WKB method [71],
which allows to compute an approximate solution to a differential equation of the WDW
type by going to increasing orders of accuracy in a desired parameter, as seen in the study
presented in Section 4. To illustrate this method, let us start from the WDW Equation (5);
we assume the solution wave function ¥ to be of the form

Y=, (87)

with S a complex function, that we expand in some parameter P

S=Y P'S,. (89)
n=0

The application of the superHamiltonian operator to (87) using (88) brings a series of
equations, each one at a different order in P and acting as a small perturbation to the
previous ones (having chosen P appropriately). Using the Planck constant /1 as expansion
parameter [126] this corresponds to the so-called semiclassical approximation in quantum
theory; nonetheless, one could implement a different perturbation parameter according to
the physical properties of the considered theory. Substituting (87) into (5), one can solve
each order in P and, supposing that the universe can be separated as in Section 3, obtain
a dynamical description of the quantum subsystem at some level of accuracy, containing
corrections from the “semiclassical” sector.

We emphasize the difference between the direct application of this method and the
work [17] presented in Section 3, i.e., the ansatz (6) was composed of a semiclassical
amplitude A(h), multiplied by an exponential term expanded in /. This hypothesis is
based on the assumption that the universe can, at some level, be separated between a
purely semiclassical sector and the remaining quantum one, as already discussed, but it is
not a general feature of the WKB method. However, Vilenkin’s work can be recast as a WKB
expansion with the ansatz (87) by considering a complex function S and expanding (88) in
the parameter 71, as shown in [22].

The WKB expansion for quantum gravity has been implemented in many works in the
literature after [17], mainly focusing on the canonical quantization prescription [127-131]
sometimes in different expansion parameters [20,24,116,117,132-139], or taking different
paths considering some sort of WKB ansatz [78,140-142]. In several works, the WKB
method has been implemented in the context of a BO approximation [143,144] for gravity
and matter [22,25,26,145-151]. Reviews regarding the use of the WKB procedure for con-
structing time in quantum cosmology can be found in [53,55,59,152,153]. In the following
section we will explore in more detail some of these works and discuss the emerging
problem of non-unitarity for the matter dynamics.

6.1. Time from Gravitational Variables and the Question of Non-Unitarity

The expansion parameter in (88) can also be taken of Planckian size. That is the case
of Kiefer and Singh’s work [20], who first considered a regime in which the “classical limit”
is the absence of matter, i.e., vacuum solutions.

Let us briefly recall this approach. We start by identifying in the system the “subsets”
of quantum gravity and quantum matter, such that the WDW equation can be rewritten as

2
(;\A<V§+f~vg) +MV(g)+Hm>‘P(g,m) -0, (89)
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in
VgSo- VSt + VgSo- VeQi — 5 (V350 + - VgSo) +

where M is the Planckian parameter

2
1 cmp

T a2 T 4n’

(90)

being mp = v/fic/87G the reduced Planck mass, the term f - V, is inserted for general-
ization to other operator orderings, and Hy, is the (scalar) matter superHamiltonian as
in (4). An important aspect deriving from the choice of the expansion parameter (90) is
that it allows a clear separation between the gravitational and matter subsets, since in the
limit M — oo (G — 0 as can be seen from (90)) the latter will disappear, leaving only the
Einstein’s equations in vacuum. Such a choice implies that the WKB expansion will hold
for particles with small mass over Compton length ratio, i.e., whose mass is m < mp.
Similarly to Section 3, the wave function is taken to be of the WKB form

Y(g,m) = e%s(g’m), 91)

and S is then expanded in powers of M. However, in Vilenkin’s work [17], the study was
carried out to recover a Schrodinger dynamics for the quantum (here matter) variables,
and to formulate a probabilistic interpretation for the complete ¥, for which the order 7!
was enough. In [20] instead, the aim is not only to recover such a dynamics for the matter
sector (which will emerge at O(M?)), but also to investigate its modifications induced by
the quantum nature of gravity, i.e., going up to the next order O(Mfl). To obtain this,
the total function S is first expanded in powers of M and then at each order separated in
a(g)+ b(m,g), ie., isolating a purely gravitational function. For the sake of clarity, we here
reformulate the approach with that separation from the beginning, writing

S(g,m) = MSo(g) + 51(8) + 1752(8) + Qi(m,g) + 1 Qalm,g) + OM2),  (92)

where for consistency the highest function Sy at O(M) (Planck scale) depends on gravi-
tational variables only, as can be checked from the perturbative expansion. The matter
enters at the next order, such that the gravitational background is naturally recovered
without further assumptions. This feature represents a striking difference from the work in
Section 3, where the WDW gravitational equation was also imposed. We stress that, in this
implementation, the presence of classical matter can only be recovered with some suitable
redefinition, for example with a rescaling of the matter fields themselves (see [116,117]).
Expanding in M, the first order M! gives

1
5 (VS0 +V =0, 93)

corresponding to the HJ equation for gravity which provides the classical limit, namely
Einstein’s equations in vacuum. We note that the coefficient 1/2 in front of (VXSO)2 with
respect to Vilenkin’s proposal (8) is due to the definition of the expansion parameter M
which makes it appear in the starting WDW Equation (89). In this sense, it is not related to
any physical properties. The next order M? brings

1 ih _,

o 2\/ﬁvaﬁu_o, (94)

where we indicate the derivatives with respect to ¢ as V,,. Requiring that 51 (g) satisfies

(VnQ1)? -

in
VgSo- VeS1— 5 (VESo+ £ VgSo) =0, (95)

namely a continuity equation for S; (being Sy known from the previous order), the matter
wave function o = e# Q1 satisfies
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.0 N
zhg)(() = NHy; xo- (96)

Equation (96) is a functional Schrodinger equation where the WKB time is defined by

)

5= =NV Vg, 97)

similar to (12), in which the lapse function (that was removed in the original work via a
gauge choice) has been reinserted for the general case in order to maintain a parallelism
with Vilenkin’s definition (12). We emphasize that, in Section 3, the continuity equation
was not imposed but obtained from the perturbative procedure since we required the
WDW gravitational constraint from the beginning; here instead, there is no such initial
assumption. To recover the functional quantum field dynamics we have to impose another
condition on Sy, i.e., (95).
Developing the analysis to the next order M ™!, one finds

in
VgSo- VgSa+ VSo- VeQat ((vgsl) +(ng1)2)+vg51~ng1—f(v251+v§Q1+f‘vgsl

1
ViSo- VgQa + 5(VgQi)® + VgSi - VeQi = (V2 Qi+ fVeQu) +—=

i °8)

f 2vh

which again can be cast in a clearer form once the function S, satisfies an analogous
continuity equation

+FVeQ1) + —=VnQiVnQs — == V3Q =0,

in
VS0 VeSa+ 5 (Vgsl)27—<V251+ f-Vgs1) =0, (99)

thus leaving only

1
—=VuQ1VuQs — 5 szfo (100)

Vh f

We can now decompose the derivatives V¢ in tangent and normal components to the
hypersurfaces Sgp = const and neglect the former by assuming the adiabatic dependence of
Hy;, on the induced metric. Summing (100) with the previous order, the resulting equation

i 1
for the matter wavefunction xy = e? (Q+ Q) for N = 11s

H,%,Mh(m"la(‘/ﬁ)ﬂmﬂx. (101)

LOX A
oz = Hnx + 9t VR Ot

aT

1
8M VIR
Here, the terms after H;, are a modification to the standard quantum matter dynamics and
thus they represent quantum gravity corrections. An inspection of these terms reveals that
they violate unitarity in the evolution.

It can be noted that, up to the order M, the work [20] seems to portray a functional
description of the system analogous to the one obtained by Vilenkin (Section 3). Actually, it
can be shown that the approaches [17,20] are equivalent to a unique WKB expansion of the
WDW equation just by changing the expansion parameter (see reformulation in [22]). As a
consequence, Vilenkin’s work can also be expanded to the next order in  finding quantum
gravity corrections in the functional Schrodinger formalism. However, also in that case,
they manifest a non-unitary morphology.

The question of non-unitarity in this kind of approaches has been long discussed in
the literature [22,24,25,78,79,150,154,155], with many significant outcomes. As presented
in [155], implementing a scalar field clock, the request of unitarity can lead to a quantum
recollapse of the model; in [150] an inner product is proposed in relation to the Faddeev—
Popov gauge-fixing procedure. We here briefly discuss the proposal [24] to overcome the
non-unitarity emerging in Equation (101): the authors construct the set of complex eigen-
values E(7) associated to the total non-Hermitian Hamiltonian operator in (101), together
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with the set of real eigenvalues () of H,,. In this notation, T is the only geometrical
variable present that is identified as time from the beginning. The functions E(7) and (1)
are then expanded in powers of 1/ M. By redefining the quantum wave function with a
phase transformation involving the imaginary part of E(7), and rescaling the background
with the opposite phase, the redefined quantum state gives a contribution in the equation
that exactly cancels the non-unitary terms in (101). Thus, the dynamics for the redefined x
at O(M™1) presents only the Hermitian part of the quantum gravity corrections, restoring
unitarity; also, a quantum backreaction emerges in the HJ equation due to the rescaling.
However, the procedure is built on the assumption that the operators H;,s and H;; com-
mute, and thus can be diagonalized simultaneously. This property does not hold in some
cases, for instance considering a FLRW model with a cosmological constant and a scalar
field. In that setting, Hjo; at the order 1/M contains both H, and its time derivative H,,
with Hy, including the scale factor 2 and H,, its conjugate momentum, so the two operators
cannot commute (for a critical analysis of this restatement, see [22]).

Moreover, the question of non-unitarity has been addressed also in the context of
modified theories of gravity, where it can emerge due to renormalizability requirements
of the corresponding quantum theory (e.g., [156]). Recent interest has been devoted to
the case of massive gravity, where the graviton particle acquires a nonzero mass. Massive
gravity was first introduced by the work of Pauli and Fierz [157] and later reformulated
with the “gravitational Higgs mechanism” (in which the spontaneously broken symmetry
is the one associated to coordinate reparametrization invariance) or via higher-derivative
curvature terms [158]. Such theory is however plagued by the emergence of ghost fields,
i.e., non-physical states associated to non-dynamical variables, that induce negative proba-
bilities in the theory and so violate unitarity [159,160]. Solutions to this issue have been
proposed both in three dimensions, see [161-164] and in four dimensions with the so-called
dRGT model [165] (see [166] for some deviations from GR predicted by the model), and
also [167-169].

For what concerns the non-unitarity problem in the present General Relativity analysis,
the description of quantum gravity corrections to the matter sector dynamics with the
WKB procedure leaves some unanswered questions. Another relevant implementation is to
regard the gravity and matter system in a Born-Oppenheimer approximation, as mentioned
in Section 4, in order to tackle this issue in the canonical quantization framework.

