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Preface

The current standard model of cosmology, also called the concordance cosmological
model or the Lambda-CDM model, assumes that the universe was created in the
“Big Bang” from pure energy and is now composed of about 5% ordinary matter,
27% dark matter, and 68% dark energy. This cosmological model is based primarily
on two theoretical models: (1) the standard model of particle physics, which
describes the physics of the very small in terms of quantum mechanics, and

(2) the general theory of relativity, which describes the physics of the very large in
terms of classical physics. Both these theoretical models are considered to be
incomplete in the sense that they do not provide any understanding of several
empirical observations, such as the Big Bang, dark matter, dark energy, gravity,
and matter-antimatter asymmetry in the universe. In addition, the current standard
model of cosmology makes several assumptions involving the homogeneous and
isotropic nature of the universe and two unknown entities called dark matter

and dark energy. The main aim of this book is to discuss these serious problems that
threaten to undermine the current standard model of cosmology.

In the introductory Chapter 1, numerous dubious assumptions of the current stan-
dard model are discussed in some detail. The following Chapters 2-6 are divided
into two main sections. Section 2 is devoted primarily to alternatives to the Big Bang
scenario of the standard model based on modifications of the steady-state models
that were popular prior to the discovery of cosmic microwave background radia-
tion. Section 3 contains chapters that discuss modifications to the general theory of
relativity. These include suggestions of alternative models that provide a generali-
zation of the field equations of the general theory of relativity and a generalization
of the equivalence principle to reconcile quantum mechanics and general relativity.

Brian Albert Robson

Honorary Professor,

Research School of Physics and Engineering,
The Australian National University,
Canberra, Australia
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Chapter 1

Introductory Chapter: Standard
Model of Cosmology

Brian Albert Robson

1. Introduction

The current Standard Model of Cosmology (SMC), also called the “Concordance
Cosmological Model” or the “ACDM Model,” assumes that the universe was created
in the “Big Bang” from pure energy, and is now composed of about 5% ordinary
matter, 27% dark matter, and 68% dark energy [1].

While the SMC is based primarily upon two theoretical models: (1) the Standard
Model of Particle Physics (SMPP) [2], which describes the physics of the very
small in terms of quantum mechanics and (2) the General Theory of Relativity
(GTR) [3], which describes the physics of the very large in terms of classical
mechanics; it also depends upon several additional assumptions.

The main additional assumptions of the SMC are: (1) the universe was created in
the Big Bang from pure energy; (2) the mass energy content of the universe is
given by 5% ordinary matter, 27% dark matter, and 68% dark energy; (3) the
gravitational interactions between the above three components of the mass energy
content of the universe are described by the GTR; and (4) the universe is
homogeneous and isotropic on sufficiently large (cosmic) scales.

Unfortunately, both the SMPP and the GTR are considered to be incomplete in
the sense that they do not provide any understanding of several empirical
observations. The SMPP does not provide any understanding of the existence of
three families or generations of leptons and quarks, the mass hierarchy of these
elementary particles, the nature of gravity, the nature of dark matter, etc. [4]. The
GTR does not provide any understanding of the Big Bang cosmology, inflation, the
matter-antimatter asymmetry in the universe, the nature of dark energy, etc.

Furthermore, the latest version of the SMC, the ACDM Model is essentially a
parameterization of the Big Bang cosmological model in which the GTR contains a
cosmological constant, A, which is associated with dark energy, and the universe
contains sufficiently massive dark matter particles, i.e., “cold dark matter.” How-
ever, both dark energy and dark matter are simply names describing unknown
entities.

The main aim of this Cosmology Book is to discuss the above serious problems
that threaten to undermine the foundations of the current SMC.

2. Dubious assumptions of SMC
The current SMC has numerous dubious assumptions that will be discussed in

the following. It will be indicated that many of the problems associated with the
SMC arise from the dubious assumption that the GTR is valid for all distances
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within the expanding universe and not just for the very small distances of the Solar
System.

In 1916, Einstein published his GTR, which today is still regarded as the best
theory of gravity. The GTR, representing gravitational interactions in terms of the
geometry of space-time [3], is equivalent to Newtonian gravity provided that the
concentration of mass energy is not too great. However, the GTR is clearly superior
to Newtonian gravity since it is consistent with special relativity and in addition
provides an understanding of several observations unexplained by the Newtonian
theory, e.g., the anomalous perihelion advance of the planet Mercury and the
deflection of starlight by the Sun during a total eclipse is twice that predicted by the
Newtonian theory.

The GTR describes space-time by a metric that determines the distances sepa-
rating nearby points (stars, galaxies, etc.). The assumption that the metric should be
homogeneous and isotropic on large scales uniquely requires that the metric be the
Friedmann-Lemaitre-Robertson-Walker metric (FLRW metric). Historically,
Friedmann in 1922 [5] simplified the field equations of GRT by assuming that the
universe is homogeneous and isotropic. In 1927, Lemaitre [6] obtained similar
results to Friedmann. The majority of the solutions of the Friedmann field equations
predict an expanding or a contracting universe, depending upon initial parameters
such as the mass-energy of the universe. Both Robertson [7] and Walker [8]
considered the theory further and proved that the FLRW metric is the only one
that is spatially homogeneous and isotropic.

The use of the FLRW metric assumes that the universe is spatially both
homogeneous and isotropic on each reasonably large scale, e.g., on galactic scales.
This is a dubious assumption, since recent astronomical observations have shown
that the distribution of galaxies is definitely not smooth, displaying filamentary
structures separated by regions containing very few galaxies.

