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In this article we presented an application of the quantum cosmological model in teleparallel gravity. Working
with a vacuum solution, the gravitational energy density is quantized with the Weyl procedure and we obtain

a discrete expression for the gravitational energy. As an immediate consequence the empty space exhibits an

expansion for an early universe.

1. Introduction

Since the seminal papers of Einstein [1] and Hubble [2] our under-
standing of the universe has grown enormously. Even though the pillars
of modern Physics, General Relativity (GR) and quantum physics, have
had their paths developed over the years separately, now a crucial chal-
lenge is to develop a quantum theory of gravitation. As early as 1930
Rosenfeld was the first to verify that there were problems quantizing
gravity [3, 4, 5] and others attempts have been made until 1959 when
Arnowitt, Deser and Misner proposed the Hamiltonian formulation of
GR [6]. Thus the quantization of gravitation could have been achieved
for instance with the help of Dirac method [7] but the concept of grav-
itational energy is controversy which imposes severe difficulties when
to use the Hamiltonian formulation to achieve such a goal. In 1967
DeWitt, in dialogue with Wheeler, made an Einstein-Schrédinger equa-
tion [8] which later became known as the Wheeler-DeWitt equation.
Throughout these 50 years this theory has had extensive study in the
community, despite its intrinsic limitations, such as the so called prob-
lem of time [9, 10, 11]. Despite all this a Quantum Cosmology (QC)
should be a theory that applies the concepts of quantum physics and
gravity throughout in the whole universe since its birth. It should con-
tain an expression of total energy, with fields of matter and gravity, and
a quantization procedure that is clear and unambiguous.

The Teleparalelism Equivalent to General Relativity (TEGR) is
an alternative gravitational theory which is dynamically equivalent
to GR and allows a well-behaved definition of gravitational energy-
momentum and angular momentum. Einstein himself in 1930, while in-
vestigating the unification between gravitation and electromagnetism,
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introduced the ideas of teleparallel gravity [12]. Mgller [13], Pellegrini
along with Plebanski [14] have made important contributions to the
development of TEGR, among others, until in 1994 Maluf presented the
Hamiltonian formulation of TEGR [15]. The important feature of TEGR
concerning the definition of gravitational energy makes such a theory
a natural candidate to evolve to a quantum theory of gravitation once
a quantization method is used. The Weyl’s prescription [16] is an inter-
esting method to create operators from classical functions, for instance
this method was used to quantize the Schwarzschild black hole [17].
Of course such a theory has to have implications on a QC. In this sense
a first step was to use the gravitational energy of Friedman-Lemaitre-
Robertson-Walker (FLRW) metric together with the Weyl quantization
procedure to obtain an analogous Wheeler-DeWitt equation [18].

The Einstein field equations when used with the FLRW metric lead to
the Friedman equations. These equations describe the evolution of the
universe where a perfect fluid represent its content. Thus a state equa-
tion for this fluid is settled to express the dominance of a specific kind
of matter in the evolution of the universe. An immediately problematic
situation arises, i.e., the initial conditions are undefined. Another prob-
lem is related to the flatness of universe, it means that the curvature of
the universe with its content is not dominating today hence in the past
it was very insignificant [19, 20]. In addition the problem of horizon
means that the different regions of the universe which are not casually
connected exhibit a surprisingly homogenity [20]. In order to deal with
such problems the theory of inflation was proposed [21, 22, 23, 24,
25]. Supposedly a scalar field took place at a given moment in the be-
ginning of the universe driving the inflation of space. There are several
models that use inflation to try to answer some of the problems of the
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early universe, such as Natural inflation, Higgs inflation, among others
[26]. Most of the inflationary models require a scalar field and several
adjustable parameters to explain the anisotropy of the CMB. That is,
the available inflation models do not explain very well the quantum
fluctuations that are observed in the CMB [26].

