Kragujevac J. Sci. 44 (2022) 7-24. UDC 113.2/119:530.225
doi: 10.5937/KgJSci2244007F Original scientific paper

FROM BIG BANG COSMOLOGY
TO THE CYCLIC UNIVERSE IN DYNAMIC EQUILIBRIUM

Davide Fiscaletti

SpaceL.ife Institute,
Via Roncaglia no. 35, 61047 San Lorenzo in Campo, Italy
E-mail: spacelife.institute@gmail.com

(Received November 25, 2021; Accepted February 15, 2022)

ABSTRACT. A cyclic model of a timeless universe in dynamic equilibrium is suggested
in which the fundamental stage of physical processes is a three-dimensional non-local
guantum vacuum defined by reduction-state processes of creation/annihilation of quanta
which occur in correspondence to elementary energy fluctuations. It is shown in what
sense this model implies the existence of symmetry between the energy of matter and
energy of space and, consequently, of a cyclic transformation space-matter-space-matter-
... in the active galactic nuclei. It is concluded by demonstrating how this model of the
cyclic universe in dynamic equilibrium allows us to resolve some important problems of
the Standard Cosmological Model.
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INTRODUCTION

Since the pioneering works of Aleksander Friedmann and Georges-Henry Lemaitre
almost a century ago, the idea has appeared that the universe emerged from a primordial
singularity, a point of zero dimension, where the density of matter and energy density have
infinite values. In 1922, by assuming the universe to be homogeneous and isotropic,
Friedmann solved Einstein’s field equations of general relativity finding equations for the
scale factor of the universe which imply that the universe starts from an initial singularity
where all physical laws break down (FRIEDMANN, 1922). A few years later Lemaitre
acknowledged the first evidence of the expansion of the universe in the astronomical data
regarding the redshift of galaxies. Lemaitre’s view of the atome primitif is today considered
the natural precursor of the big-bang idea, leading to the birth of the Standard Cosmological
Model (LEMAITRE, 1931, 1934, 1950).

Originally developed by George GAmMow (1948a, 1948b) and then improved by other
scientists in the next decades, the Standard Cosmological Model suggests that the universe
has evolved from a singularity, about 13,8 billion years ago, and since that moment has been
characterized by an expansion which created the big and cold universe of today. Even today
the theoretical framework of the Standard Cosmological Model relies on Einstein’s general
relativity and depends on the assumptions regarding the universality of physical laws and the
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cosmological principle. Its empirical foundation is based on four crucial independent facts,
i.e. the formation of large-scale structures, the recession of the galaxies, the existence of the
cosmic background radiation and the nucleosynthesis of light elements. Moreover, the
Standard Cosmological Model leads to a peculiar parametrization, known as the Lambda Cold
Dark Matter Model (ACDM) in which the behaviour of the universe is determined by three
fundamental components: a cosmological constant A associated with dark energy, cold dark
matter and ordinary matter. Nonetheless, the ACDM model is based on various parameters,
such as baryon density, dark matter density and dark energy density, whose values must be
adjusted to the obtained experimental results following fine-tuning procedures (NETCHITAILO,
2021).

Despite its successes, the Standard Cosmological Model meets a certain number of
problems (because of its dependence on well-defined initial conditions): in particular, the
problem of the origin of the galaxies, the problem of the null curvature of space, the problem
of the dimensions of the universe and the problem of the times of the expansion. To face these
problems, in 1981 Alan Guth introduced inside the big-bang scenario the idea of inflation,
namely the idea that after the initial state the universe is characterised by an extremely rapid
expansion (GUTH, 1981). The inflationary model can be certainly considered an important
improvement of the standard big-bang model, however, it requires fine-tuning procedures in
order to obtain the right values of density variations and today’s vacuum energy.

Despite the successes of inflation (the flatness of space, for example, is expected also
by the simplest inflationary models (GuTH, 1981; LINDE, 1982), it must be emphasised that
cosmology’s greatest conundrum, i.e., the initial singularity — the beginning of time and the
origin of everything — remains a puzzling dilemma also in the inflation scheme. Although the
inflation is explained in terms of the phase transition of the universe due to the decay of a
great unified force, in the inflationary model, by invoking ideas such as the no-boundary
proposal, it does not seem possible to predict the occurrence of inflation (TUROK and
STEINHARDT, 2004). In order to save the theory, some authors have focused their attention on
anthropic arguments, but this path meets the issue concerning the question of whether the
anthropic selection is great enough to select a universe like ours. On the other hand, it has
been recently suggested that the vacuum of superstring theory generates a vast ‘discretuum’
within an immense landscape and that inflation plus the anthropic principle may determine
our observed vacuum. However, by extrapolating back in time, the problem of the big bang
singularity remains in the sense that inside the inflationary scenario one cannot explain how
and why our region of the universe started out at some point on the landscape. These
problems provide strong motivation for searching for a path for cosmology that is an
alternative to inflation.