In 1929, Hubble [9] discovered that light from remote galaxies was redshifted,
implying that these galaxies were receding from the Earth. Hubble observed that
there is a linear relationship between the radial speed with which a galaxy recedes
from the Earth and its distance from the Earth. The constant of proportionality is
known as the Hubble constant. Recently, the International Astronomical Union
resolved that from now on, the expansion of the universe be referred to as the
Hubble-Lemaitre law. If the universe is expanding, this implies that (i) only the
expanding solutions of the Friedmann equations are allowed as solutions for
the universe and (ii) the universe must have had a very dense and hot beginning. It
should be noted that the expanding solutions of Friedmann consider that it is space
itself that is expanding and that the galaxies are at rest within the expanding space.
Thus, the redshift for each galaxy is a consequence of the wavelength of the light
being stretched by the expansion of space and is #ot a normal Doppler redshift.

In 1927, Lemaitre noted that an expanding universe could be extrapolated back
in time to an originating singular point that has become associated with the notion
of the Big Bang. Lemaitre called this original very small and compact hot dense
universe the “primordial atom” and considered that the present universe arose as
a result of the observed expansion.

The prevailing model of the Big Bang is based upon the GTR. According to this
theory, extrapolation of the expansion of the universe backward in time yields an
infinite mass-energy density and temperature at a finite time, approximately 13.8
billion years ago. Thus the “birth” of the universe appears to be associated with a
singularity, which describes not only a breakdown of the GTR, but also all the laws
of physics. This suggests a dubious assumption associated with the Big Bang
hypothesis, indicating that the GTR with the FLRW metric is not valid for extremely
small regions of space.
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On the other hand, the Big Bang scenario has had some success. In 1948, Gamow
[10] suggested that the present features of the universe could be understood as a
result of the evolutionary development of the universe via expansion from the Big
Bang phase. In particular, he suggested that the elements could have been made
during the early hot matter-energy phase associated with the Big Bang. It has since
been shown that as the initial hot dense mass-energy phase of the universe cooled
during the expansion that only several light elements were formed, including
hydrogen (~75%), helium (~25%), and small amounts of deuterium, lithium, etc.

As the hot dense phase continued to cool down during the expansion, the atomic
nuclei of hydrogen, helium, etc. captured electrons, thereby, generating neutral
atoms. This is estimated to have occurred about 400,000 years after the Big Bang,
when photons ceased interacting significantly with matter, leading to the
occurrence of the so-called Cosmic Microwave Background (CMB) radiation. In 1948,
Alpher and Herman [11] calculated the present temperature of this CMB to be about
5 K, remarkably close to the modern value of about 2.73 K, determined by the COBE
satellite [12]. In addition, the COBE results showed an extremely isotropic and
homogeneous CMB. This led to the need for an inflationary phase [13] of strongly
accelerated expansion prior to the decoupling of photons from ordinary matter.

In the 1960s, the interpretation of the CMB as the remnant from an early stage of
the universe following the Big Bang was challenged by some proponents [14] of the
Steady-State Model [15, 16] of the universe. They argued that the microwave back-
ground was the result of scattered starlight from distant galaxies. However, the
discovery of the CMB radiation in 1964 by Penzias and Wilson [17], especially with
the later results from the COBE satellite, which indicated that the CMB spectrum
was a thermal black body spectrum, strongly supported the fact that the CMB is a
remnant of the Big Bang.

The SMC has two additional major dubious assumptions: the existence of both
dark matter and dark energy, which the SMC claims constitute about 27% and 68%,
respectively, of the mass-energy content of the universe.

The notion of “dark matter” arose from observations of large astronomical
objects such as galaxies and clusters of galaxies, which displayed gravitational
effects that could not be accounted for by the visible matter: stars, hydrogen gas,
etc., assuming the validity of Newton’s universal law of gravitation. In particular,
the observations of Rubin et al. [18], who measured the rotation curves for the
luminous matter of many spiral galaxies together with the observations of Bosma
[19], who compiled 21 cm rotation curves for neutral hydrogen gas that extended
far beyond the luminous matter of each galaxy, showed that the composite rotation
curves were essentially “flat” out to the edge of the 21 cm data. This implied that
if Newton’s law of gravity was approximately valid, as in the Solar System,
considerably more mass was required to be present in each galaxy. This invisible
matter was called dark matter.

This led to the introduction of the “dark matter hypothesis” by Ostriker et al.
[20], who concluded that the rotation curves of spiral galaxies could most plausibly
be understood if the spiral galaxy was embedded in a giant spherical halo of
invisible “dark matter” that provided a large contribution to the gravitational field
at large distances from the center of the galaxy.

This dark matter hypothesis is very dubious, since to date no dark matter has
been definitely detected and the nature of dark matter remains unknown [21].

The notion of “dark energy” arose from two sets of observations [22, 23] that
suggested that the expansion of the universe is accelerating. These observations were
very surprising and unexpected, since it was generally considered that the spatial
expansion of the universe should be slowing down due to the gravitational
attraction of the galaxies.
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Both sets of observations were based upon the analysis of supernovae of
Type Ia, which are considered to be excellent standard candles across cosmological
distances, and allow the expansion history of the universe to be measured by
considering the relationship between the distance to an object and its redshift,
which indicates how fast the supernova is receding from us. Both teams found
that the supernovae observed about halfway across the observable universe
(6-7 billion light-years away) were dimmer than expected and concluded that
the expansion of the universe was accelerating rather than slowing down as
expected.

The conclusion from this observation was that the universe had to contain
enough energy to overcome gravity. This energy was named “dark energy.”
The amount of dark energy in the universe, assuming the validity of the SMC, is
estimated to be about 68% of the total mass-energy existing in the universe.