The QC we have established in reference [18] has some undesirable
features such as the necessity to choose the matter fields of Einstein
equation before the quantization procedure, otherwise a perfect fluid
solution would be undistinguishable from a vacuum solution. Hence
in this article the gravitational energy-momentum tensor is quantized
separately, thus it is possible to obtain a purely vacuum cosmologi-
cal quantum equation which implies an expanding universe. Then such
a quantum expansion is associated to the process of inflation due to
purely gravitational interaction in the beginning of the universe.

The article is divided as follows. In section 2 the ideas of TEGR are
presented and the field equations are obtained in the natural unities
system ¢ = G = 1. In section 3 we introduce the Weyl quantization and
apply this to the vacuum gravitational energy establishing a cosmolog-
ical quantum equation for the beginning of the universe. Finally in the
last section we present our concluding remarks.

2. Background

Telepararallelism Equivalent to General Relativity is a gravitational
theory dynamically equivalent to GR. In such a theory the torsion tensor
is responsible for gravitation instead of curvature as in GR and it is for-
mulated in terms of the tetrad field e* s rather than in terms of the usual
metric tensor. The tetrad field connects tensors under Lorentz symmetry
and tensors under coordinates transformations. Thus the latin indices
a=(0), (i) stand for SO(3, 1) group while the greek indices represent the
diffeomorphic group. Therefore there should be two kinds of connec-
tions one changing the derivatives of Lorentz vectors, called spin con-
nection ,,,;, and another one that affects greek indices, r uv- Then by
the condition V, ¢?, = 0 which leads to 9, ¢, —~T* , ¢* ; +w, ? ye* , =0,
we get I, =e*e? w,,, +e¢*0,e,, and as a consequence the usual
definition of curvature tensor,

A _ A A c A c A
R @ =0,T",, =0, I, +1°, T, T, T,
yields R* (e w)=e, 4 b y (04 @yap =0y @+ @ Dy = Dyge @ cp) [15,
18].

The torsion tensor which is defined by 74, =T*, —-T'*

T, (e,w)=0,e", —0,e, +®,, — ®,, The spin connection ®,,,,
the Levi-Civita connection %, and the contorsion tensor K, are re-
0
@ pyqp + K p
1 .
Qbac - Qcab) and K/mb = ) ealeb V(T/lyv + Twlu + Twlv) with Qabc =
e, (epto,e.’ —e.td,e,”). In order to specify this geometry into some-
thing equivalent to Riemannian geometry it is necessary to settle
@, =0 which is known as the teleparallel condition. Hence it follows

that e R(e, w) = eR(e) + e (% T T, + %Tabc Thoe — T ,,) —20,(eTH).
Consequently, the Hilbert-Einstein Lagrangian density reads e R(e) =
—e (}1 T Ty + 1T Ty, = T4 a) +20,(eT*), where T, =T",“ and
T, (e)=0,e*, —0d, e ,. Then, after drooping the total divergence in
the above expression, the teleparallel Lagrangian density # is described
by

reads

lated identically by @,,, = ab> Where %@, = —% €, (Qup —

Fleg)=—ke(FT™ Ty + S TW Ty =TT, ) = 2y
=—keXWT, — Ly

1
167°
defined as follows Z%¢ = % (Tbe 4 Thac — Teab) 4 % (noeT® — noT?) [15,
18].

Performing a functional derivative in the Lagrangian density & with
respect to the tetrads e?#, the field equations read

0, (XM —e (BT, 0 - Lo Ty 2ol ) = Leron, )
K

with k = &), being the lagrangian density of matter fields and X%
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where T9 is the energy-momentum tensor of the matter fields. It is
possible to show that these field equations can be expressed as

0, (T — e (TP, 0 - % e Tyey T ) = % e [R‘”‘(e) - % ¢ R

Ga” = Ra”(e) - % €y R(e) = i Toy»

where G,, =e¢," G,, is the projected Einstein tensor, that is, the equiv-
alence between GR and teleparallel gravity becomes clear. If equation
(1) is rewritten then it follows 0, (e 2‘””) = %ee“ p (t* ut T*1), where
t# = g (4ZbeAT, # — g xbedT, ). This tensor is interpreted as the
energy-momentum tensor of the gravitational field and it is a true tensor
under coordinate transformations although it is not symmetric. The ten-
sor T is skew-symmetric £ = —X%# which implies 9, 9, (eX") =0,
then 9, [e et M(t‘ u+T Au )] = 0. This is a conservation equitation for grav-
itational and matter fields separately. It should be noticed that there is
no such an expression in the framework of GR, although its dynamical
equivalence to teleparallel gravity. Then the total energy-momentum
vector is given by P = [ dxee , (1% + T) which can be rewritten as