6.2. The Born—Oppenheimer-like Approximation

A further implementation of the DeWitt theory for gravity and matter is the Born—
Oppenheimer (BO) extended approach presented in [25], later applied in the context of
quantum cosmology in [146,147,149]. In analogy with the BO approximation for molecules,
the wave function is separated as ¥ (g, m) = (g)x(m, ) since the matter sector is char-
acterized by a lower mass scale with respect to the Planckian one. Hence, the matter
can be regarded as the “fast” quantum sector while gravity is the “slow” quantum com-
ponent. Working in the minisuperspace, the total WDW Equation (5) is averaged over
x(m, g) and subtracted to the initial equation thus obtaining an equation for the grav-
itational background ¢ and one for the matter sector . Both functionals are rescaled
making use of the gauge invariance of the system through a phase depending only on the
gravitational variables

lpze_%-fAdg{ﬁ, X:e%f’”g}f, (102)

where A = —ili(V). Then, rescaling again x via (H,;) and taking ¢ in the WKB form, the
HJ Equation (93) is modified by the presence of the matter backreaction (H,,). Implement-
ing the time definition (97), the dynamics of the matter sector is given by

N~ . 0 iy iy m? T , 3
(Hmfzha—r))(s:e £ [{Hu)dr h]Adgm[sz(D2)+2(Dln./\/')D])(, (103)
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where D, D are covariant derivatives constructed with A as Berry connection, 1/ is

the amplitude associated to the WKB-expanded ¢, and ys = e~ 7/ (Ha) d7=7 [ Adg ) Agin
the previous approaches, in the semiclassical limit the right-hand side vanishes due to
the adiabatic approximation and Equation (103) describes the usual Schrédinger dynam-
ics. Furthermore, the authors suggest that the obtaining dynamics is unitary due to the
vanishing of

.. 0
1h87<Xs|Xs> =0. (104)

However, this approach does not completely solve the non-unitarity problem. In fact,
while the norm of quantum states preserves unitarity signaling a possible construction
of the Hilbert space associated to the matter sector, this might not be true when the
quantity (104) is computed between different quantum states. It has also been shown in [22]
that, once the gravitational wavefunction ¢ is rescaled with (H,,) (which is a requirement
of the gauge symmetry of the theory), Equation (103) takes a different form, again as a
modified Schédinger equation that is unitary only if one considers (xs|x;). Moreover, as a
consequence of the rescaling, the matter backreaction does not appear at the level of the HJ
but goes to the next order where it gets canceled by an opposite term, actually vanishing in
the proposed approach.

The presence of the quantum backreaction in these models is also worth discussing [170].
Considering Vilenkin’s work, this contribution is absent from the HJ due to the background
assumption (7), while in [20] it is forbidden by the choice of expansion parameter, as men-
tioned above. However, using the same parameter, a matter backreaction term emerges in
both [24,25] via some rescaling. In the context of quantum cosmology, when perturbations
are present, such backreaction would describe how small scale inhomogeneities influence
the large-scale structure of the universe. With this aim, many studies have been carried on
considering both semiclassical and quantum backreactions, i.e., with a classical or quan-
tized gravitational sector (see [170] and references within for an overview). In relation
to the topics here presented, we mention the implementations based on Space-Adiabatic
Perturbation Theory (SAPT) [171], which can be formulated as a generalization of the
Born-Oppenheimer procedure aimed at solving the coupled dynamics at a perturbative
level [172,173].

7. A Proposal for Unitarity: The Role of the Reference System

The emergence of non-unitarity in the approaches discussed above may signal that
the time definitions in (12), (97) are to be reconsidered. Indeed, they bring in the expansion
at O(M™1) (or O(h) in Vilenkin’s approach) a squared time derivative coming from V3
which leads to non-unitary terms in the modified dynamics [22].

A different implementation of time can follow from exploiting the role of the reference
frame, whose presence in the model can be made explicit by adding a suitable term to
the action. In the following we will focus on two different types of this implementation,
namely the kinematical action and the Gaussian reference frame fixing, discussing their
relation and physical meaning.

7.1. The Kinematical Action Proposal

Let us first review Kuchar’s discussion presented in [4]. There, the kinematical action is
defined as the term to be added to the theory, using some Lagrange multipliers, to restore
covariance under the ADM foliation and thus under the choice of reference frame. This
procedure stems from the observation that, in quantum field theory with an assigned
ADM foliation, the relation between points on infinitesimally close hypersurfaces is not
evident, i.e., the geometrical meaning of the deformation vector and its components N and
N is lost, as can be seen in the case of a scalar matter field theory [4,10,22]. In the ADM
representation, the kinematical action takes the form
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skin — / dt dx(pudey” — NPp,), (105)

where y* = y#(x!; x0) define the family of one-parameter hypersurfaces obtained via the
foliation, and p, are conjugate to y*. Adding (105) to the action of the model, further
equations of motion (associated to the variations y", dp, and 6N¥) describe the vanishing
of the momenta Pu and restore the geometrical definition of the deformation vector

NF = 9y" = Nn* + N'b', (106)

being n# the timelike direction and bf‘ the tangent basis to the hypersurfaces identified by
the foliation. The superspace constraints are modified by the presence of

Hkt = ptp,, (107)
H" =pl'p,, (108)

such that the total superHamiltonian and supermomentum functions must now vanish.
We notice that these terms represent a good candidate for the definition of time since
Equations (107) and (108) are linear in the momenta p,.

Let us now analyze the model following from the definition of time through the
kinematical action, as implemented in [22], instead of background variables. Starting from
the action

S8 4 S 4 gkin — /dxo PBx {Huh“ + Pyt + i — N(Hg +H" 4 Hki") —N (Hf +H" 4+ Hff”)], (109)

and separating the wave function in ¥ (h, ¢, y") = ¥(h)x (¢, y"; h) as in Section 6.2, the
WKB expansion in the Planckian parameter M (90) can be performed

(i, ¢, y") = ef (MSo+S1+352) o (Q+71Q2) | (110)

being S, = S, (h) and Qn = Qu (¢, y#; h). We stress that, in this separation, the kinematical
action (and so the reference frame) is enclosed in the fast quantum sector as are the matter
fields, in contrast with the gravitational background; this requirement allows the time
parameter to be independent from slow background variables which are related to non-
unitarity. In Equation (110), as in (92), the expansion is truncated at order M~ since the
aim is to compute quantum gravity corrections to the matter dynamics. The requirements

(H™x) -
(A8Y) (M),

4 L. _ -1
@an,y’ h) = O(M™), (112)

(111)

are satisfied due to the difference in physical scales and in “velocities” of the two sectors
typical of the BO approximation, as discussed in Section 6.2. Following Vilenkin’s rea-
soning, the total WDW equation is imposed together with the analogous equation for the
gravitational background, i.e.,

2
|:—;;\/I<V§2;+f'vg) + MV (g) —h2v3n+U—ihnﬂ§Hlf:o, (113)
hZ
—m(V§+f-Vg> TMV(g)|p =0, (114)

where the term f - V¢ has been introduced for generic operator orderings, as in Section 6.1,
the matter sector is described by a scalar field ¢ and the gravitational sector potential V pos-
sibly includes a cosmological constant term. In the general case, one cannot implement the
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minisuperspace reduction, thus the theory must take into account also the supermomentum
constraints for the total ¥ and for the background respectively

2hiD-vg—ai¢.vm—mbf§ ¥ =0, (115)

RiftD - Vol =0, (116)

being ;D -V, = hijDk%k. and Dy the (3-dimensional) induced covariant derivative
j
associated to /1;;. We stress that, since we are here presenting the more general formalism,
i,j, k are explicited spatial indices; we will then implement and discuss the minisuperspace
reduction of this model.
Substituting (110), the expansion of the constraints Equations (113)—(116) brings
at O(M)

1
5 VS0 VgSo+V =0, (117a)
2D - VgSy =0, (117b)

corresponding to the HJ and the diffeomorphism invariance of Sg. At O(M?), from the
gravitational constraint, we obtain a relation between Sp and S;. Using this link and
summing Equations (113) and (115) with coefficients N and N’ respectively, one obtains

)

.6;(0_‘ 3 U iph
zh—:zh/d x(Nn +Nbi)(5yﬂ

_ qm _ 3 ym irym
£ xo=*H )(of/d x(NE" 4+ N ) o, (118)
where xo = ¢#Q1 is the matter wavefunction at O(M?Y) and the time derivative, which
is defined via the kinematical momenta p,,, includes the definition of the deformation
vector N*. At the next order M~1, proceeding in a similar way and making use of the
hypothesis (112), the modified matter dynamics is obtained

ihg%‘ = A"x + / dx [NVSo - (~ifiVg) —2NHIyD - (=ifiVg) |, (119)
being x = e#(Q+112) We can observe that the quantum gravity corrections described by
the integral terms on the right-hand side are indeed small in the perturbation parameter
since they involve the derivative of x with respect to the gravitational variables, which are
of O(M~1) due to the BO approximation (112). Differently from the approaches in Section 6,
here the obtained modified dynamics is unitary since the correction terms in Equation (119)
involve the conjugate momenta to the gravitational variables and the function Sy which is
constrained to be real from the HJ Equation (117a). A cosmological implementation of this
model can be found in [174].

7.2. Fixing a Gaussian Reference Frame

The implementation in Section 7.1 managed to define a time parameter for the matter
evolution overcoming the non-unitarity problem, however the connection between the
kinematical action (105) and the reference system itself is not straightforward. In this
sense Kuchar later proceeded, together with Torre, to study the implementation of a
term more clearly related to the reference frame [8]. In this further work, the additional
term corresponds to the selection of the Gaussian reference frame 7% = 1, PY=0
reparametrized in terms of generic coordinates

Sp= /d‘*x{@ ]-'(g“ﬁaaT(x) T (x) - 1) + \/Tg)ri(g“ﬁaﬂ(x) aﬁx"(x))} . (120)
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In Equation (120), X'(x*), T(x*) are the Gaussian coordinates written in terms of the
general x* whose associated metric is 8,4, and F, F; act as Lagrange multipliers. In this
notation, 9, X’ = 9X(x%)/0x* and the dependence of the Gaussian coordinates on the
x* will be implied. The choice of the Gaussian coordinates is based on a straightforward
implementation of fixing a reference frame (see also [175]), while the case of parametrized
unimodular gravity is discussed in [176], see also [177] and the general parametrization
process has been addressed in [178]. The so-called Kuchar-Torre model is characterized
by the emerging of such Gaussian reference frame as a heat-conducting fluid in the theory.
This brings a source term in Einstein’s equations

T = FUSUP 4 o (FRUP 4+ PR, (121)

being U* = g“ﬁaﬁT the four-velocity of the fluid, F its energy density, and F, = F;0, X’
its heat flow. Actually, implementing only the Gaussian time condition in (120), the fluid
reduces to an incoherent dust since F; is not needed and the stress energy tensor (121)
reduces to the typical form JF U¥UP. It is clear from Equation (121) that the fluid emerges
at the classical level acting as a source term for the gravitational sector; for this reason, the
fluid has to satisfy the related energy conditions in order to be physical and not ill-defined.
As examined in the original work, this corresponds to the following relation

F > 2,/ F,Fg. (122)

However, this condition is not satisfied in principle and it is also not conserved during the
evolution unless the system is closed with an additional constraint that turns the fluid to an
incoherent dust and reduces (122) to 7 > 0. Thus, the energy conditions are not satisfied
in the general case F, F; # 0, while it is possible in the incoherent dust case F; = 0 with
some suitable initial conditions.