If today’s string theory and M theory, by going beyond conventional field theory and
gravity, suggest the perspective that there was a universe before the singularity, a new
scenario becomes possible in order to explain the evolution of the universe avoiding the
problems of the Standard Cosmological Model, namely the view of the cyclic universe, which
implies that the big bang cannot be considered as the real origin of the universe, but
constitutes only an intermediate phase inside cyclic processes. As regards the paradigm of the
cyclic universe, since two germinal papers of 2001, STEINHARDT and TUROK have suggested
that the universe is characterised by a periodic sequence of expansions and contractions,
which begins with a “big bang” and ends in a “big crunch” thus emerging in a big bang once
again (STEINHARDT and TUROK, 2002a, 2002b). The expansion phase of each cycle
corresponds to a period of radiation-, matter-, and quintessence-domination, in which the
entropy and the density of black holes and any other debris produced since the preceding big
bang are watered down. When the acceleration ultimately ends, it is followed by a period of
decelerating expansion and then contraction. Thus, a transition from big crunch to big bang
occurs, where matter and radiation are created, restoring the universe to the high density
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required for a new big bang phase. This new cosmology proposed by STEINHARDT and
TUROK, therefore, provides a surprisingly complete picture of cosmic history in which high
energy inflation is no longer required, exploiting the currently observed dark energy to solve
the flatness and homogeneity puzzles, again before the big bang. In this picture, each big bang
leads to processes of baryogenesis, dark matter formation, nucleosynthesis and galaxy
formation, and ends with an epoch of low energy acceleration of the type we see today. The
decay of the dark energy generates both the energy required for the next big bang and the
scale-invariant density perturbations required for structure formation in the next cycle. Unlike
inflation, the cyclic model of STEINHARDT and TUROK requires the presence of low energy
acceleration, in order for the cycles to repeat. Moreover, it allows us to explain the value of
today’s cosmological constant in physical terms (without invoking the anthropic principle).

The relevance and appeal of cyclic models of the universe lie in the fact that they
avoid the issue of initial conditions which characterizes the standard cosmological scenario
based on the big bang and the inflation. Based on the FRIEDMANN and TOLMAN original
results, the starting point of cyclic cosmological models lies in the assumption that the
Friedmann-Robertson-Walker scale factor a(t) oscillates at regularly spaced intervals of time
between zero and some large finite value (FRIEDMANN, 1922; ToLMAN and WARD 1932;
TOLMAN, 1934). Since the introduction of general relativity, though, various problems with
the cyclic concept have emerged. In the 1930s, Tolman discussed cyclic models consisting of
a closed universe with zero cosmological constant, underlining that the maximal size of the
universe, and the duration of a cycle, increase from bounce to bounce because of the addition
of the entropy originating in one cycle with the entropy created in the next. Extrapolating
backward, the duration of the bounce converges to zero in a finite time. Consequently, in
cyclic models of a closed universe with zero cosmological constant the problem of initial
conditions remains. In the 1960s, the singularity theorems of Hawking and Penrose showed
that a big crunch necessarily leads to a cosmic singularity where general relativity becomes
invalid. Without a theory able to replace general relativity in hand, it was not possible to
explore the structure of space and time before the big bang, which thus became synonymous
with the beginning of space-time. However, the Hawking-Penrose singularity theorems
contain no clues which suggest that cyclic behaviour is forbidden in an improved theory of
gravity, such as string theory and M theory, and some people have continued to speculate on
this possibility.

In the 1990s, Tolman’s cyclic model based on a closed universe was indeed put apart
because of the observations that the matter density is significantly less than the critical density
and that the scale factor of the universe is accelerating. To face these problems, since 2002,
STEINHARDT and TUROK considered a model of cyclic cosmology where the universe is flat,
rather than closed. In this model, the transition from expansion to contraction is reproduced
by invoking negative potential energy rather than spatial curvature and the cyclic behaviour is
linked in an essential way to having a period of accelerated expansion after the radiation and
matter-dominated phases. During the accelerated expansion phase, the universe approaches a
nearly vacuum state, restoring very nearly identical local conditions as existed in the previous
cycle prior to the contraction phase. Globally, the total entropy in the universe grows from
cycle to cycle, as Tolman suggested. However, the entropy density, which is all any real
observer would see, has perfect cyclic behaviour with entropy density being created at each
bounce, and subsequently being diminished to negligible levels before the next bounce.

In a recent paper ljjas and Steinhardt proposed a cyclic theory of the universe in which
the Hubble parameter, energy density and temperature are characterised by periodic
oscillations, while there is an exponential increase of the scale factor from one cycle to the
next (13JAs and STEINHARDT, 2019). The ljjas and Steinhardt model allows the resolution of
the homogeneity, isotropy and flatness problems as well as the generation of a nearly scale
invariant spectrum of density perturbations. At the same time, it faces in a consistent way
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some old cosmological issues which affect the standard big bang inflationary cosmology. By
combining ekpyrotic (ultra-slow) contraction and (non-singular) classical bounces, Ijjas’ and

Steinhardt’s cyclic model considers the possibility that, while the Hubble parameter H(t) = %

(where dot denotes differentiation with respect to time t) oscillates periodically between
positive and negative values from cycle to cycle, instead of the Friedmann-Robertson-Walker
scale factor a(t) does not, in the sense that a(t) grows during the usual radiation, matter and
dark energy dominated expanding phases, but shrinks very little during the contraction
phases. In this way, a(t) turns out to have a substantial increase from one cycle to the next.

Ijjas’ and Steinhardt’s cyclic model considers the perspective that, according to the
Friedmann equations, the Friedmann-Robertson-Walker scale factor has the behaviour a(t) =
|t|*/¢ while the Hubble parameter |H(t)| is proportional to a~—¢ during a phase with equation-
of-state ¢. In this picture, the equation-of-state is

£y =§(1+§) (1)

where p is the pressure and p is the energy density, the subscript — refers to the value of ¢
during the contracting phase (which is characterised by H < 0) and the subscript + indicates
the value during the expanding phase (which is characterised by H > 0).