According to Peebles and Ratra [24], dark energy is a hypothetical form of
energy that pervades the whole of space and causes the expansion of the universe
to accelerate at large cosmological distances. Currently there exists no accepted
physical theory of dark energy, suggesting that the existence of such energy is
a dubious assumption of the SMC.

3. Discussion and conclusion

This book is divided into two main sections. Section 2 is devoted primarily to
alternatives to the Big Bang scenario of the SMC based upon modifications of the
Steady-State Models that were popular prior to 1965. Section 3 contains chapters
that discuss modifications to the GTR.

Chapter 2 considers the “Tired Light” hypothesis introduced by Zwicky in 1929,
in which the redshift is assumed to occur by the photons loosing energy due to
interactions with material particles as they travel through cosmological space. The
authors indicate that this assumption satisfies many of the observations and over-
comes some of the problems of the Big Bang hypothesis.

Chapter 3 presents a different Steady-State Model as another alternative to the
Big Bang hypothesis. The author discusses the possible existence of repulsive elec-
tromagnetic force fields emanating from galactic super-massive black hole cores
that cause the expansion of the universe, although purely gravitational dynamics
is maintained within each galaxy. The author indicates the implication of these
electromagnetic fields upon the SMC.

Chapter 4 describes the effects of the large scale magnetic fields observed in
galaxies and clusters of galaxies upon the Big Bang scenario and the CMB. The
authors discuss the origin of such large scale magnetic fields and in particular,
analyze their effects upon the CMB anisotropies.

Chapter 5 discusses alternative models for gravitational interactions that provide
a generalization of the field equations of the GTR. In particular, it reviews cosmo-
logical models based upon a “polynomial affine gravity” scenario and discusses in
some detail several cosmological solutions, especially those in the relativistic limit,
in which the torsion vanishes.

Chapter 6 proposes a generalization of the Equivalence Principle for quantum
gravity to reconcile quantum mechanics and general relativity. It defines the
“Equivalence Principle of quantum gravity” to be “The laws of physics must be of
such a nature that they apply to systems of reference in any kind of motion, both
classical and quantum.”
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In conclusion, I believe that the dubious assumptions of the SMC will only be
overcome when both the incompatible SMPP and the GTR are replaced by a quan-
tum gravitational field, especially one based upon a particle physics model that has

the appropriate properties to provide an understanding of both dark matter and
dark energy [25].
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Chapter 2

Tired Light Denies the Big Bang

Ming-Hui Shao, Na Wang and Zhi-Fu Gao

Abstract

More and more problems related to Big Bang have been appeared in recent
years. All the problems are due to the Doppler interpretation of redshift. The “tired
light” theory, proposed in 1929 by Zwicky and most recently developed by Shao in
2013, gives a new explanation for redshift. The theory has shown that the redshift is
induced from the energy loss of photons by the interaction with material particles
on their journey through cosmological space. The basic principles related to the
energy transfer are mainly the mass-energy equivalence and the Lorentz theory.
Problems, such as super velocity, the horizon problem, the cosmological microwave
background radiation, and Olbers’ paradox, vanish in the cosmological model of
“tired light” theory. The model describes a boundless and timeless Cosmos.

Keywords: tired light, energy loss, photons, cosmological redshift, Lorentz theory,
big bang, CMBR, Olbers’ paradox

1. Introduction

Cosmology is as old as other branches of sciences, beginning at the ancient
Greeks. But modern cosmological study started in the twentieth century, marked
by Einstein’s theoretical research in 1917 and Hubble’s observational investigations
in 1929. The Big Bang cosmological model came mainly from Hubble’s work.
Hubble used the Doppler Effect to interpret what came to be known as the
cosmological redshift. The “tired light” hypothesis was proposed by Zwicky in
1929, after Hubble’s paper, as an alternative interpretation to that of the Doppler
effect for the cosmological redshift [1]. In 1929, Hubble obtained a distance-
redshift relation through observations. He then obtained a new relation of
distance-velocity by using the Doppler effect to interpret the redshift. About half
a year later after Hubble’s paper, Zwicky proposed a “tired light” hypothesis to
explain the distance-redshift relation. But the nature of the “tired light” was only
vaguely explained in Zwicky’s work, so that the “tired light” hypothesis has not
been accepted by most cosmologists and astronomers to this day. The Big Bang,
after Hubble’s work, became the most accepted cosmological model. In recent
years, problems related to Big Bang have been more and more clearly realized by
cosmologists and astronomers. Some problems are directly related to the
interpretation of the Doppler effect for cosmological redshift. The Big Bang model
cannot surmount these problems. Fortunately, the study of “tired light” theory
has continued. In 2013, Shao developed the “tired light” hypothesis on the basis of
physical principles, that is, (a) electromagnetic field theory, (b) the mass-energy
equivalence, (c) the quantum light theory, and (d) the Lorentz theory [2]. Based
on these physical principles, the “tired light” theory explains the cosmological
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redshift as the result of photon energy loss due to the interactions with material
particles as photons travel through cosmological space. By this interpretation for
cosmological redshift, the Cosmos is infinite and eternal.

2. Big Bang, history and problems

Hubble derived the distance-velocity relation from observational result of the
distance-redshift relation, by employing the interpretation of Doppler effect [3].
The Big Bang is popularly known in present days, but some problems accompany-
ing it have been aroused. Furthermore, some problems result from the interpreta-
tion of Doppler effect for the cosmological redshift. Actually, all the problems are
rooted in the Doppler effect interpretation of cosmological redshift. The present
situation is that the Big Bang cosmology is facing some hurdles, which it seems
cannot be easily overcome within the framework of the Big Bang model.