In the Hamiltonian formalism, the total superspace constraints must vanish, containing
the additional functions

Hf =W 'p+ WWkp,, (123)
H = Po,T+ P aixXk; (124)

where the Lagrange multipliers have been written in terms of the momenta P, P, conjugate
to (T, X*) and the functions W, WF are defined as

W= (1-h'a,To,T)""/2, (125)
Wk =n'o,T9,xk. (126)

As in (107) and (108), the momenta linearly appear in the constraints. Indeed, the authors
show that defining the time derivative from the reference fluid variables, the gravity-fluid
system is described by a Schrodinger dynamics

5 0¥ (T, XK, 1)

i = —HY = Sy A8
iho ¥ /de 5 ‘T:t‘i’ Y /Zd < FS Y, (127)

Here, the time derivative is defined in the case of ADM foliation such that the timelike
direction coincides with the Gaussian time T one; both the cases in which x' = X! and
t =T, x' = X' are also discussed in the original paper.

Another related approach is the work [9]. There, the added sector is composed of an
incoherent dust whose comoving coordinates and proper time identify a “privileged” refer-
ence frame which again can be used to overcome the frozen formalism issue. Furthermore,
the obtained functional Schrodinger equation is independent from the dust coordinates
and a conserved inner product can be defined. However, the square-root form of the dust
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superHamiltonian, representing the dust scalar energy density, leads to some difficulties in
implementing this definition at a WKB perturbative level. For a minisuperspace application
of the Kuchar-Brown dust time, using the RPSQ and BO approximation, see [179].

The possibility to implement the same WKB and BO procedure for the model with the
Gaussian reference fluid term is investigated in [26]. We start from the WDW equation

hZ
K—ZM (V;‘; +g- Vg) M v) (=22, + U) + (WP + WWEP) [¥ =0, (128)
and the total supermomentum constraint
2iih;D-Vy) — (3i¢) Vo + P ;T + P 9; XK [ ¥ =0, (129)
g ¢

for generality. The BO separation is implemented as ¥ (;;, ¢, X*') = o (h;) x (¢, X h,v]-),
where the inclusion of the Gaussian reference frame into the fast quantum sector is backed
by its materialization as a fluid (121). The WKB expansion in M up to O(M ™) corresponds
to the same ansatz (110) with functions Q, = Q, (¢, X*; h,]) The adiabatic approximation
of the BO procedure gives

5Qn .
e oM, (130)
(H"x) _ 1
e = O (131)

Considering again the matter backreaction to be negligible at the gravitational scale, as in
Section 3, the gravitational constraints (114) and (116) also hold. Expanding the system
of Equations (128), (129), (114) and (116) with the ansatz (110), the dynamics at the lowest
order O(M) is described by the same HJ Equation (117a) and diffeomorphism invariance of
So (117b). The order M° describes a functional Schodinger dynamics with time definition

32(0 3 K 9 i a Ky O
/d { < +ww (Sxk>+N<(aT) +(ax)5xk>}m )

=H"xo,

being H™ the matter Hamiltonian defined as linear combination of superHamiltonian and
supermomentum functions as in (118). We stress that the time derivative in (132) is defined
for a generic foliation since the general coordinates are left independent from the Gaussian
ones, differently from (127). Another key property of the model is that the fluid always
emerges at the quantum level, being absent from the HJ Equation (117a), thus it does not
suffer from the energy condition problem discussed above. Finally, the order M~ describes
quantum gravity corrections in the form

LO0X . = .
ik = Ay + /de[Nvgso- (=ihVg) —2ND - (~inV)] x, (133)

which, also in this case, are small in the parameter M and unitary due to assumption (130)
and the reality of Sy from the HJ equation.

Actually, we stress that the functional forms of Equations (119) and (133) depict an
analogy between the kinematical action and the Gaussian reference frame implementation.
Indeed, the time definitions (118) and (132) can be related, if one restricts the kinematical
action to the form d;y* — T by selecting the homogeneous setting N = 0 and the timelike
direction n#* = (1, 6) Moreover, taking the Gaussian reference frame fixing with only the
time condition F # 0, F; = 0 that is the incoherent dust, the two procedures give the same
dynamics both at O(M?) and O(M™!). This property signals that the kinematical action is
playing the role of the reference frame, acting as a fast quantum matter component and giv-
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ing a preferred set of variables suitable for the construction of the time parameter. However,
the parallelism is not full since the two implementations (118) and (132) differ between
each other in the case of a generic foliation. It follows that a direct correlation between the
Gaussian reference frame fixing and the kinematical action is not yet understood in the
general case.

7.3. Reference Fluid as Time in the Minisuperspace

We now analyze the effects of the modifications in (133) for quantum cosmology in
the minisuperspace, focusing on the behaviour of the probability density during the slow-
rolling phase of an isotropic universe. Let us consider the minisuperspace reduction of the
FLRW model with a free inflaton scalar field ¢ and a positive cosmological constant A in the
gravitational potential accounting for the slow-roll phase of inflation [26]. This allows us to
discard spatial dependencies and restrict the general form (120) to the case of a reference
frame having gOO = 1,1i.e., imposing the reparametrized constraint ¢#V9, T d, T —1 = 0 only.
In this setting, the WKB expansion in M (due to the related energies being below the Planck
scale) and the BO separation (110) are performed, considering a negligible backreaction
from the dynamical contributions of the matter scalar field. The line element takes the
simple form

ds? = N2(t) di? — a(t)? (dx2 P+ dzz) , (134)

in which a is the cosmic scale factor, while the action corresponds to
4 1 1 v F Y
S = /d V8]~ 5 (R+20) + 280,909 + 5 (89, TAT~1) , (139

where R = 6(% + Zé) and the spatial Lagrange multiplier 7; is discarded. Due to homo-
geneity ¢ = ¢(t), T = T(t), and F = F(t). Hence, Equation (135) in the Hamiltonian
formulation takes the form

. 2 2
_ - ; ; Kpa A5 Py
SRw—/dt{paa+P¢(P+pTTN(u;+Kﬂ +2ﬂ3 +PT>}, (136)

where = 9/0t and t coincides with the Gaussian time T due to the constraint introduced
by F (also N = 1 as a consequence of the Gaussian condition on the metric). The spatial
integration has been removed by considering a fiducial volume Vj = 1. In this case, the
only contribution from the reference fluid is the momentum pr present in (136), that is
related to F via pr = a3F T/N. Hence, to recover the lapse function relation T = Nit
must hold pr = Fa®. The WDW equation gives

2 2
(4;\4& 02 + 4MAa® — Z%ag) —ih aT> ¥ =0, (137)

where we have considered the natural ordering with f - Vg = 0.

Following the procedure of Section 7, Equation (137) and the gravitational con-
straint (114) are expanded at each order in M. We emphasize that the supermomentum
constraints are automatically satisfied due to homogeneity of the model, such that the re-
spective equations are not included in the minisuperspace reduction. Numerical solutions
for the gravitational functions S, are computed, selecting the ones corresponding to an
expanding universe
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So(a) = —83£\R<u3 — ug) , (138a)
Si(a) = in 10g<:—0> , (138b)

Sa(a) = — aa3>, (138¢)

2
N (a’3
24v/3VA

where g is an integration constant corresponding to the reference value of the scale factor
at the beginning of the slow-rolling phase. The matter sector at order M° follows the
dynamics

flz ~ . a)(o

— = d5x0 = H"xo = ih 2 1

273 99X0 Xo=ih=o, (139)

which is the minisuperspace reduction of (132). Solutions to (139) are, in Fourier space, the

plane waves
2
. F‘P
fo=e T (140)

corresponding to standard field theory evolution on curved background. At O(M™!)
such dynamics is modified by quantum gravity corrections, such that summing with the
previous order and taking into account the expansion parameter the equation becomes

P, 1 . Ax
for which explicit solutions can be computed in Fourier space by changing the time variable
to a re-scaled time dt = %T evolving with the universe volume. Then, the solution to (141)
reads as )
> 2 Py pa (1)
X = exp <—lh2’f +ZW , (142)

where the smallness of the corrections is ensured by the hypothesis |p,| < M~! deriving
from the adiabatic approximation (130). As discussed before, the kinematical action imple-
mentation would describe the same modified dynamics in the minisuperspace setting. The
solution (142) corresponds to a time-dependent shift in the matter energy spectrum

hpa(=1)7"3

E=FEy+ P05
0t 3B

(143)

To better investigate its effects, it is useful to construct an initial Gaussian wavepacket

~ 1 2 — Pa 2 1 (p - P )2
x(a,¢,T) = /dp(p/dpa)((pqa,pa,T)mexp <_(p 4‘7; ) ) exp <— ¢4a£¢ >, (144)

(2m)1/2 g,

where 0y, P, and 0y, py describe the standard deviation and mean value of the wavepacket
associated to the gravitational and matter variable respectively. The wavefunction has
a small dependence on the scale factor 4, due to the condition (130) on p,, as shown in
Figure 6.

The probability density associated to (144) using the solution { in (142) can be in-
vestigated at different values of the rescaled time 7. Figure 6 illustrates the effects of
the time-dependent modifications (142), which are computed for the maximum 7 in the
allowed domain. We stress that near the Planck scale, that is outside of this domain, the
previous approximations break down and one should consider an alternative algorithm to
infer the evolution of the matter dynamics.
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Figure 6. Evolution of the probability density with and without quantum gravity effects. Plot (a)
represents the initial probability density at T = 0 associated to the wavepacket (144) Gaussian in the
variables 4, ¢ and satisfying the condition |p,| < M~! (we used M = 100, A = 1072, In(a)y = 10,
Pp=0,0p=3,pa=0,00=2- 10’2). Plots (b) and (c) show the spreading of the wave packet at later
times without and with the quantum gravity effects computed in (141) respectively. We note that
the quantum gravity corrections cause a deformation along the a axis when a approaches a reference
value. Each wavefunction has been normalized on a suitable interval of values for the logarithm of
the cosmic scale factor In (a). Figures re-elaborated from [26].

8. Discussion and Conclusions

We analysed different aspects concerning the separation of a system phase space into
a quasi-classical part and a small quantum subsystem. We first discussed the original
idea in [17] about the possibility to re-construct a Schrodinger equation for the quantum
variables and then we considered also the possibility to include quantum effects of the
quasi-classical system into the quantum evolution of the small subsystem.

The first analysis had the main task to show how, when applied to the mini-superspace
of the Bianchi models, this approach is able to provide interesting implications on the
nature of the so-called corner configuration [101,107]. In particular, the possibility of
a non-singular picture of the Bianchi VIII and IX dynamics, as well as for the generic
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cosmological solution, emerged. The crucial point was here the non-singular behavior of
the Bianchi I dynamics when the variable _ is vanishing. Since, according to the method
in [17] (see also [97]), this variable dynamics is described via the Schrodinger equation
of a time-dependent harmonic oscillator, we arrive to describe the corner dynamics via a
steady classical universe over which a very small quantum anisotropy still lives. Actually,
B— has a probability distribution peaked around its zero value and characterized by a
constant small anisotropic standard deviation. As extended to a generic inhomogeneous
cosmological solution, this picture offers an intriguing paradigm to solve the problem of
the initial singularity.