14

P“=—/d3xajn"f=—7{dsjnﬂf (@)
4 Ky
with TI1% = —4k X%/, This expression is invariant under coordinate

transformations, here understood as diffeomorphisms in the curved
space-time which is realized as the usual change of coordinate system,
for instance from cartesian to spherical coordinates. On the other hand
it changes depending on the reference frame since it is a vector under
Lorentz symmetry [15]. Such a feature is well known in Special Rela-
tivity in which a static observer measures the energy of a particle as

E = mc? while another observer moving with a constant velocity v mea-
2
mc

Vi—Zjer”

feature when an energy-momentum vector is established for gravita-
tion.

sures E = Therefore there is no reason to get rid of such a

3. Hypothesis

In this section a cosmological quantum approach is constructed for
a vacuum solution which allows one to interpret the obtained expan-
sion of the early universe as a mechanism of inflation. In this sense the
gravitational energy-momentum should be quantized to achieve such a
goal.

3.1. On Weyl quantization

The Weyl quantization is a procedure that can be used in any func-
tion including those geometrical objects described early. It is a rela-
tively simple method that requires at least two independent parameters.
Let us consider a classical system described by a function f of n vari-
ables z;, such as the Hamiltonian, then the respective quantum operator
is obtained by the Weyl transformation W[ f(z,;)] which is given by

1 - X R
WIf(z)] := m/d kd"z f(z)exp <1 ]; k; (z —z,)> . 3)

Here 2, are operators associated to the classical variables that obey
following commutation relation [2,, Z,] = iw,, where w,, is a anti-
symmetric quantity. For instance the Weyl prescription is superior to
the canonical quantization because there is no need to impose sym-
metrization out of the scope of the transformation. In addition when
using the Weyl transformation there is no need to implement that on
phase space as it is the case of canonical quantization. Thus it is the
natural procedure to be used on a quantum theory of gravitation. From
the historical viewpoint the energy has been used to obtain a quantum
version of a Classical theory by means of some quantization procedure.
Thus the Hamiltonian has a well established physical meaning that
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allows one to pass from a Classical to a Quantum regime. However con-
cerning gravitation the idea of a gravitational energy is controversial.
In order to obtain a quantized equation for the gravitational field with
a clear physical meaning we focus our attention on teleparallel gravity
which reveals a clear definition for the gravitational energy-momentum
tensor [17, 18].”

3.2. An expanding early universe

The cosmological principle asserts that the universe is homoge-
neous and isotropic which is realized by the FLRW metric ds*> = —dr> +
a? [ 151:2# +r2(d6* + sinzé'dq.')z)]. A possible tetrad field obtained from
this metric tensor and adapted to a stationary observer is

1 0 0
0 g 0 0
et = 1—kr?
“ o 0 ar 0
0 0 0 ar sinf

Thus the gravitational energy density can be calculated using equation
(2), it yields

oo _ (2 (—asin®) 2 N2
et _(16”) — (Gd® =k +1]
_ (-asind) [ (Bd2r?)
8z Vi—kr

The zero component of P? from equation (2) is the total energy of the
system and it is denoted by

+W]

E=E,+ Ey.

where E, and E,, are

Egz/d3xez°<°>, EMz/d3xeT<°>°. &)

It is well known that the FLRW metric has a dynamical horizon given
by [27]

R= 1 _ a
A/ H? + iz VaZ+k
a
where H = g is Hubble parameter. Regarding the observable universe

as a sphere of radius R, and integrating E, from equation (4) is given
by

R R
2
E,=-%2 3a2/’—dr+/ 1—kr2dr|.
2 Vi

Then we get straightforwardly

a 342
E,=-||=—-1)RV1-kR?