Ijjas’ and Steinhardt’s cyclic model predicts that, during the expanding phase of a
cycle, at the beginning, the Hubble parameter H(t) is large and positive and then decreases.
In the expanding phase, the evolution of the universe is thus characterised by different periods
corresponding to the different values of ¢,: when e, = 2 the dominant form of energy density
is radiation, when e, = 3/2 the dominant form of energy density is matter, when &, = 0 the
dominant form of energy density is dark energy. In particular, ljjas and Steinhardt suggest
that, since e, = 0(1) and the expansion phase lasts a long time, the scale factor a(t) =
|t|'/¢+ can increase and the Hubble parameter H(t) ~ a~%+ can decrease by large exponential
factors by the time the expansion phase ends.

When the expansion phase ends, in ljjas’ and Steinhardt’s model, one has the
beginning of a ekpyrotic contracting phase which is associated to e_ > 1. In this situation the
magnitude of H(t), which is proportional to a=%-, can increase by an exponential factor.
Then, one deals with a (non-singular) classical bounce phase, which is characterised by a
rapid increase of the Hubble parameter H(t) from a large negative value to a large positive
value of approximately the same magnitude while a(t) remains the same. In this situation, the
universe enters the next expansion phase, and a new cycle begins.

In summary, in the cyclic universe proposed by ljjas and Steinhardt, at the end of a full
cycle, one has the following important results: on one hand, the Hubble parameter H(t) is
characterised by an oscillation between exponentially large positive and negative values; on
the other hand, the Friedmann-Robertson-Walker scale factor a(t) grows exponentially
during the expansion phase but decreases very little during the contraction and bounce phases.
These facts lead to a general exponential increase in a(t) by the end of the cycle (liAs and
STEINHARDT, 2019).

In this paper, our purpose is to go beyond the results of ljjas and Steinhardt, by
exploring the possibility that a more fundamental background rules the behaviour of the
universe. By starting from a fundamental non-local quantum vacuum as the ultimate stage of
physical processes, we will introduce a new cyclic model of the universe in dynamic
equilibrium, in which the universe can be seen as a timeless system which had no beginning
and will have no end, as a system which can create itself. In this picture, the view of the big
bang theory according to which the universe expands in time intended as a primary physical
reality cannot be considered appropriate. The universe is timeless in the sense that time is not
a physical dimension in which the universe exists but exists only as a mathematical parameter
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measuring the numerical order of material changes. We will call this new cosmological model
the “cyclic model of the timeless universe in dynamic equilibrium” (TUDE). We will see how
our model of TUDE allows us to provide a new suggestive and more general interpretation of
the results obtained recently by ljjas and Steinhardt. The paper is structured in the following
manner. In section 2, after reviewing the interpretation of matter and gravity in the model of
the three-dimensional non-local quantum vacuum, we will discuss how some fundamental
concepts of this model lead to the idea of the cyclic universe in dynamic equilibrium and then,
we will analyse the foundations and main features of the model of TUDE. In section 3, we
will explore the predictions of our model of TUDE. In section 4, we will summarise the
results of the paper.

FROM THE THREE-DIMENSIONAL NON-LOCAL QUANTUM VACUUM ...
TO THE FOUNDATIONS AND MAIN FEATURES OF THE CYCLIC MODEL OF
THE TIMELESS UNIVERSE IN DYNAMIC EQUILIBRIUM

As | have shown in a series of recent papers (FISCALETTI and SORLI, 2014, 20164,
2016b, 2017, 2018; FISCALETTI, 2015), subatomic particles and macroscopic bodies can be
seen as opportune excitations of a fundamental background medium represented by a three-
dimensional (3D) non-local quantum vacuum defined by reduction-state (RS) processes of
creation/annihilation of quanta which occur in correspondence to elementary energy
fluctuations.

The 3D quantum vacuum is characterised by a ground state which is defined by the
Planck energy density

_ My ¢’
Pre = E 2

p

where m, is Planck’s mass, C is the light speed and | is Planck’s length. The quantity (2) is

the maximum value of the energy density of space and physically corresponds to the total
average volumetric energy density, owed to all the frequency modes possible within the
visible size of the universe, expressed by

7
Poe = hCGZ ~4,641266-10"°J /m® 3)

i being Planck’s reduced constant, G the universal gravitation constant. Out of the ground
state of the 3D quantum vacuum defined by the Planck energy density (2), particles and
antiparticles continuously appear and disappear. In other words, the appearance of material
objects corresponds to excited states of the 3D quantum vacuum which are associated with
opportune diminutions of the quantum vacuum energy density given by the relation

2
m-c
Poe = Pre ~ v (4)

where p,. is the energy density of quantum vacuum inside the physical object, p,. is the

Planck energy density (given by (3)) and V is the volume of the physical object. Equation (4)
may be opportunely rearranged as

_ ApqueV
m = 2o ©)

where Ap,e = (ppe — pge) IS the change of the quantum vacuum energy density (FISCALETTI,
and SorLl, 2014, 2016a, 2016b, 2017, 2018; FISCALETTI, 2015). The fundamental physical
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meaning of equation (5) lies in the fact that a fundamental symmetry between the property of
mass and the changes of the quantum vacuum energy density exists: the property of mass is
nothing more than an opportune diminishing of the quantum vacuum energy density of the
fundamental background of the universe.