2.1 Big Bang and Doppler effect

The Big Bang model came from two sources. One source is, weakly, Einstein’s
finite boundless cosmological model proposed in 1917. The other one is, strongly,
the interpretation of the Doppler effect for the cosmological redshift, employed by
Hubble [3].

Hubble employed the Doppler effect to interpret the cosmological redshift in the
distance-redshift relation he discovered in 1929. In doing this, Hubble derived the
distance-velocity relation which led people to conceive of the Cosmos in the image
of a Big Bang. Why did Hubble use the Doppler effect to interpret the redshift? One
reason is that he had no other choice since the Doppler effect was the only inter-
pretation for redshift at that time.

Reber had introduced the history of the Doppler effect and its application to the
studies of the Sun’s motion and the rotation of our galaxy [4]. The Doppler effect
was enunciated in 1842. Doppler claimed that the frequency and wavelength of light
or sound would change when a signal from a moving source was observed. The
effect was confirmed in 1845 for sound. It was subsequently confirmed for light by
observation in 1871 and by experiment in 1901.

About the year 1900, the Doppler effect was used to study the rotating of double
stars. Around 1910, it was used to study the motion of the Sun in the Milky Way.
And by 1920, it was used to examine the rotation of our galaxy. “All three of the
above examples are correct interpretations of spectral shift caused by relative
motion between the source and the observer,” Reber remarked.

When Hubble had found the relation of distance-redshift, he used the Doppler
effect to interpret the redshift, that is, the movements of spectral lines. He did so
habitually, as previous studies had done. Whether he considered the difference
between light sources within our galaxy and those in other galaxies is not known.
But the problems were brewing by his doing. Hubble should have been conscious of
the fact that the light sources belong to other galaxies. Then, was it suitable to use
the Doppler effect for the interpretation of the redshift in the distance-redshift
relation? Nevertheless, Hubble transformed the distance-redshift relation to the
distance-velocity relation by using a Doppler interpretation for the redshift. In
doing this, Hubble had no real choice because there was only the Doppler effect
available to him for the interpretation of redshift. Regarding this, Reber remarked:
“clearly, the interpretation of these spectral shifts as representing relative motion
was dubious.”
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2.2 The problems related to Big Bang

As a cosmological model, the Big Bang presents some difficult problems. There are
some phenomena that the Doppler effect cannot explain and others that Big Bang
cannot resolve, due to its Doppler effect interpretation for cosmological redshift.

Some of the phenomena and problems are:

1. The solar limb effect, that is, the variation of redshift on solar disc,
2. The signal redshift of Pioneer 6,

3. The large redshift of quasars,

4.Super velocity of light,

5. The horizon problem,

6.The age of the Cosmos.

3. The history of “tired light” theory

Hubble employed the Doppler effect to interpret the cosmological redshift in his
study. It was a bold move which he might not have made if he had considered the
issue deeply. Zwicky however did not think the Doppler effect was suitable for the
interpretation of the cosmological redshift. The Doppler effect says nothing about
the nature of matter. It is only a problem in kinematics. The redshift induced by the
Doppler effect is caused by relative motion between the light source and the
observer. Zwicky thought the things are not so simple. He proposed the “tired light”
hypothesis that the cosmological redshift is caused by the interaction of the light
with a latent feature of the Cosmos. The tired light hypothesis claims that while the
light propagates, it must be affected by all matters of the Cosmos. The idea came
from Mach who thought that all of the matter in the Cosmos is related, so that any
part of the matter is affected by all the other parts. Although Zwicky objected to the
Doppler effect interpretation of cosmological redshift, the tired light hypothesis was
vague on physical mechanics, so few people took the hypothesis seriously. But there
have been a few people contemplating tired light, keenly working to find the
physical mechanics thereof, without success [5-11]. The physical mechanics of tired
light was not clearly described until 2013 when M. Shao published his paper. Shao
pointed out that the physical mechanics of tired light should be the Lorentz electric
force produced by the electromagnetic field of photons acting on material particles.

The phenomena and problems related to Big Bang listed in Section 2.2 can now
be explained by the renewed tired light theory (thereafter referred as TLT).

4. The TLT: basic thoughts

The Cosmos is composed of matters and fields. A material aggregation produces
two kinds of field, the gravitational field and the electromagnetic field, with the
forces of the fields; the gravitational and the electromagnetic forces; and different
matter aggregations interact with one another. They attract for or repel each other,
which changes or keeps the conditions of matter distribution of various regions, in
large or small scales, of the Cosmos.
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With the principle of matter-energy equivalence, the electromagnetic field and
material particles can be considered the same thing. Then, their densities and sizes
can be calculated. A hydrogen atom and a photon of visible light are presented in
the simplest case.

The mass of a hydrogen atom is 1.67 x 10~% kg, and its diameter is
2.4 x 10 m. Then, the density of the hydrogen atom is 231 kgm 3.

The average wavelength of the visible light is 5.5 x 107 m, being the diameter
of a photon. For the simplicity, we assume that the photon has spherical symmetry.
From E = hv, here k is the Plank constant, and v is the frequency of the light, and
E = Mc?, the mass of the photon is 4 x 10~ kg. Then, the density of the photon is
4.6 x 10 Vkgm 3.