It is also an interesting achievement to have demonstrated that, comparing the Bianchi
I'model described in the ADM quantization procedure (also known as reduced phase space
quantization [6,28]) with Vilenkin’s formulation [17], the coincidence of the two approaches
emerged when the quantum phase space of the anisotropic variables is sufficiently small.
This has confirmed the consistency of the original proposal, where such an hypothesis on
the quantum phase space was considered a basic statement.

In the second part of this review, we studied the various approaches proposed in the
literature to determine the possible quantum gravity corrections to quantum field theory.
By other words, we consider the small quantum subsystem coinciding with matter fields,
while the quasi-classical component was the background gravitational field.

With respect to the original analysis in [17], the WKB procedure has been developed to
the next order of approximation when quantum gravity corrections to the standard matter
quantum dynamics have to arise, as in [20]. In particular, we re-analyzed the emerging
problem that, at such further order of approximation, the Schrodinger equation for the
matter fields acquires non-unitary (non-physical) contributions. The analyses in [17] and
in [20] have been compared, showing, on one hand, that they are essentially equivalent
and, on the other hand, that some proposed solutions to the non-unitary problem [24,25]
are not consistently viable. The delicate point emerged to be the construction of a time
evolution in terms of the classical dependence of the gravitational field on the label time.
On the base of this argument, we eventually revised two different approaches in which the
time coordinate belongs to the fast (matter) component of a Born—-Oppenheimer scheme.
In particular, we re-analyzed two related proposals, one based on the introduction of the so-
called kinematical action [4] and one on the “materialization” of a fixed reference frame as
a fluid, first investigated in [8]. These formulations led to the unitary Schrodinger equation
amended for quantum gravity effects on the quantum matter dynamics. A cosmological
implementation of the analysis in [26] (de facto valid also for the proposal in [22]) shows
the consistency of the procedure and outlined some delicate questions concerning the
dependence of the matter wave function on an intrinsic quantum gravity effect (there
corresponding to the presence of the cosmic scale factor of the isotropic Universe), actually
absent in the cosmological applications [116,117] of the study [20]. The present review
had the scope to collect together some different efforts to amend quantum field theory
for quantum gravity corrections. Our presentation elucidated that, as far as we limit our
attention to the first two orders of approximation in the WKB expansion of the theory, the
procedure remains consistent and it gives interesting insight on the primordial universe
evolution. On the contrary, when the next order of approximation has been included,
the one really introducing quantum gravity effects, then we have to move on a rather
pioneering topic in which basic inconsistencies and intriguing proposals co-exist calling
attention for further investigation in the future.

We conclude by observing that the analysis in Section 7 provides an interesting frame-
work to search for phenomenological fingerprints of the quantum gravity corrections to
quantum field theory. In particular, the determination of the primordial spectrum of the
inflaton field is a natural arena to test the predictivity of such kind of reformulations
toward observations of the microwave background radiation (see for instance [180,181]).
Furthermore, the analysis in Section 5.3 gives a significant insight on the possibility that
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pre-inflationary tensor perturbations survive in the later universe and can leave a trace in
the B-modes of the microwave background spectrum [182].
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Abstract: Using the fact that we only observe those modes that exit the Hubble horizon during
inflation, one can calculate the entanglement entropy of such long-wavelength perturbations by
tracing out the unobservable sub-Hubble fluctuations they are coupled with. On requiring that this
perturbative entanglement entropy, which increases with time, obey the covariant entropy bound for
an accelerating background, we find an upper bound on the duration of inflation. This presents a
new perspective on the (meta-)stability of de Sitter spacetime and an associated lifetime for it.

Keywords: inflation; entanglement entropy; scrambling time; Trans-Planckian Censorship Conjecture

Although cosmic inflation is widely regarded as the standard paradigm for the early
universe, its embedding into a fundamental theory of quantum gravity (QG) remains an
open question. Recently, there have been different arguments against long-lived accelerat-
ing spacetimes, especially in the context of string theory (ST) [1-3]. One such conjecture
states that trans-Planckian modes should never cross the Hubble horizon during inflation,
leading to an upper bound on the number of e-foldings [4]:

N < ln<%> , (1)

where H denotes the Hubble parameter during inflation. Although the physical motivation
behind this conjecture—a trans-Planckian mode should never become part of late-time
macroscopic inhomogeneities—has been heavily debated [5,6], it does find some connec-
tions to other aspects of the ST ‘swampland’ [7-13]. As a whole, there seem to be various
obstructions to finding a quantum gravity completion for long-lived accelerating back-
grounds. Although the specific technical difficulties have been realized in the context of
ST, many of the arguments apply much more generally to any quantum gravity model.
In particular, a corollary of this is that only extremely short-lived de Sitter (dS) spaces can
arise in a UV-complete theory [2,4].

Indeed, it has been long argued that dS space is metastable from different points of
view!. There are three time-scales often associated with the lifetime of dS — the scrambling
time ~ H~! In(Sqs) [21] corresponding to (1), the quantum breaking time ~ H~! Syg, and
the Poincaré recurrence time « 45, where the Gibbons-Hawking entropy for dS is given by
Sqs ~ (Mpy/H)? [22]. Clearly, (1) puts an upper bound on the number of e-foldings N that
is much smaller than the other two time-scales, with drastic implications for inflation [23].

In this essay, we present a different argument for finding the maximum amount of
e-foldings allowed for inflation and, therefore, set an upper bound on the lifetime of dS.
Instead of invoking any QG reasoning, we employ a bottom-up argument by requiring that
the entanglement entropy (EE) of scalar perturbations during inflation be bounded by the
Gibbons-Hawking entropy. We note that the first arguments in favor of the so-called dS
conjecture also followed from an application of the covariant entropy bound (CEB) and
the distance conjecture [2]. However, that derivation was (i) intimately tied to details of
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ST and (ii) valid only in asymptotic regions of moduli space. Here, we circumvent both
these obstructions.

Discussions of EE have become ubiquitous in the context of gravity. However, in most
cases, one considers the EE between different geometric regions of space — in the context
of black holes [24], Minkowski [25], or dS space [26]. Moreover, the EE of cosmological
backgrounds have sometimes been carried out using holographic methods [27,28]. Nev-
ertheless, it is not necessary to define a subsystem, which is separated out in the position
space domain, e.g., demarcation by a black hole horizon. In cosmology, it is more instructive
to consider EE between different bands in momentum space, since it is the correlation
functions of the momentum modes of cosmological perturbations, which are generally
probed. For momentum space, the vacuum of the free field theory is factorized, and any EE
come from the interactions that lead to mode coupling.

One can calculate the perturbative EE in momentum space for a scalar in flat spacetime
as outlined, for example, in [29]. The full Hilbert space can be partitioned into two parts
separated by some fiducial momentum scale y such that # = Hs ® Hs. The Hamiltonian
of the system is decomposed as

H=Hs®1+1® Hg + AHiy, @

where Hg¢ s are the free Hamiltonians of the respective subsystems, and the interacting
Hamiltonian Hj,¢ has a coupling parameter A. The ground state is the product of the
individual harmonic vacua of Hg and Hg, i.e., [0,0) = |0)s ® |0)¢. The energy eigenbasis
of § and € are denoted by |n) and |N), respectively, while the corresponding energy
eigenvalues are E, and Ey. The (perturbative) interacting vacuum can be written as (up
to normalization)

‘Q>:‘010>+2Aﬂ|n/0>+EBN‘OrN>+ Z Cn,N‘nrN>r (3)
n#0 n#0 n,N#0

where the matrix elements A, By, and C, y are calculated using standard perturbation
theory. The reduced density matrix corresponding to subsystem S is obtained by tracing
out the £ modes. From that, one can extract the leading order contribution to the (von
Neumann) EE:

N|H; 2
Sent = *)\2 log(/\2> 2 (EK”/ = ‘ 1r}1;t‘0, 0>E| .
aNzo (Eo+Eo—En—EN)

+0(A%), )

where it is understood that at least one momentum in the matrix element is below y, and at
least one momentum is above.

The main calculation of [30] was to extend this result to an inflating background,
which we now present. Considering the density perturbations in the comoving gauge

ds? = —a%(7) [dTZ —(1+ 2§)dx2] ’ ®)

where a and € are the usual symbols for the scale factor and the (first) slow-roll parameter
for a quasi-dS expansion written as functions of the conformal time 7. The quadratic action
for ¢, in terms of momentum modes, describes a collection of harmonic oscillators with
a time-dependent mass term. This implies a difference between the quasi-dS geometry
and Minkowski background [30] — the sub-Hubble modes (k > aH) are in their quantum
(Bunch-Davies) vacuum, while the super-Hubble ones (k < aH) are in a (two-mode)
squeezed state [SQ(k, 7)) [31]. Thus, the ground state factorizes as

0,0) = [0)g:sksarr @ |SQ) Sik<aH - (6)

Since the modes which exit the horizon during inflation can only be later observed,
we consider the super-Hubble modes as our system (S), while the sub-Hubble ones are the
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environment (£) (Figure 1). (The dynamics of this system were studied in [32].) Finally, the
nonlinearity of GR also provides us with an interaction term which couples the sub- and
super-Hubble modes; thus, this interaction is universal and can never be turned off.

Figure 1. Schematic illustration of the system and environment modes for this setup. Gravity plays
the role of providing a natural scale — the comoving Hubble horizon — which demarcates “long”
and “short” degrees of freedom (dofs). We impose the Planck mass as the natural cutoff for the
UV-modes and assume that these can be properly accounted for within some QG theory.

Mathematically, this translates into having a Hilbert space: H = Hgs ® Hg where
Hs =TIy Hk, |k| < aH and similarly for the sub-Hubble modes. The full Hamiltonian is

given by H = Héz) + H‘gz) + Hint, where

2
Hint = @ /d3x e2a7(7)?, (7)

is the leading order cubic non-Gaussian term (since { “freezes” outside the horizon) out
of all the available interactions [33]. We now need to apply time-dependent perturbation
theory to calculate the matrix elements since A = \/e/(2v/2aMp;) is time dependent.
Moreover, there is no well-defined notion of energy for the squeezed state, but we only
need energy differences in (4). This is a rather important point which deserves further
explanation. Definitions of entanglement entropy in flat space can heavily depend on
notions of energy which, in turn, is dependent on the Hamiltonian (and the corresponding
vacuum) for the system. It is well known that there are ambiguities in defining the vacuum
(or initial) state for inflation. In this particular case, we assume that all the scalar quantum
fluctuations started out in their Bunch-Davies vacuum, while the modes that crossed the
Hubble horizon correspond to the squeezed state. Although there is no good notion of
energy for the squeezed vacuum, we can nevertheless define excited states (as N-particle
states by acting with the relevant number of creation operators over the squeezed vacuum).
Furthermore, we only need the difference in the energy between these excited states and
the squeezed vacuum, which can be expressed in terms of the physical momenta of the
ladder operators. This is why we are able to generalize the standard definition of EE in flat
space to that for inflation [30].