In this approach, both the dark energy and the matter density can be seen as different
aspects of the same energy of the 3D quantum vacuum. By considering a quantized metric of
the 3D quantum vacuum condensate given by the relation

ds? = g, dx“dx” (6)

where here the (quantum operators) coefficients of the metric are defined (in polar
coordinates) as

Ooo = 1+, 61y =1+ Py, Gy = r2L+By), o = r2sin? S+ y). 6, =, for v (7)

where
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the metric (6) is assumed to be close to the Minkowski metric and quDVEE are opportune

fluctuations of the quantum vacuum energy density which determine the dark energy density
based on relation

_ 35Gc? ( Y DEJG

Ppe = m o2 LPqvE

9)
one finds that the changes and fluctuations of the energy density of the 3D quantum vacuum
can be considered the fundamental origin of the curvature of space-time characteristic of
general relativity (FISCALETTI, and SoRLI, 2014, 2016a, 2016b, 2017, 2018; FISCALETTI,
2015). In this picture, gravitational interaction is an immediate physical phenomenon that
derives directly from a variable energy density of the 3D quantum vacuum, in the sense that
no movement of particle-wave is needed for its acting. Gravity is transmitted directly by a
variable gravitational energy density characterising the region under consideration given by
the following relation
Vv 35Gc? [V V11
ParaC’ = G(C—ZA,quE +2—7zh4(c_2 Apc:?,léj ] Nl (10)

—i

where

P (11)

V DE
(Cz quvE jc

The gravitational energy density (10), associated with opportune guantum vacuum
energy density fluctuations, acts as a direct medium of gravity, in the sense that it acts as a
two-point correlation function based on the relation
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As regards the interpretation of subatomic particles, in epistemological affinity with
the models of SBITNEV (2015a, 2015b, 2015¢, 2016) and FeDI (2017a, 2017b, 2017c), in my
approach (FISCALETTI and SoRLI, 2014, 2016a, 2016b, 2017, 2018; FISCALETTI, 2015) the 3D
quantum vacuum is described as an organised timeless Bose-Einstein condensate of virtual
particle/antiparticle pairs, where the real elementary particles of the Standard Model emerge
from opportune RS processes of creation/annihilation of these virtual particle/antiparticle
pairs, which give rise to an opportune excited state of the 3D quantum vacuum. The RS
processes of creation/annihilation of virtual particles of the 3D quantum vacuum are
somewhat similar to the transactional processes, corresponding to a peculiar reduction of a
state vector, invoked by Chiatti and Licata in their interpretation of an archaic, atemporal
vacuum as the fundamental arena in which the only truly existent “things” in the physical
world are the events of creation and destruction (or, in other words, physical manifestation
and demanifestation) of certain qualities and all the other constructions of physics are
“emergent” concerning the network of events (CHIATTI, 2014; LICATA, 2013; LICATA and
CHIATTI, 2009, 2010, 2015; CHIATTI and LICATA, 2016). In virtue of the physical
correspondence between opportune diminishing of the quantum vacuum energy density and
opportune RS processes of creation/annihilation of particle/antiparticle pairs, the excited state

of the quantum vacuum can be described by a wave function C = (j;) at two components
satisfying a time-symmetric extension of the Klein-Gordon quantum relativistic equation
H O
C=0 (13)
0 -H

2

where H =£—h26”8#+\é—2(quvE)2J. Equation (13) corresponds to the following two
equations:
1700, + 2 (3ppe os()=0
~1°0"0,+— (e f o, (¥)= (14)
for creation events and
V2
{hza*‘ay —C—Z(quvE)z}sz,i(x):O (15)

for destruction events. The RS processes of creation and annihilation of virtual particles turn
out to be choreographed by a quantum potential of the vacuum, generating the fundamental
non-local features of the vacuum, given by relation

2
[vz —ClzstzJ\wQ,i\

Q. = h%c? ‘V/Q,i‘ (16)
Qi V ZiquVE iz (Vz 1 62 ]‘
- c? ot? ¢Q,i‘

ol
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In this picture, ordinary matter represented by the material particles of the Standard
Model emerges as the result of opportune diminutions of the quantum vacuum energy density
corresponding to opportune elementary RS processes of creation/annihilation of virtual
particles with mass satisfying equation

2
R

mc‘ =n' 5
V9,

(17)

inside the length scale c9, ~ 1013cm . Equation (17), where n'=0, %, 1, 3/2, ... is an

integer for odd solutions and a half-integer for even solutions, provides the condition that
links the geometry of the 3D quantum vacuum characterised by virtual particle/antiparticle
pairs with the quantum jumps characteristically of an elementary particle of the Standard
Model described by the scale ¢9, ~ 10"23cm and ruled by the ordinary quantum laws.

Now, in the second part of this section, we will discuss how the 3D non-local quantum
vacuum where ordinary matter emerges as the result of reduction-state (RS) processes of
creation/annihilation of quanta which occur in correspondence to elementary energy
fluctuations, directly lead, from the cosmological point of view to the idea of a timeless
universe in dynamic equilibrium. In our cosmological model of TUDE, before all, in the light
of the fundamental symmetry between mass and quantum vacuum energy density, the turning
key is represented by the fact that there is a symmetry between the energy of matter
(associated with a diminishing of the quantum vacuum energy density) and energy of space
(associated with the ground state of the quantum vacuum energy density defined by the
Planck energy density (2)). Moreover, since gravity and the behaviour of material particles
are directly associated with elementary fluctuations of the quantum vacuum energy density
based on equations (10) and (16) which imply the action of the 3D quantum vacuum as a non-
local direct medium of information, it follows that energy of matter and energy of space can
be seen themselves as two aspects of the same coin. The symmetry between matter and
guantum vacuum energy density, expressed by equation (5), as well as the gravitational
energy density (10) and the quantum potential (16), can be considered as the fundamental
entities which can provide a unifying treatment of energy of matter and energy of space
leading to the concept of the timeless universe in dynamic equilibrium.