From the above data, the ratio of the size of the photon to that of the hydrogen
atom is 2292, and the ratio of the density of the photon to that of the hydrogen atom
is 2 x 107", The two ratios reveal that the hydrogen atom is very hard and small
compared to the photon. The photon, relatively, is extremely low in density and
more than 2000 times larger than the hydrogen atom. We now consider a hydrogen
atom encountering a photon. The photon is traveling at a light speed, 3 x 10® ms~?,
in cosmological space. The hydrogen atom is more or less stable. Since the motion is
relative between the photon and the hydrogen atom, the photon could be supposed
in a stable mode, and the hydrogen atom penetrates the photon at the speed of light.
The diameter of the photon being 5.5 x 10~/ m, then the hydrogen atom should
penetrate the photon in 1.8 x 107" s. In such a short time, the hydrogen atom
should not show electronic neutrality but present in the mode of electric dipole. A
photon is actually a section of moving electromagnetic field. During the time of
hydrogen atom penetration of the photon, the electromagnetic field of the photon
should interact with the hydrogen atom. The electromagnetic field of the photon
acts on the hydrogen atom and does some work on the hydrogen atom, given by the
Lorentz electric force. A little bit of the energy of the electromagnetic field is
transferred from the electromagnetic field to the hydrogen atom. Although the
photon loses a very small amount of energy in meeting with a hydrogen atom, it
will, traveling a long distance in the cosmological space, show a detectable effect for
a photon meeting a large number of hydrogen atoms (and other kinds of atoms and
molecules), that is, the photon undergoes a cosmological redshift.

The expression for the cosmological redshift, based on the tired light theory,
obtained by Shao in 2013, is, Z = exp (kNAg +u) — 1, where k is a coefficient, N is
the number of material particles that a photon interacts with in its course from
emitter to observer, 4 is the original wavelength of the light, and # is the change of
the wavelength induced by the gravitational effect [2].

5. Reasoning: the energy loss of a photon, the electromagnetic field
of a photon, etc.

5.1 Polarization of atoms and molecules

A hydrogen atom is electrically neutrality in a common time scale. But in a very
short instant, for example, about the period of an electron revolving around the
nucleus, the hydrogen atom appears to be polarized. A polarized atom must be
affected by an electromagnetic field. The hydrogen atom is the simplest atom. It is
believed that many kinds of atoms are similarly polarized in a very short time
interval.
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A small molecule is not always oscillating, deviating from the mode of electro-
magnetic equilibration. Hence, in a very short time interval, a molecule may be
affected by an electromagnetic field. Based on this reasoning, it may be said that
many kinds of atoms and molecules should be affected by electromagnetic fields.

5.2 The electromagnetic field of a photon

Light has been considered from two different viewpoints, the wave theory and
the particle theory. To explain the photoelectron effect, Einstein suggested that
light energy propagates in packets, that is, photons. This is the particle viewpoint of
light. The energy of a photon is E = hv. Contrarily, from the viewpoint of wave
theory, light is looked upon as a propagating series of electromagnetic wave.

The two different viewpoints describe the same objective thing but they express
different features of light. For the purpose of understanding the energy transfer
process from photons to material particles, both viewpoints need to be combined.
What is a photon? Einstein and Plank defined a photon by the frequency of the
light. They were talking about the effects of energy emission and absorption. For
the special case under discussion here, a photon is looked upon as a section of the
electromagnetic field of the traveling light. The length of the section is the wave-
length of the light. In the corresponding period, the electromagnetic field completes
an oscillation. A thread of traveling light can be imaged as a series of photons, and a
photon is a section of moving electromagnetic field.

Consider the case of a photon interacting with a hydrogen atom. Since the
average size of a photon of visible light is more than 2000 times larger than a
hydrogen atom, as mentioned above, the situation of a photon interacting with a
hydrogen atom can be viewed as the hydrogen atom penetrating the photon. The
photon is viewed as a stable electromagnetic field, and the hydrogen atom is moving
through the electromagnetic field of the photon.

5.3 The Lorentz force of the electromagnetic field of a photon

The size of the electromagnetic field is the wavelength of the light. That is to say
that a photon is a section of electromagnetic field which, in a period, oscillates along
its length. Image moving together with an electromagnetic field is within the cos-
mological space. We will see some hydrogen atoms passing through the electro-
magnetic field, that is, they are penetrating the photon.

The electromagnetic field of the photon will affect a charged particle with a
Lorentz force. In the short time of 1.8 x 10~ second, the hydrogen atom is polar-
ized, and it should be forced to change its motion mode by the Lorentz force. The
Lorentz magnetic force changes the moving direction of the hydrogen atom, and
the Lorentz electric force does some work on the hydrogen atom. Thus, some
energy, although small, is transferred from the photon to the hydrogen atom. In the
tremendous long journey from emitter to receiver, a photon has to encounter a large
number of material particles, so the sum of the energy loss of the photon should
show up. The energy loss of the photon is the redshift of the light.

5.4 The ISM and IGM

The Cosmos is the only objective existence and is composed of all the matter and
fields produced by the matter. Since it is the only existent thing, it is eternal and
infinite. Since it is eternal and infinite, matter can exist in all possible forms, of
which there are galaxies, stars, planetary systems, planets and others. All the above
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are aggregations of atoms, except that there are roaming atoms, molecules, and
dusts, which are the components of the interstellar medium (ISM) and intergalactic
medium (IGM). By the way, since the Cosmos possesses infinite possibilities for
matter, all kinds of living things, including the human, are here on Earth.

5.5 Matter and fields

There are four kinds of forces related to matter. The strong force and the weak
force, which manifest within atoms, are not discussed here. The electromagnetic
force and the gravitation are the forces controlling the material distribution of the
Cosmos. Generally speaking, all forms of material aggregation and the two kinds of
field, the electromagnetic field and the gravitational field, are the elements compos-
ing the Cosmos. Matter forms galaxies, stars and planets, and still more smaller
celestial objects. The concern here is the atoms and molecules which roam in the
interstellar space and intergalactic space, that is, the ISM and the IGM. The greater
part of the ISM and IGM is composed of the simplest atom, hydrogen. Kant first
talked about the formation process of planetary system. Generally, he is right, and,
his reasoning is applicable to the formation of galaxies. These processes are condens-
ing processes. The question is what is the inverse process by which matter is exiled?
Roughly, the supernova is a means of material dispersion. Another way is the evapo-
ration of black holes. The Cosmos is in an equilibrium state by these two processes:
condensing and dispersing. Nevertheless, we are especially interested here in the
interaction between photons and material particles, atoms and molecules.