Using these inputs, one can carefully evaluate (4) for inflationary perturbations [30],
resulting in the EE (per unit physical volume):

Sent ~ € H? Mp, (af/ai)z, (8)

where (ayr) a; is the scale factor at the (end) beginning of inflation. In this calculation, it
was assumed that there were no super-Hubble modes at the beginning of inflation, and
both (H, €) remain constant. It was shown that the dominant contribution comes from
the squeezed configuration, and in the large squeezing limit, we present the leading order
estimate omitting some O(1) factors as well as small logarithmic corrections [30].

Firstly, we note that the resulting EE between the sub- and super-Hubble modes
is sensitive to the UV-cutoff Mpj, as expected. Note that this is not an artificial cutoff
introduced in the system, but rather one should take the view that the Planck mass is
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an energy scale beyond which we should not expect standard cosmological perturbation
theory on a classical inflationary background to be valid any longer. However, what is
remarkable about this result is that the EE increases secularly with time, as signified by the
(a i/ a;)? term. The intuitive reason for this is that the dimension of H s increases with time
as modes get stretched outside the horizon. It is not surprising that the EE is increasing
with time, as it does for many systems with dynamical backgrounds. This is indeed what
we would expect to happen for any cosmological (expanding) spacetimes. However, what
is remarkable for inflation is that the rate of increase is very high due to the exponential
expansion of the background. Thus, although we have calculated the EE as a perturbative
quantity here, it will necessarily become very "large” over time.

Let us quantify the last statement made above. We used standard perturbation theory
to calculate the first-order matrix element, which has given us the leading order EE for
the density fluctuations during inflation. Given that this is a perturbative calculation, it is
automatically a small quantity suppressed by factors of the interaction parameter of the
cubic nonlinear term. However, we find that given enough time, this perturbative EE will
soon become quite large and can overcome any entropy bound. To give us an idea of this,
we can consider different entropy bounds. It was shown in [30] that if we demand that
the EE remains subdominant to the thermal entropy, then we end up with a bound for the
duration of inflation that is very close to the one derived from the TCC.

In this work, we want to use the background Gibbons-Hawking entropy as the upper
bound for it. The main idea is that the growth of entropy often leads to deep puzzles
in theoretical physics, and we wish to make our most crucial observation in this context.
We require that the total EE obeys the CEB [34], i.e., the EE in a Hubble patch can, at most,
saturate the entropy corresponding to the apparent horizon (S4s). The reader might be a
bit confused here as to why we are comparing our momentum space EE with the Gibbons—
Hawking entropy, which is something calculated in position space. However, we are not
actually claiming that the momentum space EE calculated here must satisfy the CEB. In fact,
the CEB is a bound for real space entropy for a causal patch, whereas we are calculating a
momentum space EE. Therefore, in order to be more precise, one would have to take our
momentum space result and try to "Fourier transform” it to real space in order to obtain a
strict bound from the CEB.

However, our goal is somewhat different here. We are merely interested in generalizing
the results of [30] by using the CEB as a measure to point out how rapidly the EE is
increasing, and even a perturbative quantity like itself can overcome the CEB within a
few e-foldings. In fact, our main argument is that any bound on the EE — whether it is
the thermal entropy during reheating or the CEB — will soon be saturated. Even more
interestingly, the quantitative measure of how soon the EE saturates any such entropy
bound is seemingly always related to the scrambling time of dS, as shown below.

More explicitly, requiring that the EE saturates the CEB (where the total Sgy ~
M%l / H? for inflation), we find the relation:

M 1 M, 1
2N Pl 1 pry 1
€e <<H> = N<21n<H) 21116. )

With the observed power spectrum Pr~ 107, one finds € ~ 109(H / Mpl)z, and there-
fore,

3. (Mp\ 9
N<§]n<7> 5In10. (10)

This bound on the number of e-foldings is very similar to the one in (1), without
requiring any QG input, and it predicts an upper limit on the lifetime of dS given by

1713 Mp; 9
T < q {E ln<?) ElnlO} , (11)

185



Universe 2022, 8, 438

Notes
1

closely related to the scrambling time up to small factors. Our result has far-reaching
implications both for the UV-completions of dS space as well as the phenomenological
predictions of inflation?. Interestingly, a very similar bound on the duration of inflation was
derived from measures of complexity and chaos for inflationary perturbations [35], adding
more evidence that the EE grows to such values on scrambling times that the standard EFT
of inflation fails on these scales.

An immediate question is the implication for our bound on specific models of inflation.
What is clear for from (11) is that the lifetime is larger for low-scale models of inflation.
In other words, models with lower energy scales of inflation (given by the Hubble scale H)
will be preferred according to this. Apart from the fact that such models will have a larger
lifetime according to (10), they are also the ones which require a lower number of e-folds
in order to solve the horizon and flatness problems. Therefore, GUT-scale models (which
generically produce a large tensor-to-scalar ratio) are disfavored by our bounds. This, by
itself, is not a large problem for inflation since there are plenty of small-field models
(which would be the ones obeying the above condition if we allow for single-field models
only). However, it is known that these models lose the preferred "attractor” feature of
inflation [23,36], since it is clear that only small-field models are preferred by (10), which
rules out polynomial potentials (such as the quadratic one) and only allows for hilltoplike
potentials (which have a very small tensor-to-scalar ratio). As an example, for typical
GUT-scale models H ~ 10~°Mp, the number of e-foldings allowed would be O(10). This
is, of course, completely incompatible with the required number of e-foldings to explain,
for example, the horizon problem. This gives us an insight into why low-scale models of
inflation are the only ones allowed by this bound.

To summarize, for a dS geometry, an observer has access to only part of the entire
spacetime. In particular for inflation, tracing out the unobservable sub-Hubble modes leads
to a non-zero EE for the curvature perturbations that increases with time. However, since
the EE can, at best, saturate the CEB, this puts an upper limit on the duration of inflation.
Our calculation provides an universal limit since we take the simplest case of a minimally-
coupled scalar field — any additional fields or extra-couplings (which give rise to stronger
non-Gaussian) would only enhance the EE and strengthen our result. We emphasize
that our bound does not arise from demanding a finite-dimensional Hilbert space for
dS [37] or that we live in an asymptotically dS universe [38]. Finally, note that EE for other
early-universe scenarios do not produce such bounds on the lifetime [39].
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These arguments, to name a few, are based on the finiteness of dS entropy [14,15], the typical lifetime of 4-dimensional dS vacua

in ST [16], nonperturbative effects in the context of eternal inflation [17], or treating dS as a coherent state [18-20] and so on.

A direct evaluation of EE in momentum space for a scalar field on pure dS, as well as a more sophisticated calculation of the

inflationary system allowing for a slowly varying H and ¢, shall be carried out in the future.
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Abstract: We consider the effective evolution of a phenomenological model from FLRW supersym-
metric quantum cosmology with a scalar field. The scalar field acts as a clock and inflaton. We
examine a family of simple superpotentials that produce an inflation whose virtual effect on inho-
mogeneous fluctuations shows very good agreement with PLANCK observational evidence for the
tensor-to-scalar ratio and the scalar spectral index.

Keywords: quantum cosmology; local supersymmetry; cosmic inflation

1. Introduction

It is widely accepted that the observable universe originates from an early homogeneous
phase beginning presumably around the Planck scale, just after a less understood phase of
quantum spacetime. This homogeneous phase has a classical description by an effective
FLRW model with scalar matter. The subsequent inhomogeneity is attributed to quantum
fluctuations of space that induce matter inhomogeneities that grow, and loss coherence due
to inflation. Thus, a quantum treatment seems to be natural for the homogeneous phase.

Standard quantum cosmology is based on the canonical quantization of general relativ-
ity [1]. Following Dirac, the Hamiltonian constraint, generator of time reparametrizations,
is implemented as a time-independent Schrédinger equation, the Wheeler-DeWitt (WDW)
equation. Additionally, the solution to the WDW equation, i.e., the wave function of the
universe, must be supplemented with a prescription to compute probabilities considering
the singular character of the universe. Further, as the Hamiltonian operator annihilates the
wave function, this is a timeless theory. However, the universe exhibits a marked one-way
evolution (arrow of time), and internal observers have clocks [2-5].

In recent years, there have been several proposals in standard quantum cosmology
that mainly relate time to the scale factor, essentially by a gauge fixing. These proposals
involve mostly approximations of the semiclassical type, as well as Born-Openheimer
with a weakly coupled matter sector and a large-scale factor. In [6], a general gauge fixing
was analyzed, which was applied in [7] to several minisuperspace models with a classical
‘extrinsic’ time. In [8], a Born-Oppenheimer approximation was used to separate the scale
factor from a weakly coupled matter sector. This allowed for defining a time as in the
WKB approach, proportional to the square of the scale factor, and parametrize matter
evolution with an effective Hamiltonian; see also [9,10]. Further, in [8] and a subsequent
series of works, increasingly complex settings were analyzed, an inflaton with a mass term
in [8], additional generic matter in [11], Mukhanov-Sasaki scalar perturbations for a de
Sitter evolution in [12], and tensor perturbations in a general slow-roll inflationary setting
in [13]. The parameter values of the last work were restricted in [14] by comparison with
observational data, and in [15], they were considered effects on the spectra of primordial
perturbations. In [16] the consequences of the interference of the wave functions before and
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after a bounce were analyzed. For supersymmetric quantum cosmology, in [9,10,17], in the
semiclassical approach, the effect of supersymmetry was explored for the solution.

The purely bosonic Wheeler-DeWitt equation is a second-order partial differential
equation (PDE) in (mini)superspace. To single out a solution that corresponds to the
wave function of the universe, one must impose suitable boundary conditions. Defining
the appropriate boundary conditions that give rise to the universe with which we are
familiar constitutes a well-known fundamental problem in quantum cosmology. There
is also the possibility that a more complete theory introduces additional restrictions that
uniquely determine a quantum state. An example of this is quantum supersymmetric
cosmology; see, e.g., [9,10]. In this case, the most general state has multiple components,
and the Hamiltonian constraint amounts to a system of coupled second-order PDEs that
is equivalent to a system of first-order PDEs, the supersymmetric constraints. In [18], we
worked out a supersymmetric model leading to an analytic solution to the WDW equation.
In the present work, with a slightly simpler WDW equation by a different operator ordering,
we consider the time choice of [18] by analyzing the wave function. The general expression
of this wave function allows for the identification of a curve of most probable values in
configuration space (superspace), parametrized by the scalar field, and suggests to choose
it as time. Such a type of choice has been known for a long time [19]. Here, we analyze
in detail the wave function regarding the choice in [18], of an effective time-dependent
wave function with a probability density that corresponds to the conditional probability
of measuring a value of the scale factor for a given value of the scalar field. Thus, the
mean values computed with this wave function were time-dependent, in particular for the
scale factor, which gives a trajectory that follows closely the previously mentioned curve of
most probable values. Further, we consider the quantum cosmology of this approach, and
explore a family of inflationary solutions.