Based on the first law of thermodynamics, the total energy of the universe is always
constant, namely, in each phase of the evolution the sum of the energy of matter E_ and of

the energy of the empty space E, is always constant:
E +E,=E, (18)

In the light of the fundamental symmetry between matter and variations of the
guantum vacuum energy density, equation (18) may be conveniently written in terms of the
energy density of the 3D quantum vacuum, as:

(pPE - pqu) + % = % (19)

The stability of atoms and subatomic particles requires that the energy density of
guantum vacuum has a certain critical value. In other words, we can say that a certain critical
value of the quantum vacuum energy density exists which assures the stability of atoms and
subatomic particles. Inside of Schwarzschild radius

_2Gm

S CZ

r (20)
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where G is the gravitational constant and m is the mass of a stellar object, the energy density
of quantum vacuum is at its minimum which, in the light of equations (4) and (20), turns out
to be expressed by relation:

~ 3c’
Pae™ Pre g Gt

(21)

In light of these considerations, by virtue of the fundamental role of the gravitational
energy density (10) and the quantum potential (16) in determining a unifying treatment of
energy of matter and energy of space, in our cosmological model of TUDE, we consider the
possibility that the standard Friedmann equation

a2  c’k A 8mGp
a ., 2_z2crmp 22
a2 + az 3 3 ¢ ( )

where a is the scale factor of the universe, the symbol dot indicates differentiation with
respect to time, p is the matter-energy density, A is the cosmological constant and must be

replaced by a more general equation ruling a cycling behaviour of the universe. Taking
account of Siong’s, Radiman’s and Nikouravan’s derivation of the Friedmann equation with
quantum potential (SIONG et al., 2014) and the fact that, in our approach, the cosmological
constant is assimilated to specific fluctuations of the quantum vacuum energy density, we
consider the following generalised Friedmann equations for the cyclic universe

e E I (R IO IS

az = a? PPE VppE

where Q is the quantum potential, pgr4y is the gravitational energy density (linked with the

variable quantum vacuum energy density and the specific fluctuations of the energy density
mimicking the effects of dark energy). Equation (23) allows us to draw the following
important consequences as regards the evolution of the universe. When the energy density of
the quantum vacuum reaches its minimum value (21), this means that in black holes energy
density of the 3D quantum vacuum is at its minimum and under its value which is required for
the stability of elementary particles. Inside Schwarzschild radius, low energy density of
quantum vacuum does not provide a necessary quantum vacuum “background” for the
stability of elementary particles and stability of atoms (FISCALETTI and SORLI, 2016b, 2018;
SoRrLI et al., 2016). When the quantum vacuum energy density reaches this minimum value,
inside Schwarzschild radius matter transforms back into electromagnetic energy and this back

into non-structured energy of quantum vacuum: in fact, based on equation (23), PPE_PavE PEp_pq"E
PE

assumes the maximum value and thus p,., g increases, ppr — pgyr diminishes tending to 0, E;
increases tending to Ej, in such a way that equation (19) holds. Matter which is the structured
energy of quantum vacuum is disintegrating back into the energy of the empty quantum
vacuum, thus approaching to its ground state. In this phase of the evolution of the universe,
we will therefore have a decrease in entropy. In this phase, as a consequence of the increased
energy density of the quantum vacuum within the Schwarzschild radius, the gravitational
forces between the galaxies become more intense. This process results in a decrease in the
expansion rate of the universe. The decreasing of expansion will stop just when, in the active
galactic nuclei, the energy of the matter has become null and the energy of space has reached
its maximum value, that is when E_=0e E,=E, which means that the entropy has reached

its minimum value (zero). In this configuration, in the intergalactic areas the quantum vacuum
energy density pg,g turns out to be maximum and so it begins to decrease, transforming itself
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into cosmic rays and subsequently into elementary particles. Based on equation (23), "”Ep_ﬂ
PE
increases and, in correspondence, Vps diminishes. Thus, the process of emission of fresh gas
PE

by the active galactic nuclei takes place, space is transformed into matter, that is E, is
transformed into E . In this phase, the quantum vacuum energy density p,,g in the region

within the Schwarzschild radius decreases. Consequently, we have the formation of nuclei,
atoms, molecules, stars and planets and in correspondence the entropy increases. At this stage,
the expansion of the universe also tends to increase.

Based on our cosmological model, one deals with a continuous flow of energy "matter
- space — matter ..." which is in permanent dynamic equilibrium. In other words, in the light of
the generalised Friedmann equation (23), a cyclic transformation "space-matter-space-matter
..."" is generated, through which the universe is maintained in dynamic equilibrium, receiving
a process of renewal with the continuous formation of new systems of space and matter. And
as regards these processes, one can identify neither a beginning nor an end. In the singularities
that characterise black holes, "old matter” is transformed into fundamental "fresh™ energy of
the quantum vacuum, based on a process in which energy cannot be created and cannot be
destroyed. The growth of the entropy of matter that we observe in the universe does not
increase the total entropy of the universe. In this regard, a crucial function is played by black
holes. In fact, in the model of TUDE, black holes have the role of rejuvenating the universe,
making it ageless, in the sense that they lead to processes in which old matter transforms into
space which then generate elementary particles and cosmic rays and thus new fresh gas which
results in the formation of new stellar objects, and so on in a cyclic way (see also SORLI,
2020). This view of black holes as the primary structures which rejuvenate the universe by
leading to the creation of new systems of space and the fresh matter is supported by the fact
that, according to astronomical observations (see for example KARDASHEvV, 2001),
supermassive black holes existing in the centre of galaxies have the role to generate
elementary particles and cosmic rays. According to the TUDE model, in virtue of this crucial
role of black holes, the universe is a non-created system, in which galaxies, stars and planets
appear and disappear, but the universe as a whole is eternal.