Most of the ISM and IGM are hydrogen atoms, and most of the others are
helium. The rest are heavier elements, molecules, etc. As discussed previously,
when a photon meets a material particle, the photon can be looked upon as a section
of moving electromagnetic field, and the atom or molecule is passing through the
electromagnetic field. While the atom or molecule travels through the electromag-
netic field of the photon, a little bit of energy is transferred from the photon to the
particle through the effect of the Lorentz electric force. Within the tremendously
long journey of a photon from emitter to observer, a vast number of atoms and
molecules are encountered and interacted with the photon. With the interactions, a
part of the energy of the photon is consumed, and the photon is redshifted.

5.6 Equilibrium of energy matter and energy transfer

As a whole, the cosmos is in an equilibrium state of the matter and energy. But in
alocal area, there are stars forming and extinguishing. On the larger scale, there are
galaxies forming and extinguishing (dispersing). All the processes relate to energy
absorption or emission. Consider again the energy transfer process from a photon to
a material particle. As said before, when a photon meets a material particle, it can be
looked upon as a material particle moving through an electromagnetic field. The
material particle may be an atom or a molecule. The particle may be charged. If not,
the electrically neutral particle may display polarity in the very short interval as it
moves through the electromagnetic field of the photon. When the charged or
polarized material particle moves through the electromagnetic field, the Lorentz
magnetic force of the electromagnetic field changes the direction of the path of the
material particle, and the Lorentz electric force does some work on the material
particle, changing the motion of the particle. Then some energy is transferred from
the electromagnetic field, that is, the photon, to the material particle. In the long
journey of the photon from emitter to observer, a massive number of material
particles have interacted with the photon, producing an observable effect, that is,
the redshift.
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6. The equation of the cosmological redshift
6.1 The energy loss of a photon

A larger photon will transfer more energy to a material particle since it has a
longer interaction time with the material particle. So a larger photon transfers a
larger part of its energy to the material particle than a smaller one. Thus, the energy
loss of a photon is proportional to its size. A photon, on its journey after emission,
meets a number of material particles before being received by an observer. The
greater the number of material particles it meets, the more energy it loses. So, the
energy loss of the photon is also proportional to the number of material particles it
meets.

6.2 Equations for the cosmological redshift

When a photon of size 4 and energy E meets a material particle, the material
particle runs through the electromagnetic field of the photon in a time ¢ = A/c,
where c is the speed of light. In the interaction, the material particle can be viewed
as stationary compared to the speed of the photon. During the interaction, the
photon transfers a tiny amount of energy 6(E) to the material particle. A coefficient
k = 6(E)/EA is defined here, denoting the rate of energy loss of the photon per unit
length. The coefficient k is denoted conceptually at this stage. Further theoretical or
experimental studies are needed to determine its value.

If a photon of size 49 and energy E when emitted meets N material particles in its
path and transfers a part of its energy to the material particles, supposing all the
material particles interact equally with the photon, a differential equation for the
energy of the photon is obtained with coefficient & as follows:

dE

The solution, from the condition E = Ey when N = 0, is

— EO
£ exp (Vi) ”

The energy loss of the photon is AE = Eo — E. Thus, there is

1
AE=Ey|1—————.
’ ( exp (kmo)> )
The expression for the redshift is Z = ’1;0'10. It can be written as Z = “o* = £o_E,
Then, it obtains,
AE
Z="". 4
= )
From Egs. (2)-(4),
Z = exp (kN1o) — 1. (5)
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6.3 The gravitational redshift

The redshift described above is induced by the process of energy loss of photons.
It can be called tired light redshift, referred to as “TR” thereafter. The cosmological
redshift (CR) is not simply induced by a single effect. In addition to TR, the
gravitational redshift (GR), that is, the redshift induced by the gravitational field of
the source star, must be considered in the analysis and evaluation of CR.

The GR is different from TR in nature. It has no relation to the interaction of
photons with material particles. So, Eq. (5) should have the form

Z = exp (kNio + 4¢) — 1, (6)

where 4, denotes the part of the wavelength change induced by the gravitational
effect. (GR equals GM/c?R. Here, it is also expressed as Ay /40.) For simplicity, set
u = Jg. Eq. (6) is rewritten as,

Z = exp (kN +u) — 1. @)

Now, there are two expressions, Egs. (5) and (7), for the cosmological redshift.
Eq. (5), comparatively simpler, considers only the effect of TR, whereas Eq. (7)
considers the effects of TR and GR.