We consider supersymmetric models because, even if at LHC energies, supersymmetry
has not been found, it might be broken at higher energies, and it continues to be part of
important candidates of ultraviolet completions for quantum gravity, supergravity, and
string theory. Supersymmetry nontrivially relates fermions and bosons; in a supersym-
metric quantum field theory, fermionic and bosonic divergences are cancelled [20]. Thus,
supersymmetric quantum cosmology [21-24] is a relevant option for the study of quantum
cosmology. Supersymmetry can be formulated by the extension of spacetime translations
to translations in a Grassmann-extended spacetime, which includes fermionic coordinates,
called superspace!. The fields on this supersymmetry superspace are called superfields, and
supergravity can be formulated as a general relativity theory on a supermanifold [20,25].
There are several formulations for supersymmetric extensions of homogeneous cosmologi-
cal models [22,23]. One class of such formulations comes from a dimensional reduction
of four- or higher-dimensional supergravity theories by considering homogeneous fields
depending only on time and integrating the space coordinates [26]. The other class is
obtained by supersymmetric extensions of homogeneous models, invariant under general
reparametrizations of time [27-29], or invariant under general reparametrizations on a
superspace, with anticommutative coordinates besides time [30,31]. In [18,31], we fol-
lowed [25], where one of us gave a geometric Lorentz covariant superfield model building
tool for supergravity that can be straightforwardly applied to any number of spacetime
dimensions. In particular, a homogeneous formulation could be straightforwardly traced
back to four-dimensional supergravity.

As usual in theories with fermionic degrees of freedom, their conjugate momenta are
eliminated by solving a number of second-class constraints, leaving an algebra of Dirac
brackets. The corresponding quantum fermionic operators can be represented in several
ways, e.g., by a matrix representation [21,32], representing half the fermionic degrees of
freedom by either differential operators [33], or by creation operators acting on a vacuum
state [18,29]. The wave function is spinorial in the first case, or a finite expansion of possible
states in the second case. In any case, the Wheeler-DeWitt equation is equivalent to a system
of first-order partial differential equations. In many cases, they have exact solutions [30-32],
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and the integration constants can be assimilated in the normalization. Therefore no initial
conditions are required, although the state depends on the model. For supersymmetric
extensions of higher-order theories, such as f(R) theories, the differential equations might
not be first-order [34].

In Section 2, we review the superfield formulation of supersymmetric cosmology. In
Section 3, we review the quantization of the models from [18]; supersymmetric Wheeler—
DeWitt equations have an analytic solution that depends on the scale factor and the superpo-
tential. In Section 4, we discuss the problem of time. The identification of high-probability
paths in configuration space to which mean trajectories correspond leads to the identifi-
cation of the scalar field as time. Thus, following [18], a time-dependent effective wave
function can be given. This effective wave function allows for computing mean values of
the scale factor that give a time evolution. This scale factor is inversely proportional to
the cubic root of the superpotential, and we obtain inflationary behavior for a family of
superpotentials, as shown in Section 5. These superpotentials depend on three parameters,
namely, y1, A, and p; the first determines the time scale, the second the number of e-folds,
and the last is a power that modifies the initial conditions of the scale factor. After fixing
parameters p and A, we compute the tensor/scalar ratio and the scalar spectral index
with remarkably good agreement with the observational bounds of PLANCK observatory
without having to adjust parameters for this purpose. Lastly, in Section 6, we present a
short discussion with some remarks and future work perspectives. In Appendix A, we give
the effective wave function and the scale factor for k = 1.

2. Supersymmetric FLRW Model with a Scalar Field

The large-scale observable universe has been modelled in general relativity by the
FLRW metric with scalar fields. This is quite a general setting that could follow from
a fundamental theory, and can account for inflation, primordial matter generation and
structure formation, and dark energy. We consider the most studied model, the simplest,
with a single minimally coupled scalar field 217 [ V/=8Rd*x + [ \/=g[}d ¢pd, — V(¢)]d*x,
where k2 = 8?—46. For the FLRW metric, it reduces to well-known form

1 3.1 2 3 2301 10
= P/{‘?ZN ai? +3Nka — Na®A + %’ | 5N 192 = NV(g) | tat. (1)

This Lagrangian is invariant under general time reparametrizations. From this action,
follow the Friedmann equations and the conservation equation for a perfect fluid described

by scalar field ¢(f), i.e., in natural units and comoving gauge, Z—i — % + a% = %Zp, % +

Zé A+ a% = —«%pand p+ 34 (p+p) = 0, with p = 12 + V(¢) the energy density, and
p = 3¢ — V(¢) the pressure for the perfect fluid ¢(t). The momenta are 71, = fﬁN “laa

and 7y = —C%N ~143¢ The Hamiltonian is H = NHy, where Hy is the Hamiltonian
constraint, which generates time reparametrizations.

2.1. Supersymmetric Cosmology

Supergravity, the supersymmetric version of gravity, can be formulated as general
relativity in superspace, an extension of spacetime by anticommutative spinorial variables,
in four dimensions, x™ — (x™, 6,, 9’5‘), where 6 are Weyl spinors and 0 their conjugates [20],
«, & = 1,2. Supersymmetric field theory on superspace realizes supersymmetry algebra
{Q,x, Q_a} = 2i07" 9, which extends the Poincaré algebra. Thus, for homogeneous fields,
the charges decompose into two copies

{Qu, Qi } = 2i02d0 = 2i60ido. )

Therefore, a minimal version of homogeneous supersymmetric field theory can be
given by extending time by one complex anticommuting coordinate, which amounts
to supersymmetric quantum mechanics. This theory can be obtained, in general, by
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dimensional reduction from higher-dimensional models to one (time) dimension [35]. Thus,
supersymmetric cosmology can be obtained from one-dimensional supergravity [30].

For the sake of clarity, here we shortly review the derivation of the supersymmetric
Wheeler-DeWitt equation following [18,31]. In these works, we formulated it as gen-
eral relativity on supersymmetry-superspace, t — zM = (t,0,8), where ® and @
are the anticommuting coordinates, the so-called “new” ®-variables [20]. Hence, un-
der zM — z/M = zM 4 tM(z), the superfields, see e.g., [20,25], transform as 07 ®(z) =
—¢M(2)9P(z), and their covariant derivatives are V@ = V M(2)0y®. V M(z) is the su-
perspace vielbein, whose superdeterminant gives the invariant superdensity £ = SdetV %,
6:€ = (—1)"9p(ZME). For the supersymmetric extension of the FLRW metric, we have
E=—-N-— %(@l[? + ©) [31]. In this formulation, to the scale factor and the scalar field
correspond real scalar superfields [20,30].

A(t,0,0) = a(t) + OA(t) — OA(t) + OOB(t), (3)
P(t,0,0) = ¢(t) + Oy(t) — O (t) + OOG(t). 4)

The supersymmetric extension of Action (1) for k = 0,11is I = I + Ip1, where I is
the supergravity action, and Iy is the matter term [18,30,36]

G= % / £(AVeAVeA — VEA?)dOdOdt, 5)
I = / e {—%v@pv@@ + W(q>)} 1040t ©)

where W is the superpotential.

2.2. Component Formulation

The component action follows from (5) and (6). After performing the Grassmann
integrals, integrating out auxiliary fields B and G, and producing the redefinitions A —
a2\, A — a2}, 5 — a*/?y, and ij — a°/7j, the Lagrangian reads, see [18]

3aa®>  ab¢? 3kNa ) 3NK BW2 1 SNW? + 3i i

L=+ 530 — 3VANa*W + =5 3w NW <AA+AA>7—(1717+1717)

3y/aa o a¥?%p o Bip, - Vk 3 - 3vk s\
+CK2N(¢A—¢A)— 20N (1/17]—1/111)+§()\17+/\11)+3N 2.~ ;W A+ N ——+Tw W | nif
o Ve 1 ixy sy SN ) — 3 WBAL + ——win

+3ia (Kza 2W> (A +PA) — ——W'(pn + ) (A = A1) = S3ez WPAL+ 9 i,

where W = W(), W' = 9W(¢), and W = ZW(¢p).

The Hamiltonian is of the form H = NHj + %1/;5 - %II_JS_, with the components of the
one-dimensional supergravity multiplet (N, 1, ) as Lagrangean multipliers enforcing the
Hamiltonian (Hy & 0) and supersymmetric (S &~ 0, S ~ 0) constraints [18].

The basic nonvanishing Dirac brackets are {a,71,} = {¢, 19} = 1, {A,A}4 = 2,

{n,7}+ = —c. With these brackets, one can verify the following algebra of constraints
{S,8} = —2H,, )
{Ho, S} = {Ho, S} =0. 8)

The scalar potential in the Hamiltonian Hy is [18]

W2 ©)

For k = 0, the sign of the superpotential does not matter for the scalar potential.
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Hp

3. Quantization

Homogeneous cosmology is a mechanical system; hence, it can be quantized with the
formalism of ordinary quantum mechanics. There are, however, several well-known prob-
lems. On the one hand, the probabilistic character of measurements in quantum mechanics
clashes with the uniqueness of the system as there is no ensemble of universes to perform
a series of tests, in identical, observer shaped conditions [37]. Nevertheless, observables
such as the Hubble parameter can be determined by a set of observations. On the other
hand, since the Hamiltonian vanishes, a time parameter cannot be introduced by means
of the Schrodinger equation, or for the wave function or for the observables. Nonetheless,
the Wheeler-DeWitt equation gives a time-independent Schrodinger equation with zero
eigenvalue whose solution depends on the superspace variables, the minisuperspace in
the homogeneous case, and gives the probability amplitude for the universe to be found in
certain superspace configurations. The fact that the theory does not give a time evolution is
the well-known consequence of invariance under time reparametrizations. Time is argued
to be an internal property that can be determined by the choice of a clock [3]. On the other
side, the observed universe is classical [37]; hence, its description is given by mean values
of the quantum operators. We further discuss the time problem in Section 4.