The TUDE model also allows us to resolve the information-loss problem for black
holes approaching the Planck scale. As is known, based on the Hawking effect predicted by
quantum field theory in a curved spacetime, a stationary black hole has a temperature

hk
Ty = ——
BH 2mkpgc

(24)

where k is the surface gravity of a stationary black hole (HAWKING, 1975) and, as a
consequence of this, it also has an entropy, the so-called “Bekenstein-Hawking entropy”,
which is given by the universal expression
Spy = % (25)

where A is the surface of the event horizon. Many of the open questions which must be
addressed in any theory of quantum gravity and cosmology are related to the temperature and
the entropy of black holes (STROMINGER, 2009). In particular, the two most important
questions concern the microscopic interpretation of entropy and the final fate of a black hole,
where in particular the latter is deeply connected with the problem of information loss. In fact,
according to Hawking’s calculation leading to (25), if when effects of quantum gravity
(Planck scale) assume a role, only thermal radiation was left, all initial states that lead to a
black hole would end up in one and the same final state — a thermal state, namely a state
where the information about the initial state would be lost, a prediction which is incompatible
with standard quantum theory for a closed system, for which the von Neumann entropy S =
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—kgtr(plnp) is constant, where p denotes the density matrix of the system (HAWKING,
1976). Now, in the picture of the TUDE, there is indeed no information-loss problem for
black holes approaching the Planck scale. In fact, in the approach developed in this paper,
there is no beginning and no end of the universe and in black hole singularities “old matter” is
transformed into “fresh” fundamental primordial energy of quantum vacuum which is not
created and cannot be destroyed. Increasing entropy of matter acts only in the sense that the
sum of the entropy of matter and of the entropy of space is constant and this implies that the
results about the information-loss problem agree with standard quantum theory. Therefore,
the TUDE cosmology allows us to resolve in a simple and elegant way also the information-
loss problem (FISCALETTI, 2018).

THE FRIEDMANN-ROBERTSON-WALKER SCALE FACTOR AND PREDICTIONS
IN THE MODEL OF THE CYCLIC UNIVERSE IN DYNAMIC EQUILIBRIUM

In the TUDE model here suggested, the equation of state (1) and the Friedmann-
Robertson-Walker scale factor a(t) =~ |t|*/¢ invoked by ljjas and Steinhardt continue to be
valid but are formulated in a different, more general, way and therefore can receive a new
interpretation.

Since the fundamental arena of the universe is a 3D non-local quantum vacuum, the
pressure p and the energy density p appearing in equation (1) are ultimately associated with
the elementary properties of a three-dimensional (3D) quantum vacuum defined by RS
processes of creation/annihilation of quanta corresponding to elementary fluctuations of the
guantum vacuum energy density with respect to the ground state. As shown in (FISCALETTI,
and SoRrLlI, 2016a, 2018), in the 3D quantum vacuum the quantum processes are ruled and
choreographed by a quantum potential of the vacuum of the form which, for creation events,
has the expression

P, +p h%c?n? 1 8° h%c?n? , 1(0 2
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where n is the number of virtual particles-antiparticles of the RS processes in the volume V of
the 3D quantum vacuum into consideration, p, and p, are pressures that arise by the
collisions between the virtual particles-antiparticles populating the vacuum and corresponding
to the RS processes. Consequently, in the TUDE model, we consider that the pressure p
appearing in equation (1) is ultimately generated by the quantum potential of the vacuum and
thus by the changes of the quantum vacuum energy density Ap,e = (ope —pye) - In analogous

way, the energy density p appearing in equation (1) may be assimilated to the quantum
vacuum energy density (4).
This implies that, in our approach, equation (1) may be formulated as

£ =3(1+ on ) 27)

2 PqveV

where Q is the quantum potential (26), n is the number of virtual particles-antiparticles of the
RS processes in the volume V' of the 3D quantum vacuum into consideration, p,,g is the
guantum vacuum energy density given by (4). Therefore, the Friedmann-Robertson-Walker
scale factor a(t) has a behaviour of the form

2

a(t) ~ ¢ Fanev) (28)



18

On the basis of equations (27) and (28), we can say that, in our model, the periods of

the universe when there is a domination of radiation occur in the condition anV =3 2
qvE

domination of matter occurs when Q = 0, a domination of dark energy occurs when en_ —

PqueV

@21

PqvEV 3
Equations (27) and (28) here become the fundamental laws that allow us to
discriminate between the different phases of the evolution of the universe, in other words, to
describe what happens in the different phases of the cyclic universe in dynamic equilibrium.
When inside the Schwarzschild radius the quantum vacuum energy density goes under the
minimum value required to provide stability of elementary particles, then inside the
Schwarzschild radius matter transforms back into electromagnetic energy and this back into
non-structured energy of quantum vacuum (namely into the energy of empty space E;). This
means that in this phase the Friedmann-Robertson-Walker scale factor a(t) given by (28)
tends to decrease (but very little) with respect to the phase of the transformation of space into

matter (because domination of radiation occurs in the condition an =3 while domination
qvE

of matter occurs when Q = 0). Therefore, if in Ijjas’ and Steinhardt’s cyclic model, in the
phase of domination of radiation there is a little decreasing of a(t), now this physical
situation can receive a new suggestive interpretation and explanation. The decreasing of the
Friedmann-Robertson-Walker scale factor a(t) concerns the transformation of matter into
non-structured energy of quantum vacuum which occurs in the active galactic nuclei when
inside Schwarzschild radius the quantum vacuum energy density goes under the minimum

value required to provide stability of elementary particles, and it is due to opportune

corresponding properties of the 3D quantum vacuum, expressed by the condition anv =§
qvE

—1, while the ekpyrotic contracting phase correspond to the condition

between quantum vacuum energy density and quantum potential.