( 34 ) 1 ( VKR )]
- |(=—-1) — arctan| —— s
k Vi Vi-kR?

and using the definition of R it yields

2 2 52 — g2
kE,=a (Ba”—k)\a*+ k(1 —a?)
8 4(a% +k)
a(3a*+k)

\/E a
- arctan .
4k Va2 + k(1 -a?)
It is noteworthly that this expression is identically satisfied for k = 0.
Thus let us restrict our attention to k = +1.
We suppose a quantum system governed by a Schrodinger-like equa-
tion (k H, + k Hy)¥ = EKY, with W [k E,] =k H, and W [Ey] = Hy,.
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The first attempt is to consider a vacuum solution E,,; = 0, which means
a purely quantum gravitational system. Therefore we need to calculate
H ¢» in this sense we create two auxiliary quantities which read

1 23a2—kﬁ
Eg—za_z—+k a+k(1—a)

a

and

2 aBd*+k)

oo _aB@+k) _ Vka
¢ 4k VZ+k(-a)]|

If we choose the representation W [d] = 4= —iw % and Wlal=a. It
should be noted that the adopted representation is a matter of taste.
Hence it is perfectly possible to choose a mixed representation, thus we

keep the simpler. Then using

arctan |:

6:—ia)i(a6):—ia)6a5—ia)aei

da da

aa
2
P ab = —? [30114+6a5 01 +6aSi +a6a—]
a

2
=a? (30a4+ 12a5£) +a® il
da oa?

2
FPadt=-0?(12a%4+8° i +a40— s
oa 0a?

the expression W [e;] = e:; by use the Weyl quantization (3) is given by

Vika?V1-a?

ol =
g 4
P [(42+ 120a%) + (28 + 484> a 2
8vVkV1—a? da
02
+(T+4d%a®> —]|. 5
(T+4d) aaz] ®)

It should be pointed out that this quantity was obtained for small values
of the scale factor which corresponds to very beginning of the universe,
thus the arctan function was expanded using such a condition. A similar
procedure can be used to obtain W [eé] = % which explicitly is given by

~ 2 2 2
Vka 3w< 0 .0 > ©)

€2 =- +—(142a—+a" —+
¢ 4 4k

da da?
If we consider a stationary Schrodinger-like equation in the absence
of matter fields for an early universe then we have H w = Ey and (e; +

%) v =k Ey, that yields after using expressions (5) and (6) to

2166, (6022 70) 0l 4 (2431 2 2],
[15a+8+(6a+8)ada+(2+8 aa'¢12 w=ey, )
with

3
_k2
-

which is a dimensionless quantity. Defining B> = 992¢ — 6159 the solu-
tion of equation (7) is given by

w(@=a @B/ F, (327 +B 265+ B B _4d )

124 124 T62° 31

where , F; is the hypergeometric function. Thus in order to get a well
behaved solution the parameter of the hypergeometric function should
be a negative integer
327-B=-124n;= B, =124n+327 = B?
327n <327 )2]

+

=124% |n* +2 =
[" 124 " \124

as a consequence
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2| 2 3270 (3272
992¢, — 6159 = 124 [n +227 (m) ]
and for n=0 = 992¢, = 327> +6159 we have ¢, ~ 114. This ¢, represents
the lowest level of energy in the beginning of the universe. We stress
out the fact that our result is valid only in the early universe. Therefore
the fundamental energy level of the universe at this stage is dependent
on the magnitude of w. Therefore it worths to analyze how such a con-
stant could be experimentally determined. Since there is commutation
relation between the operators @ and @ which is [4, 4] = i@, there is
also an uncertain relation between the respective measurement of the
observables. Thus the present value of the scale factor establishes the
limiting value for  as the error in the determination of Hubble’s con-
stant. It is our intention to establish a boundary magnitude order to be
used in possible experimental investigations. Thus following the value
of Hy= 73.24 + 1.74 kms~' Mpc~' [28], we estimate the present w pa-
rameter as

w~2-10720 571,

It is interesting to note that the eigenvalue of g is different from zero,
that means an expanding early universe. In addition the value of k
should be one in order to get a real eigenvalue of such an operator. As a
consequence the quantum cosmology of the beginning of the Universe
predicts an expanding universe with positive curvature in the absence
of matter fields. If the squared modulus of the wave function above is
interpreted as the vacuum density then

(4) =3 jw,@p.