7. Features of TLT and evidence: part I
7.1 Redshift vs. wavelength

A photon emitted from a star undergoes a continuous process of energy loss
on its journey by interacting with material particles before it reaches an
observer on Earth. It encounters material particles within the corresponding
spaces of: (1) the atmosphere around the star, (2) the ISM in the galaxy the star
belongs to, (3) the IGM, (4) the ISM of our galaxy, and (5) the atmosphere of
the Earth. In the five parts, the IGM is the main one which CR is induced by.
Although, the IGMs are sparsely distributed in the intergalactic space, the space
is vast compared with the other spaces. Therefore, the tired light redshift (TR),
the main part of the cosmological redshift (CR), is mainly induced by the
interaction of photons with material particles of IGM. It may then be supposed
that the photons of different wavelengths emitted from a certain source meet
the same number of material particles in the intergalactic space along the line of
sight of an observer on the Earth. Furthermore, roughly speaking, it may be
supposed that the photons meet the same number of material particles on their
entire journey from an emitter to an observer. So, N, the number of material
particles the photons met can be considered as a constant. Thus, N can be
included in the coefficient k, and Eq. (7) takes the form,

Z = exp (kdo +u) — 1. (8)
The first-order approximation to Eq. (8) is
Z =kl +u. (9)

Eq. (7) shows the characters that a larger Ao is related to a larger Z, and a
larger N is related to a larger Z too.
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7.2 Evidence for TLT
7.2.1 Early evidence

As early as 1929, Zwicky had noticed the relation between redshift and
wavelength. “Some exceptions have been found, suggesting that Av/v for Hy is
somewhat greater than for H,” [1]. Here, Av/v = A1/Aq is the redshift, and the
value of 1y for Hy is greater than that for H,. This is the earliest description for
the relation between redshift and wavelength, whereby a longer wavelength is
related to a larger redshift. Eq. (7) shows this character; a larger 4 is
corresponding to a larger Z.

Wilson reported an observational result for the Seyfert galaxy NGC4151 [12]. He
noticed a “slight apparent trend of velocity with wavelength.” In that study, red-
shift is interpreted in terms of the Doppler effect and expressed as a recession
velocity, that is, V = ¢Z. Then, from Eq. (9),

V=Fkai+u. (10)

The fitting result for the relation between the velocity V and wavelength A to
Eq. (10) in Eq. (2) is,

V = 0.0039594¢ + 948.09. (11)

Comparatively, the mean radial velocity obtained by Wilson is 967 km s ™.

Espey et al. presented a set of data for redshifts in a range of about 1-3, of six
emission lines from 18 quasars, with mean values of velocity for five lines relative to
H, [13]. The fitted result for the data is,

Vvelative to H, = 0.217394¢ — 1275.8. (12)

7.2.2 Morve evidence

Schmidt and Matthews presented observational results of emission lines for
quasars 3C47 and 3C147. Seven lines were observed for 3C47 and five lines for
3C147 [14]. After necessary treatment for the data, relations between redshift Z
and wavelength 1o have been fitted to Eq. (8) as follows [2]. For 3C47, the
relation is,

Z = exp (2.67 x 1079 + 0.353) — 1. (13)
For 3C147, the relation is,
Z = exp (711 x 10 729 + 0.432) — 1. (14)

Nishihara et al. presented redshifts of the emission lines H,, Hy, OIII, M, CIII,
CIV, and OI for five quasars, Q1634 + 706, Q1630 + 377, Q0117 + 213, Q1011 + 250,
and Q1331 + 170 [15]. The relations between redshift Z and wavelength 4¢ to Eq. (8)
for each quasar in Eq. (2) are:

For Q1634 + 706, Z = exp (5.33 x 107 "Ag + 0.847) — 1, (15)
For Q1630 + 377, Z = exp (6.41 x 10 "2 + 0.904) — 1, (16)
For Q0117 + 213, Z = exp (8.84 x 107 "Ao + 0.912) — 1, 17)

21


http://dx.doi.org/10.5772/intechopen.81233

Redefining Standard Model Cosmology

For Q1011 + 250, Z = exp (3.64 x 10 "Ao + 0.968) — 1, (18)
For Q1331+ 170, Z = exp (9.18 x 10 "4 + 1.126) — 1. (19)

7.2.3 The data of redshifts

In an ordinary redshift observation, usually some emission lines or absorption
lines are detected. In most cases, the values of redshift of the lines are slightly
different from each other. Early observers had published the original results. But
afterwards, the deviations between the redshifts of the lines in most cases were
moved out by averaging the values of redshift, the reason being that the redshifts
for lines from a certain source should be the same according to the Big Bang model.
Hence, all that is required is an average value. Subsequently, most observers gave
only the average value of redshifts and did not mention the deviations, as if they do
not exist, since they cannot be explained by Big Bang. But the difference between
redshifts for lines from a certain source reveals a flaw in the Big Bang model.
Nishihara et al. have remarked: “however, the physical mechanisms producing
these velocity deviations are not well understood” [15].

The cosmological model of Big Bang is mainly inferred from the Doppler inter-
pretation to CR following Hubble’s lead. The main reason of Hubble used it is that
the Doppler effect was the only interpretation for redshift at that time. Zwicky
advanced an alternative, that is, the tired light hypothesis, which led to TLT (tired
light theory) [1, 2]. TLT developed the tired light hypothesis on the foundations of
physics, that is, electromagnetic field theory and the Lorentz force. It revealed the
redshift-wavelength relation, substantiated by observational results as shown
above.

8. Features of TLT and evidence: part II
8.1 Redshift vs. the number of material particles

For a given 4¢ included in the coefficient k£, Eq. (7) becomes,
Z = exp (kN +u) — 1, (20)

showing the relation between redshift and the number of material particles a
photon interacts with on its journey. If the material particles are assumed to be
distributed evenly in intergalactic space or the other respective spaces, the redshift
should be proportional to the distance of the photon’s journey. Some redshift phe-
nomena that cannot be explained by the Doppler effect can be explained by TLT.

The Limber effect of the Sun, the signal redshift of Pioneer 6, and the large
redshift of quasars are the examples of some overt phenomena that cannot be
explained by the Doppler effect. Eq. (11) explicitly shows the relation of the redshift
to the number of material particles by which the three foregoing puzzles can be
accounted for.