Then, as a consequence of this little decreasing of a(t), the evolution of the universe
continues in the following way: matter disintegrates itself back into primordial non-structured
energy of the quantum vacuum, which therefore tends to increase (with a corresponding
decrease of the entropy). The decreasing of a(t) provokes therefore also a more intense
action of the gravitational forces between the galaxies. When in the active galactic nuclei the
energy of the matter has become null and the energy of space has reached its maximum value,
that is when E, = 0 and E; = Ey, in this physical situation in the intergalactic areas the

quantum vacuum energy density pg,e turns out to be maximum and thus the quantum
potential (26) associated with the RS processes of creation/annihilation of virtual
particles/antiparticles of the 3D quantum vacuum reaches its minimum value, namely zero.
Because of this, the universe enters a critical point where the Friedmann-Robertson-Walker
scale factor a(t) begins to grow exponentially and this is the phase of the transformation of
guantum vacuum energy into cosmic rays and subsequently into elementary particles, namely
into the new fresh matter. In other words, we can say that the phase of the cyclic universe
represented by the formation of nuclei, atoms, molecules, stars and planets in the active
galactic nuclei (with the corresponding increase of the entropy) begins when the quantum
potential (26) reaches its minimum value (zero) and thus the Friedmann-Robertson-Walker
scale factor a(t) begins to grow exponentially.

The flow of energy "matter - space — matter-..." which takes place in the active galac-
tic nuclei and is in permanent dynamic equilibrium, can therefore be associated with the diffe-
rent behaviour of the Friedmann-Robertson-Walker scale factor a(t) which derives from the
equation of state (27) and thus which ultimately derives from opportune more fundamental
properties of the 3D quantum vacuum, namely from opportune values of the quantum vacuum
energy density and of the quantum potential (26) of the 3D quantum vacuum. In other words,
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the cyclic transformation "space-matter-space-matter ..." may be indeed seen as a consequen-
ce of the different values of the Friedmann-Robertson-Walker scale factor a(t) which emerge
as solutions of the equation of state (27) in the different phases of evolution, which ultimately
depend on the changes of the quantum vacuum energy density and on the quantum potential
(26) of the 3D guantum vacuum. In summary, quantum vacuum energy density and quantum
potential of the 3D quantum vacuum can be considered as the ultimate visiting cards whose
values and variations allow us to realise what happens in the different phases of the evolution
of the universe, in the context of a cyclic picture.

In our approach, the net result determined by the changes of the quantum vacuum
energy density as well as the quantum potential of the 3D quantum vacuum (26) is that the
Friedmann-Robertson-Walker scale factor a(t) grows from cycle to cycle and thus that the
universe can be seen as a timeless phenomenon in dynamic equilibrium where each cycle of
evolution leads to the creation of new systems of space and matter which have no end. In the
TUDE model, as a consequence of the processes above described, also the Hubble parameter
H(t) has a cyclic behaviour.

In order to show the coherence of the prediction of the TUDE model with the current
values of astronomical parameters, we can consider here the following illustrative example
which satisfies the known quantitative constraints. The minimum value of the Hubble radius
ry is fixed as ~10725¢m, corresponding to a maximum value of the Hubble parameter of
|H|~101°GeV. Then, we assume that the temperature is T~10'°GeV at the start of the
process of transformation of space into the matter. Because of these assumptions, the
fundamental equations (19), (27) and (28) of the TUDE model imply that the scale factor a(t)
increases by a factor e2%/¢+~e®0 by the time the temperature reaches today’s cosmic
microwave background temperature. In correspondence, one deals with an increase of the
Hubble radius by a factor of a®+~e2° from a microscopic size of 10725 cm to the current
value of the Hubble radius 1028 cm.

If the present epoch is characterised by domination of dark energy, however, the
TUDE model implies that, in a cyclic universe, the dark energy-dominated phase cannot last
forever but must eventually terminate. In our theory, as we have said before, dark energy is
nothing other than a special aspect of the 3D quantum vacuum fluctuations associated with
opportune quantum vacuum energy density fluctuations. In particular, based on the results
obtained in (FISCALETTI, and SoRLI, 2014, 2016b; FISCALETTI, 2018), the dark energy density
is given by the equation

_ 35Gc? (v DEJG

Poe = 2 o7 Mo

(9)
The dark energy density ppe can be associated with opportune fluctuations Apge of
the 3D quantum vacuum energy density defined by relation

2

APDEqu: Mpe - C
v (29)
mDE . . IODE .
being the mass corresponding to the dark energy in the volume V and thus
ApDE
VE
Poe = g
c (30)

On the other hand, the idea that dark energy represents peculiar energy of the excited
state of the quantum state of the universe is supported by current research (see, for example,
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FeoLl et al., 2017). In our theory, the dark energy density (9) is the appropriate energy of
specific excited states of the 3D quantum vacuum in the sense that may be associated with a
scalar field potential of the 3D quantum vacuum V(quvE) During the radiation- and matter-
dominated phases, Apl;z satisfies the condition V(quvE) > 0. As a consequence of
opportune quantum vacuum energy density fluctuations, the accelerated expansion phase ends
and contraction begins when ApPZ; changes from V(Ap2E) > 0 to V(ApDE:) < 0. In this
situation, the quantum vacuum energy density fluctuations become a sort of ekpyrotic field
that rules the following phase of ultraslow contraction (similar to the one invoked by Ijjas’
and Steinhardt’s model).