This scenario is what one should expect for the mechanism of inflation
once the scale factor has an exponential increasing in the beginning of
the Universe due to the expansion of ¥ around a =0.

4. Conclusions

In this article we analyzed the consequences of an alternative equa-
tion for quantum cosmology which was established in the context of
TEGR. The standard way to introduce QC is by means of the Wheeler-
DeWitt equation. However after almost half a century such an equa-
tion remains with serious limitations. We doubt that any quantization
method would work in GR since the theory is invariant under Lorentz
transformations. In fact in GR there is no equivalent quantity to grav-
itational energy-momentum tensor *#, hence any sort of quantization
in GR lacks physical meaning. In addition there is no discrete energy
obtained in the context of GR up to our knowledge. On the other hand
TEGR exhibits a break in the local Lorentz symmetry, therefore we can-
not expect the same predictions of both theories at the quantum level.
We proposed a quantization of the gravitational energy-momentum ten-
sor which shows an expansion for an empty early universe. Such a
mechanism is possibly related to inflation. For instance A. Guth assume
a scalar field to explain such a conjecture [21, 22]. Others attempts to
explain inflation, involving scalar fields, had been proposed such as a
massive field with |m?| << H? and more models [23, 24, 25, 29, 30]. We
propose a quantum theory of gravitation that is enough to deal with an
early expansion in the universe without any matter field. Such a state-
ment means that the vacuum density is realized as the squared modulus
of the wave function thus the expansion of the hypergeometric function
around a = 0 yields an exponential expansion dependent on the discrete
energy. This is equivalent to an inflationary field.

For future perspectives we see the possibility to analyze the features
of the graviton by interpreting the gravitational energy of the beginning
of the universe as an gas of such particles. Of course we need to obtain a
quantum cosmological equation for a perfect fluid and for another range
of the scale factor in order to describe others stages of the universe.

Heliyon 5 (2019) e01725

Declarations
Author contribution statement

Alexandre S. Fernandes, Sergio C. Ulhoa: Conceived and designed
the experiments; Analyzed and interpreted the data; Wrote the paper.

Ronni G. G. Amorim, Abraao J. S. Capistrano: Conceived and de-
signed the experiments; Analyzed and interpreted the data.

Funding statement

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Competing interest statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.