3.1. Supersymmetric Wheeler-DeWitt Equations

For the derivation of supersymmetric Wheeler-DeWitt equations, we follow [18],
but with a different ordering for fermions which yields somewhat simpler solutions. For
consistency, the Hamiltonian operator must be Hermitian; hence, the supercharges must
satisfy S = Stand S = §t. The only nonzero (anti)commutators are

amd =gl =it A =TB, (g0} = e, 10

where l% = hc—(; is the Planck length. For the quantization, we redefine the fermionic

degrees of freedom as A = 4/ hCTKZ"" A=/ @E&, 7 = Vhcp and ij = vhic. Hence, the

anticommutators are
(nay=1 (BB} =-1 an

as well as a? = 2 = &% = B? = 0. The bosonic momenta are represented by derivatives,
a and B are annihilation operators, and & and j are creation operators. We fixed the
ordering ambiguities by Weyl ordering, which is antisymmetric for fermions. Hence, the
supersymmetric constraint operators read

1 cK 1 1 3 3ik 3 .3 V6k 1 1\[
——S=——(a"2m+ e I )+ ca 2P+ —=a2Wa +ia2 W’ 1 atn — Y hexa 2a 12
TS = avg(r imat ) 3 p-iy NG BB, (12
1 - cK 1 1 3 - 3ik 3 3. - \/67k 1 i3 3=
——=S=—=(a 2mg+ a2 )& +ca 27 —a2Wa —ia2 W azi + —=hcka™ 2& 13
Vi = g e et oB— i Wa—iaiW B T alBpl 3)
Anticommutator {S,S} = —2hicHj gives the quantum Hamiltonian
2.2 2
=— % (11*]7'(2 + 7'(2{1’]) + 5[1 3715> - Z{;fhc ka3my(af +ap) — % - th e, 2] + %%hcu*] (B, B]
367 32 2 1 302 2 _ 3 . \/5 b 1, e o
— T W2 4 3Vka®W + 54 W™+ ghCK Wla, &] — ghcx W(B, B] + thKW (ap—ap)+ Eth (B, B]
16(FtCK)2 a= (aapp + app). (14)
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The Hilbert space is generated from the vacuum state |1), which satisfies
a|1) = B|1) = 0. Hence, there are four orthogonal states

1), [2)=al1), [3)=p[1) and [4)=2aB[1), (15)

which have norms (2|2) = (1|1), (3|3) = — (1/1) and (4|4) = — (1|1). Hence, a general
state has the form

1) = ¢1(a,¢) [1) + ¢2(a,9) [2) + 3(a,9) [3) + a(a,9) |4) . (16)

Therefore, from constraint equation S |i) = 0, we obtain

a(&a i W+:i + = )w —i(atpfaf‘w/)%:o, (17)

<aﬂ P ?W + gi - al> Yy =0 and <B¢ - %ﬁw’) Py =0, (18)

while from Sy = 0

3 6 7
<ag+h2W—h\/K;a+_l>1/) —£(3¢+a3w>¢270 (19)

3 6Vk 1
(8 +h—2W—%a—a )1[110, and <E)¢+ﬂa3w’>1p1:0, (20)

The terms with a~! in (17)~(20) differ from those in [18] due to a different operator
ordering in the Hamiltonian. In fact, the classical Hamiltonian in [18] has a term a ! Z
that can be ordered in many ways to give a Hermitian operator as a~!7t2 — 2k 1 (ka=172 +

Ity by + kmga™1).

3.2. Solutions

As the Wheeler-DeWitt equation is second-order, its solutions require boundary
conditions. However, in supersymmetric theory, Equations (17)—(20) are first-order and
have unique solutions that can be fixed by consistency and normalization. The equations
for 1 and ¢4 can be straightforwardly solved yielding the unique solutions up to constant
factors [30]

2
¥1(a,9) = Aaexp [hlc <a3W<4>) S )] )
2
ya(a,9) = Aaexp [; (u3W(¢> R )} @)

The power of factor a of these solutions differs from the solutions in [18] due to the
different operator ordering mentioned end of the preceding section. As shown in [18], the
solutions of Equations (17) and (19) are not defined at 2 = 0 unless they are trivial. Thus,
we chose the solutions ) = C1 ¢1(a,¢) |1) + C4 4(a, ¢) |4), where C1 and Cy are arbitrary
constants [18]. The norm of this state is

i) = (1G22 [ 1, )Py~ (G [ 1pa(o,)Pande| 1) 2

Classically, 2 > 0 and could be a problem for quantization, e.g., it could require an
infinite wall [4]. However, solutions (21) and (22) already vanish at a = 0. For a positive
superpotential, {1 has a bell form and tends to zero as a increases; see Figure 1. In this
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case, solution ¢, must be set to be the trivial one. Oppositely, for a negative superpotential,
1P tends to zero as a increases, and ; must be discarded. For ¢ — oo, the behavior
of (21) and (22) depends on the form of the superpotential. Therefore, we considered only
positive or negative superpotentials, and we chose (1|1) = 1 for positive superpotentials,

and (1|1) = —1 for negative superpotentials. Hence,
[$) = Cyr(a, ) [1), ifW(p) >0, (24)
1) = Cipala @) |4), i W(@) < 0. 25)

From Expansions (16), and (15), we see that these states correspond to scalars. By
construction, these states are invariant under supersymmetry transformations.

l//2

a

Figure 1. Profile of % (a, ¢), for ¢ constant.

Further, for ¢ — oo, the behavior of (21) and (22) depends on the form of the
superpotential. For a localized particle, the wave function has well-defined position
probabilities and probability conservation. These conditions also guarantee hermicity
of operators. On the other side, the wave functions of free particles do not vanish at
infinity, but can be given a meaning by considering relative probabilities. If we restrict the
superpotential to be an even function of ¢, then operators 7ty and Hy are self-adjoint even
if the wave function does not vanish at ¢ — F-co. Otherwise, if the wave function vanishes
at ¢ — 0, the domain of ¢ can be taken to be [0, %). A self-adjoint Hamiltonian constraint
is consistent with the lack of evolution in the Heisenberg picture

) .
(91 5 19) = £ (91 [Ho,al [9) = 0. 26)

In the following, unless otherwise stated, we consider k = 0. In this case, we can write
either (24) or (25) as

P(a,¢) = Caexp {—%ai“lww)l} 27)

This wave function differs from the one in [18], by the power of the a in front of the
exponential, due to a different operator ordering, as mentioned in the preceding section.
In Appendix A we give the expressions for k = 1.

4. Time

Ordinary quantum mechanics assigns operators with real spectra to observables and
probability amplitudes for their occurrence. A time dependence of the wave function
is generated by the Hamiltonian operator. However, in an actually occurring state, a
definite time entails certain energy indeterminacy. Hence, the energy spectrum cannot
be restricted to one value, and time-dependent mean values arise by interference among
different energy states. In general relativity, the Hamiltonian is constrained to vanish, and
time is undetermined. This is consistent, since different energy states can manifest only
if there is an environment that makes possible transitions among them. Nonetheless, the
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universe certainly has different components interacting at least gravitationally, and one
such component, suitable chosen, can play the role of a clock [19]; see also [3,5].

In [18], we chose the scalar field as time parameter, and defined an effective time-
dependent wave function that allows for computing time-dependent mean values. Here,
we analyze Wave Function (27) and its probability density regarding the motivation of this
choice of time.

We adopted the standard interpretation of quantum mechanics for the solutions of
the Wheeler-DeWitt equation. Hence, the square modulus of the wave function gives
the probability density for the possible three-geometries. Further, invariance under time
reparametrizations ensures that the superspaces of each of the space slices are equivalent.
Thus, this wave function describes, in a quantum mechanical sense, the space geometries
of the whole spacetime. Furthermore, if it is possible to identify mean trajectories in
superspace along regions around the maxima of the wave function, then it should be
possible to parametrize these trajectories following the idea of Misner’s supertime [38].
These trajectories should be around classical trajectories [37] corresponding to effective
theories. Strictly speaking, measurements should give random values around these mean
values.

In the model of this paper, the configuration space is given by the scale factor and the
scalar field. Further, from (27), we see that, if we keep ¢ constant, the probability density of
Wave Function (27) has the generic bell form of Figure 1, with the maximum at

1/3
Tic ] (28)

3W(9)

Allowing for ¢ to vary, these maxima trace out a curve of most probable values of the
scale factor. The probability density along this curve is

Imax(P) = {

¥ (amax, §) = ¢ a0 (9), (29)

Therefore, higher values of the scale factor along this curve have a higher relative
probability, and we could think of an expanding universe for this wave function. On
the other side, in quantum mechanics mean values are generally time-dependent, and
we can speculate that later times correspond to higher probabilities here. Hence, time
would increase monotonically with the scale factor. Nevertheless, amax is driven by Scalar
Field (28); hence, a natural choice for time is the scalar field, and the superpotential should
ensure that amax increases properly. Such a choice corresponds to a gauge where the
scalar field is constant on the spacial slices.In this case, the universe is not localized in
the ¢ direction, and the wave function is not normalizable in this direction, but relative
probabilities can be considered, i.e., quotients of probabilities. As the value of ¢ is highly
uncertain, a measurement gives random values, and we can ask then for the probability
that the scale factor takes a value, which is given by the conditional probability of obtaining
this value of 4, given a value of ¢ [18]

2
\}; , 2: w|¢(a/¢)| . 30
Y@ = fo g (30)

This probability must be used if there is a correlation between both fields, as required
for a clock in [19], where it is called relative probability. Probability (30) can be obtained [18]
from a wave function normalized for a given value of ¢

1

e dalp(a, )2 v

Y(a,¢) = (31
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Thus, making x¢ — t/p where y accounts for the time scale, and taking Solution (27),
Wave Function (31) becomes

3
0,) = T £V -

and satisfies a conservation equation [18]. Further, as the observed universe is classical,
what we can give a meaning to, following the Ehrenfest theorem, is mean values. Thus,
under the preceding ansatz, for the scale factor, we obtain [18]

o0 5 hic 1/3
a(t) = [ aP¥(a,1)Pda = r(4/3)[2|w(t)|} , (33)
which is close to (28), as their quotient is T'(4/3)(3/2)'/3 ~ 1.02.

The quantum fluctuations produce standard deviations that satisfy the Heisenberg
relation [18].

In this work, we are not producing any approximation, semiclassical or of another
type. As the fermionic degrees of freedom do not have classical counterparts, the mean
values do not necessarily correspond to trajectories that approximate classical solutions,
see e.g., [17]. Actually, (33) can be inserted into the Friedmann equations, from which a
potential can be read out. If we consider the effective FLRW model with a scalar, obtained
by inserting (33) into the Friedmann equations, the corresponding potential can be read out

as a time function )
1 2W' w"
3ctx2 < w2 W) ! (34)

which can be compared with the scalar potential (9), which follows when the fermionic
terms in the Hamiltonian are eliminated.

The results for this section can also be given analytically for k = 1; see Appendix A.
They involve hypergeometric, AiryBi, and AiryBi’ functions that have exponential behavior,
and their numerical evaluation is troublesome. As we were interested in qualitative features
here, we restricted ourselves to k = 0. In this case, considering that the sign of the
superpotential did not have consequences for the wave function or the scalar potential, we
chose the superpotential as positive definite in the following.

5. Inflationary Model

In this section, we consider a class of phenomenological superpotentials that give
inflationary dynamics that satisfactorily agrees with the observational bounds. Potentials
of this form appear, e.g., in string-inspired tachyon models. With these superpotentials,
the wave function tends to zero as ¢ — 0, and we can restrict ¢ > 0, as mentioned in
Section 3.2. Thus, we consider universes with origin at t = 0, described by homogeneous
quantum cosmology from its very beginning, although above Planck scale, full gravitational
interactions become relevant, and some ultraviolet completion would be required.

In [39,40], we performed a qualitative discussion of several superpotentials that have
diverse drawbacks, as phantom matter. Here, we consider a family of superpotentials

W(e)

c4M;°’,{\/%r(4/3)]1/3 [ (k)" , (3)

h2 21/3y 1 +E<K¢)1/2]

for p > 0. The wave function fulfils lim, o ¥(a,¢) = 0 and limg o ¢(a,¢) = 0.
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Thus, from (33), we have

1/3
P (1 + e\/W) ] / "

a(t) =nl
v ’)Luw(uwm
where /p is the Planck length. In the following, we set the normalization constant equal to
one, n = 1, and we redefined the scale factor to be dimensionless, a/¢p — a. Constant u
accounts for the time scale. With respect to A, (33) shows that, if the value of W decreases,
the scale factor grows, and, in order to finish this growth, W must stop decreasing; this is
the role of A, which must be positive. Thus, in order to have a sufficiently large increase in
scale factor, A must be small enough. This parameter could be seen as the remainder of a
term responsible for dark energy in the superpotential

A

14+ eBP—¢a)’ ©7)

we do not pursue this idea further in this work.
For the verification of the predictions of the evolution of Scale Factor (36), we consider
N = 60 e folds and observational data of PLANCK observatory [41]

e Tensor-to-scalar ratio bound r < 0.064,
e Scalar spectral index 1, = 0.9649 £ 0.0042.