It must be underlined here that the scalar field potential V(quvE of the fluctuations
of the quantum vacuum energy density which generates the action of dark energy, is
important in the TUDE because it determines the time when the domination of dark energy
begins and it fixes the characteristic time scale for the duration of the expanding phase, the
contracting phase as well as the total period of a cycle. Moreover, taking account of Ijjas’ and
Steinhardt’s results, the quantum vacuum energy density fluctuations and the scalar field

potential V(qu,,E) associated with the action of the dark energy, satisfy the following
equation-of-state

) ' %APquEE

%ApngJFV(APquE)
Equation (31) leads to important consequences as regards the physical processes

occurring during the contraction phase, which occurs when in the active galactic nuclei there

is a transformation of matter into non-structured energy of the quantum vacuum, into the
energy of empty space. Before all, it implies that, if one considers the potential V =

e = (31)

—V,e qu/M (where V, > 0 is constant and we utilize reduced Planck units 8nGy = 1 for
Newton’s gravitational constant Gy), the solution for e_ in the contracting phase is nearly
constant about the expression s_ = 1/2M? and therefore reaches big values even for short
masses. Moreover, the contraction phase turns out to be characterised by a shrinking of the
scale factor a(t) and an even bigger shrinking of the Hubble parameter H(t). In the light of
equation (31), the homogeneous ekpyrotic field energy (which is associated with a value
e_ > 1) grows much faster, during the contracting phase, than all other components (matter,
radiation, dark energy, gradient energy, spatial curvature, anisotropy). As a consequence of
this peculiar behaviour, the universe is guided towards an ultra-uniform, ultra-flat state as the
end of a cycle is approached and the beginning of a new cycle occurs. In these processes, the
crucial fact is that the opportune fluctuations of the quantum vacuum energy density are the
fundamental physical entities that determine the large value of ¢_ and, in correspondence, the
smoothing and flattening effect in space.

Our model — based on equations (18)-(23) and (26)-(31) — predicts that each cycle of
transformation “matter-space-...” ends with a non-singular bounce, where the value of the
Hubble parameter H(t) and of the density of matter and radiation have returned to the values
they had a cycle ago and therefore a new period of oscillation in H(t) begins. Compatibly
with Ijias’ and Steinhardt’s approach, our model predicts that the large energy density
generated in the ekpyrotic scalar field is transformed into new fresh matter and radiation
providing results that are coherent to that assumed in inflationary approaches.

In summary, we can say that the essential feature of the TUDE model is that it predicts
that the evolution of the universe through all phases is dominantly associated with opportune
elementary properties of the 3D quantum vacuum, in particular with opportune values and
variations of the quantum vacuum energy density and of the quantum potential of the vacuum.
The appealing aspect of the TUDE model is that here one deals with a natural sequence of
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different phases, in a cyclic picture, determined by the continuous opportune variations of the
qguantum vacuum energy density, which indeed can be considered as the real forces which
guide the cosmological evolution. Here there is no need to invoke the idea of the big bang, no
need to specific ad hoc initial conditions and no need to consider runaways that lead to the
multiverse. In this approach, all properties of the universe are deterministically fixed by
opportune properties of the energy density of the 3D quantum vacuum. Moreover, the TUDE
model allows us to face the causal horizon problem by replacing the big bang with the cycles
of transformations space-matter-space-matter which occur in the active galactic nuclei in
correspondence to the opportune variations of the quantum vacuum energy density. The
homogeneity, isotropy and flatness problems are resolved by invoking ultra-slow contraction
in the phase of the transformation of matter into non-structured energy of quantum vacuum,
where the Hubble parameter H(t) shrinks a lot while the Friedmann-Robertson-Walker scale
factor a(t) shrinks comparatively less. The idea of dynamic equilibrium can be considered a
solution to the cosmic singularity problem.

CONCLUSIONS AND PERSPECTIVES

Some of the current cosmology models existing in the literature, in particular those by
Steinhardt, consider the idea of a cyclic universe, in which the universe undergoes an endless
sequence of cosmic epochs which begin with the universe expanding from a ‘big bang’ and
end with the universe contracting to a ‘big crunch’, on the basis of the concept of ekpyrotic
scenario and M-theory. The model of the cyclic universe in dynamic equilibrium introduced
in this paper throws new light on the interpretation of several important properties of the
universe. In the light of the treatment made in this paper, the suggestive perspective is opened
that the different stages of the evolution of the universe are related to the continuous
variations of the energy density and of the quantum potential of a 3D non-local quantum
vacuum defined by elementary RS processes of creation/annihilation of quanta. The changes
in the quantum vacuum energy density and the corresponding changes in the quantum
potential of the vacuum produce a cyclic flow of energy “matter-space-matter-space-...”
which is in permanent dynamic equilibrium. The model of the cyclic universe in dynamic
equilibrium allows us to provide a new re-reading, inside a more general picture, of the
equations of the Ijias’ and Steinhardt’s cyclic model developed in (lJJAS and STEINHARDT,
2019). Moreover, it has the merit to resolve some problems of the Standard Cosmological
Model, because it does not present the initial cosmic singularity, it resolves the causal horizon
problem, the homogeneity, isotropy and flatness problems.

On the other hand, in order to provide future developments and improvements of this
new cyclic model, important topics must be faced: the search for the link of this approach
with aspects of fundamental physics, the explanation of why the quantitative conditions here
introduced are possible and are likely to occur as well as the analysis of the links with other
current cosmological approaches (alternative to inflation) such as the archaic universe based
on de Sitter projective relativity and an event-based reading of quantum mechanics,
developed by Chiatti and Licata (LICATA and CHIATTI, 2009, 2010; CHIATTI, 2011; LICATA,
2006), or the model of the cyclic entropy developed by FRAMPTON (2015, 2018), where the
universe is a cyclic phenomenon whose entropy is reset to zero in each cycle expansion-
turnaround-contraction-bounce-etc.... In this regard, further research will give you more
information.
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