References

[1] A. Einstein, Die Grundlage der allgemeinen Relativititstheorie, Ann. Phys. 354 (7)
(1916) 769-822.
[2] E. Hubble, A relation between distance and radial velocity among extra-galactic
nebulae, Proc. Natl. Acad. Sci. 15 (3) (mar 1929) 168-173.
[3] L. Rosenfeld, Zur Quantelung der Wellenfelder, Ann. Phys. 397 (1) (1930) 113-152.
[4] L. Rosenfeld, Uber die Gravitationswirkungen des Lichtes, Z. Phys. 65 (9-10) (sep
1930) 589-599.
[5] A. Rocci, On first attempts to reconcile quantum principles with gravity, J. Phys.
Conf. Ser. 470 (1) (dec 2013) 012004.
[6] R. Arnowitt, S. Deser, C.W. Misner, Dynamical structure and definition of energy in
general relativity, Phys. Rev. 116 (5) (dec 1959) 1322-1330.
[7] P.A.M. Dirac, Generalized Hamiltonian dynamics, Proc. R. Soc. A, Math. Phys. Eng.
Sci. 246 (1246) (aug 1958) 326-332.
[8] Bryce S. DeWitt, Quantum theory of gravity. I. The canonical theory, Phys. Rev.
160 (5) (aug 1967) 1113-1148.
[9] Asher Peres, Critique of the Wheeler-DeWitt equation, in: Einstein’s Path, Springer
New York, New York, NY, 1999, pp. 367-379.
[10] E. Anderson, Problem of time in quantum gravity, Ann. Phys. 524 (12) (dec 2012)
757-786.
[11] Tatyana P. Shestakova, Is the Wheeler-DeWitt equation more fundamental than the
Schrodinger equation? Int. J. Mod. Phys. D 27 (dec 2017) 1841004.
[12] A. Einstein, Auf die Riemann-Metrik und den Fern-Parallelismus gegriindete ein-
heitliche Feldtheorie, Math. Ann. 102 (1) (dec 1930) 685-697.
[13] C. Mgller, Further remarks on the localization of the energy in the general theory of
relativity, Ann. Phys. 12 (1) (jan 1961) 118-133.
[14] C. Pellegrini, J. Plebanski, Tetrad fields and gravitational fields, Mat. Fys. Skr. Dan.
Vid. Selsk. 2 (4) (1963).
[15] José W. Maluf, The teleparallel equivalent of general relativity, Ann. Phys. 525 (5)
(may 2013) 339-357.
[16] Hermann Weyl, The Theory of Groups and Quantum Mechanics, Dover Publications,
New York, 1931.
[17] S.C. Ulhoa, R.G.G. Amorim, On teleparallel quantum gravity in schwarzschild space-
time, Adv. High Energy Phys. 2014 (may 2014) 1-6.
[18] A.S. Fernandes, S.C. Ulhoa, R.G.G. Amorim, On quantum cosmology in teleparallel
gravity, J. Phys. Conf. Ser. 965 (feb 2018) 012014.
[19] Planck Collaboration, Planck 2015 results. XIII. Cosmological parameters, Astron.
Astrophys. 594 (oct 2016) A13.
[20] Leonardo Senatore, TASI 2012 lectures on inflation, Search. New Phys. Small Large
Scales, World Scientific, nov 2013, pp. 221-302.
[21] Alan H. Guth, Inflationary universe: a possible solution to the horizon and flatness
problems, Phys. Rev. D 23 (2) (jan 1981) 347-356.
[22] Alan H. Guth, So-Young Pi, Fluctuations in the new inflationary universe, Phys. Rev.
Lett. 49 (15) (oct 1982) 1110-1113.
[23] A.D. Linde, Scalar field fluctuations in the expanding universe and the new infla-
tionary universe scenario, Phys. Lett. B 116 (5) (oct 1982) 335-339.
[24] A.D.D. Linde, A new inflationary universe scenario: a possible solution of the hori-
zon, flatness, homogeneity, isotropy and primordial monopole problems, Phys. Lett.
B 108 (6) (feb 1982) 389-393.
[25] A.D. Linde, Chaotic inflation, Phys. Lett. B 129 (3-4) (1983) 177-181.
[26] K.A. Olive, Review of particle physics, Chin. Phys. C 40 (10) (oct 2016) 100001.
[27] Valerio Faraoni, Cosmological apparent and trapping horizons, Phys. Rev. D 84 (2)
(jul 2011) 024003.