The acceleration, as usual, can be written by identity

i(t) = aH*(t)(1 —e(t)), (398)
_ H(1
H2(t)
The enhancing effect of inflation on inhomogeneous quantum fluctuations is well-
known [42]. As a consequence, the fluctuations last after inflation and produce structure
seeds, and gravitational waves are generated in the process. These primordial effects last
in the CMB, and their study led to stringent bounds on virtual predictions of inflationary
models, such as the tensor-to-scalar ratio r and scalar spectral index 7, that can be evaluated
directly from the characteristics of the inflationary evolution.
The tensor-to-scalar ratio is the quotient of the tensor-to-scalar power spectra and is

given by

where ¢(t) =

is the slow-roll parameter.

r = 16¢(t). (39)

Scalar spectral index 75 follows from scalar power spectrum

1 HX(t)
A () = —— , (40)
® 872Mp? €(t) lam(r)=x
as )
dln Ay (t
ns(t) =1+ 721;? , 1)
a(DH(t)=k

where k are the wavenumbers of the scalar perturbations that, during inflation, exit the
horizon at time t, i.e., a(t)H(t) = a(t) = k. Thus, (41) can be written as

2 . 2
ns(f) =1+ kgi‘ih‘?g(t) =1+ @7‘11“?:“) @)
a(t)H(t)=k a(t) a()H(t)=k
which can also be written in terms of the Hubble parameter
P e
e = H(H*+5H) - HH 43)

H(H2 + H)
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Therefore, in order to estimate the values of r and 1, predicted by our model during
inflation, we can evaluate them in the dependence of time.

A first approximation for A can be obtained from the limit of very large times of the
scale factor, limy_ea(t) = 1/A ~ eN. N are the e folds generated by inflation for the
scale factor

N — a(texi’t) (44)
a(tin) ’
where ti, and ey are the beginning and end times of inflation. Then, if we compute (44)
with the scale factor (36), we can solve for A

I’lp 1 e3N

R PR R R (W “

Further, as A > 0, from (45) we obtain a condition for y. For instance, as fin < fexit, if
we set i, K p <K texit, We can approximate efin/M < 1 and efext/# > 1. In this case,

Fexit
< . (46)
i {3N + P(ln tin — In texit)}z

Strictly speaking, we must still define how to define the entry and exit times of inflation
depending on the evolution of the scale factor. Relations (45) and (46) help in checking
the consistency for choices of jr and A. With this in mind, we can fix the values of these
parameters and evaluate the behavior in each case.

In order to get criteria for the entry and exit times, we first analyse the limits of the
scale factor, its velocity, and acceleration as t — 0. It turns out as follows. The scale factor
tends zero for p > 0. The velocity tends to co for 0 < p < 3, for p = 3 it tends to Zlyi, and
for p > 3 it tends to zero. The acceleration tends to —oo for0 < p < 3,for3 < p < 61t

tends to oo, for p = 6 it tends to 2:#, and for p > 6 it is zero. Additionally, for t — oo, the

scale factor tends to 1/ A, the velocity tends to 0%, and the acceleration tends to 0.

Considering now the acceleration, if it is negative at t = 0, for 0 < p < 3, it increases
until it becomes zero and then positive; we took this zero as the entry time for inflation,
see Figure 2. Further, the acceleration continues increasing until a maximum later, and
after that becomes zero again, and then negative. We took this second zero as the exit time.
Afterwards, the acceleration has a minimum, and then tends to zero from the negative
numbers; see Figure 3. For cases 3 < p < 6 where the acceleration tends to infinity at f = 0,
it decreases to a very small minimum that can be taken as the entry time, see Figure 2.
Further, as in the previous case, it has a maximum and then a zero, and we took it as exit
time. For p > 6, the acceleration at t = 0 is equal to or larger than zero and increases from
the beginning; hence, the entry time is zero, and, as a(0) = 0, there is no precise way to
give an initial time for inflation. For this reason, we considered only 0 < p < 5.

Further, as a first input, we took the initial time for inflation at a scale lower than the
GUT scale 10 GeV. Hence, i, = 5 x 10° Tp ~ 10~ s. For the exit of inflation, we took the
generally accepted interval t ~ 1073-10"32 s, and we set fg =5 x 1073 5 =3.7 x 1019 Tp,
as reference time for exit toyi¢ ~ tg. With these times, for a given value of p, we estimated
from (46) and set u ~ x10° Tp. From it, we computed A from (45) for N = 60, and then
evaluated the entry and exit times from the acceleration i(t). Following this procedure, we
adjusted p and A, so that ey ~ tg and N = Ina(teit) /a(tin) ~ 60. With these data, we
computed the tensor to scalar ratio (39), and the scalar spectral index (41). We performed
these steps for p = 1,2,3,4,5.
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a(t) a(t)
3 x10713
- 230948 x 10713
1 x10713 2.30946 x 10713
t
2.25% 106 230106 2.35x 106 230944 x 10713

—1 x10713

-13
5 x10-15 2.30942 % 10

15 t
-3 x10 4.85%105  4.90x106  4.95x106  5.00x108

Figure 2. Inflation entry times for p =2 and p = 3.

a(t)

2x107

1x10°

t
32x1010  3.4x100  36x1010 | 38x10'0 F0x10'0

~1x10°
-2x107

-3x107

Figure 3. Inflation exit time for p = 1.

It is remarkable that, with the parameters fixed in the previous way, for given
0 < p <5, the entry time is of the order of 10° Tp, and the tensor/scalar ratio and the
scalar spectral index agree quite well with the observational constrains.

Tensor/scalar Ratio (39) (see Figure 4) satisfies bound r < 0.032 [40] very well and

depends slightly on p.
1(t)

o

0.08
— =

0.06 p=2
— e

00 p=4
pes

0.02

0 50107 10x1010 1551010 20x1010 25x10'0 30x1010 351010

Figure 4. Tensor/scalar ratio.

Further, from (41), we computed the scalar spectral index whose behavior is shown in

Figure 5.
ns(t)
i
0.8] \
— p=1
05, p=2
— o
04 =
p=s
o
t
0 50x10°  1.0x1010  15x1010  20x1010  25x1010  30x1010  3.5x1010

Figure 5. Scalar spectral index.
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Here, the agreement with observational bound 0.9649 4 0.0042 (with 68% CL) [41],
was very good for most of the duration of inflation, as shown in Figure 6. It is also slightly
dependent of p. Note that the running of the scalar spectral index % is positive, with a
value around 0.0004, with a a negative running of running.

ns(t)

p=1
p=2
— p=3
— p=t
p=s

t

50%10°  10x100  15x100  20x100 25x1010 3.0x1010 35x1010
Figure 6. Detail of scalar spectral index.

6. Discussion

Quantum cosmology gives a canonical quantization of general relativity in the Schrodinger
picture, with the Wheeler-DeWitt equation as a time-independent Schrodinger equation.
The wave function gives the probability amplitudes for the occurrence of all possible spatial
three-geometries and field distributions, at any time. On the other hand, the observed
universe is classical and has time, and classical physics follows from quantum physics,
hence an effective time evolution should follow from the quantum description. Further,
the Wheeler-DeWitt equation is a second-order scalar equation. In the supersymmetric
case, there is a system of first-order equations whose solutions are spinorial wave functions,
see, e.g., [22,23]. A particular meaning of the components of these wave functions has not
been given; it would quickly lead to a Machian discussion. In many cases, there are only
two nonvanishing components, see, e.g., [32], given by real exponentials with opposite
exponent sign. Here, we considered an FLRW theory with a minimally coupled scalar field.
Single-field models are extremely effective to account for the inflationary era.

From the four components of the solution of the supersymmetric Wheeler-DeWitt
equation, only one tends to zero as a — co, and the other can be taken to be trivial. The
form of Solution (27) suggests the ansatz that, in a certain gauge, time can be given by
the scalar field, and trajectories for the observables are mean values on an effective wave
function that corresponds to conditional probabilities Thus, for the scale factor, we obtain
an evolution a(t), and we can perform time reparametrizations considering that it is scalar
a'(t') = a(t). The resulting evolution is nonperturbative. These trajectories are classical if
the quantum fluctuations are negligible. The time proposed here does not follow from a
semiclassical approach.

We considered in this formulation one family of inflationary models that depends on
the parameter p > 0; as for p > 5 there is eternal inflation, we restrict it to p < 5 and for
simplicity consider only integer values. There are other two parameters,  and A; the first
fixes the time scale. Parameter A corresponds to the extent of the inflation, the e folds. We
convened to set the entry of inflation, depending on the value of p, at zeros or minima of
the acceleration, and exit times as zeros. In this way, for all p, we adjusted parameters y
and A, so that the exit time coincided with a reference time tg = 5 x 107335, and N ~ 60.
With this setting, the corresponding tensor-to-scalar ratio and scalar spectral index can be
computed with values that agree with the observational bounds remarkably well.

For indepth analysis, inhomogeneous perturbations should be introduced to evaluate
their evolution and the the production of primordial gravitational waves. These computa-
tions should be performed at best in the superfield formalism. An interesting perspective
is also the study of this formalism for dark energy.
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Appendix A

In this appendix, we give, for k = 1, the expressions for the normalization factor for the
wave function (21) for k = 1, and the time-dependent scale factor (33). The normalization

factor of
$(a,9) = Claexp {hl (a3|W(¢> 4 ke )] (A1)

is given by

4

2o 1 1,12 8 N e
€] |W(¢){2FZ< 33 cwowz(g) ) T [ ocheow(g)2] ¢

4MdemmF7+LW&@JWmeJmWT?HM/ 2

where Bi is the Airy function of second kind.
For the denominator of (31)

/wd“hp( )P = < I S TR M G Rog- VAP IS S 2/3€7W
0 TEIC I N VR T SW ()2 chkOW ()2

3
2/3 2/3
H[ wal") P[]}

from which follows

324 8 — A 6 2/3
_ 32 A0 1)2/3 4/3 o, & %, MW(, 2/3 6 2] s
a(t) {9\/g;< (ch)?BW(t)43 ,F, (1,2,3,3,CK6hW(t)2>e +2 [24+c;< W (t) }&(LM (t)Z}

chiOW (t ckORW (¢

6 2/3 6 2/3
VB S () B ({hév\/(t)z} )“222/3”2W(”Bi<[cwvmz] >}

Due to the exponential behavior of the hypergeometric and Airy functions that appear in
the numerator and denominator in these expressions, it is difficult to handle them numerically.

2/3 4
+8Y/232/3 02 ch W (1) Bi’<{6)2} )}/{3\3/§K6(ch)2/3w(t)7/321-"2(;,1;;/;;8()2>e WP

Note

1 Should not be confused with the superspace of geometrodynamics.
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