http://refhub.elsevier.com/S2405-8440(18)34184-7/bib049D98E8CDA15827D6943351FB5FF046s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib049D98E8CDA15827D6943351FB5FF046s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibFD2B82B4EC71494F59026F802FEB2FB9s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibFD2B82B4EC71494F59026F802FEB2FB9s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib725653D13C9A7EE4A30756D9594E3113s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib59D719E680479F7353268D5A0435C580s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib59D719E680479F7353268D5A0435C580s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibB19B20A4A1182E5B794EA8B91A924CDEs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibB19B20A4A1182E5B794EA8B91A924CDEs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibE28F36EB234AF33E436DFB20C49738B2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibE28F36EB234AF33E436DFB20C49738B2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib5F838292407008D41DF1940E8A350C08s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib5F838292407008D41DF1940E8A350C08s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib20E3CC8491CD48E81E0F9BC05044AED2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib20E3CC8491CD48E81E0F9BC05044AED2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib9FFD1F4508149521017D806EA08E0776s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib9FFD1F4508149521017D806EA08E0776s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibF9D4487998930FE065A21CB0AAEF9916s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibF9D4487998930FE065A21CB0AAEF9916s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib3E419369340831FD682CDFA3325915EEs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib3E419369340831FD682CDFA3325915EEs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib1FD4E2FD18FAFFE0BB960271113A5113s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib1FD4E2FD18FAFFE0BB960271113A5113s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib855FE3C7CCA54B0237328937AEC907D8s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib855FE3C7CCA54B0237328937AEC907D8s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibFAF8436D2EA1E8C40E90C136EAD3580Cs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibFAF8436D2EA1E8C40E90C136EAD3580Cs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibDA9B021051F89AE519370C44472F20F2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibDA9B021051F89AE519370C44472F20F2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibC4041D2B36EB16ACD6D6D07C12C4F9DBs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibC4041D2B36EB16ACD6D6D07C12C4F9DBs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib9E9191AE1BDE54673C300296495BED96s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib9E9191AE1BDE54673C300296495BED96s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibE12948F2794625FE9053F0444857A83Fs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibE12948F2794625FE9053F0444857A83Fs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib854E3BCBFFDBEFD45F90D42038678CEDs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib854E3BCBFFDBEFD45F90D42038678CEDs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib11B70A066A6E8FAED84B7A9BFCDCA390s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib11B70A066A6E8FAED84B7A9BFCDCA390s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib73D8CCA0FAD39A627F9B091914819857s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib73D8CCA0FAD39A627F9B091914819857s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib416240969AF65EAAA1FEE563663726FDs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib416240969AF65EAAA1FEE563663726FDs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib756AA898518DE4A37311FA84162BF7D6s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib756AA898518DE4A37311FA84162BF7D6s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib0962B7ABEC02FEEFDCA5970F71B4BDC2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib0962B7ABEC02FEEFDCA5970F71B4BDC2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib0962B7ABEC02FEEFDCA5970F71B4BDC2s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibCFC0A87531675FCB8E0660F5D028BC63s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibAC11528BA69B85DB5E7F178E62DF9443s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibB8D3527C6DB0CA8CFEF97E067D724A21s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibB8D3527C6DB0CA8CFEF97E067D724A21s1

A.S. Fernandes et al. Heliyon 5 (2019) e01725

[28] Adam G. Riess, Lucas M. Macri, Samantha L. Hoffmann, Dan Scolnic, Stefano Caser- [29] John D. Barrow, The deflationary universe: an instability of the de Sitter universe,
tano, Alexei V. Filippenko, Brad E. Tucker, Mark J. Reid, David O. Jones, Jeffrey M. Phys. Lett. B 180 (4) (nov 1986) 335-339.
Silverman, Ryan Chornock, Peter Challis, Wenlong Yuan, Peter J. Brown, Ryan J. [30] John McDonald, Reheating temperature and inflaton mass bounds from thermaliza-
Foley, A 2.4% determination of the local value of the Hubble Constant, Astrophys. tion after inflation, Phys. Rev. D 61 (8) (mar 2000) 083513.

J. 826 (1) (jul 2016) 56.


http://refhub.elsevier.com/S2405-8440(18)34184-7/bibAC929888F6BEDC14B4D5C4369CB10663s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibAC929888F6BEDC14B4D5C4369CB10663s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibAC929888F6BEDC14B4D5C4369CB10663s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibAC929888F6BEDC14B4D5C4369CB10663s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bibAC929888F6BEDC14B4D5C4369CB10663s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib0535B6BB86E52049857AC638DAFCBA91s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib0535B6BB86E52049857AC638DAFCBA91s1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib033D0B09BE6410D58BAD645EAB09979Bs1
http://refhub.elsevier.com/S2405-8440(18)34184-7/bib033D0B09BE6410D58BAD645EAB09979Bs1

	Towards energy discretization in quantum cosmology
	1 Introduction
	2 Background
	3 Hypothesis
	3.1 On Weyl quantization
	3.2 An expanding early universe

	4 Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