8.2 The limb effect (variation of redshift on the solar disc)
8.2.1 The Cosmos, Sun, Earth, and human beings

The Sun is a special star for human beings. It is the only star we can observe in
detail since it is near the Earth. Actually, the Earth and we human beings and all the
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living things on the Earth are entwined with the Sun. We are a part of the solar
system. We belong to the solar system, which belongs to our galaxy, which in turn
belongs to the Cosmos. We human beings are simply a particular form of matter in
the Cosmos. We observe the Cosmos and try to understand it with our peculiar
intelligence that is self-understanding of the Cosmos from a viewpoint of philo-
sophical significance.

8.2.2 Limb effect

The limb effect is a phenomenon involving redshift on the solar disc, that is, the
redshift changing from the center to the limb of the solar disc. On the edge of the
solar disc, the redshift is larger than that near the center. Although the limb effect
was discovered more than a century ago, it could not be adequately explained [3].
Assis discussed the limb effect and concluded that the tired light theory provides a
satisfactory explanation. He suggested that the redshift was due to the interaction of
light with the atmosphere of the Sun while passing through it [16].

TLT gives a clear explanation of the Limber effect—the largest redshift on the
limb of the solar disc is due to the fact that the light emitted from the edge of the
surface of the Sun encounters more material particles while traveling to Earth and
therefore loses more energy than that from the inner part of the solar disc, since the
atmosphere of the Sun at the edge of the solar disc has the deepest length along the
line of sight of an observer on Earth [2].

Adam, as early as in 1948, observed the redshift on the solar disc and presented a
set of 14 redshifted lines at seven positions on solar disc. The redshifts vary from the
center to the limb [17]. In 1991, LoPresto et al. observed the infrared oxygen triplet
absorption lines at seven positions on the solar disc along the limb effect [18].

According to Eq. (11), redshift is related to the number of material particles that
the photons met on their journey. Considering the depth of the atmosphere of the
Sun along the line of sight of an observer on the Earth, Shao showed that Adam’s
data fit Eq. (11). The redshift curve coincides with the data points satisfactorily.
Similarly, the data from LoPresto et al. were found to fit Eq. (11) very well too [2].

8.3 The signal redshift of Pioneer 6

When Pioneer 6 on its orbit at the far side of the Sun was approaching the Sun in
November 1968, the signal it sent to Earth gave an additional frequency shift, or
redshifted. The shift changed day by day. The phenomena could not be well
explained. Chastel and Heyvaerts introduced the frequency shift [19]. Merat et al.
reported that the data “strongly favor the existence of a new redshift cause at work
in the Sun’s vicinity” [20].

The signal redshift of Pioneer 6 can be explained by TLT. Like the explanation to
the limb effect of the Sun, the signal redshift of Pioneer 6 is due to the energy loss in
the signal while traveling through the atmosphere of the Sun. The atmosphere of the
Sun is at a certain depth around the Sun. While the signal path from Pioneer 6 to
Earth was getting closer to the edge of the Sun, the signal passed through a longer
distance, day by day, through the atmosphere of the Sun. Consequently, more
energy was lost and so the stronger the redshift caused, day by day, until Pioneer 6
went behind the Sun.

8.4 The large redshift of the quasars

The large redshifts of the quasars are rather queer, as their nature is not
clear. TLT may give some insight into the quasars. The quasars might have
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much thicker and denser layers of atmosphere, that is, gaseous material parti-
cles, compared to normal stars. On this assumption, TLT provides a possible
explanation for the large redshifts of the quasars. The main part of CR is TR,
which is induced by the interaction of photons with material particles. The
greater the number of material particles that the photons encounter the larger
the redshift that should result. The light emitted from a quasar has to penetrate
through the dense and thick layer of atmosphere around it, so that the light is
redshifted much more than that from a normal star at the same distance from
Earth. Thus, the quasars do not need to be located so far away as the Doppler
effect interpretation of redshift supposes.

9. Considerations about the problems related to Big Bang
9.1 The problems of Big Bang

Hubble’s work had led to the Big Bang model by using the Doppler effect to
interpret the cosmological redshift. Of the two possible alternatives to Hubble for
the observed redshift, either employing the Doppler interpretation or giving no
interpretation, Hubble selected the former, to some extent beyond the traditional
usage of the Doppler effect. In so doing, Hubble had triggered the Big Bang,
although he harbored doubts as to its legitimacy. In 1937, he remarked: “thus the
familiar interpretation of redshift as velocity shifts leads to strange and dubious
conclusions.” In contrast, as to the tired light interpretation for redshift, Hubble
remarked, “while the unknown, alternative interpretation leads to conclusions that
seem plausible and even familiar” [21].

Because the Big Bang is rooted in the Doppler interpretation for cosmological
redshift, many problems are produced thereof, puzzling cosmologists to this day.
These problems are insoluble by Big Bang cosmology because they are largely
characteristic of the Doppler effect, from which researchers cannot exculpate
themselves. Among the problems loom the super velocity problem, the horizon
effect, and most importantly, the problem of the beginning of the Cosmos. There
are other problems also related to the cosmological model of Big Bang, famously
the cosmic microwave background radiation (CMBR) and the old paradox
of Olbers. Comparatively, all these problems do not arise in the tired light
theory (TLT).

9.2 Super velocity

The super velocity problem is the direct consequence of invoking the Doppler
interpretation of cosmological redshift to obtain V = HoD. Recalling history,
Hubble and Humason had adduced a distance-redshift relation (DRR) through
observations. Following traditional lines, Hubble transformed DRR to a distance-
velocity relation (DVR) by replacing redshift with velocity, from which it has
been concluded that the galaxies are moving away from the Milky Way. Hubble
accepted the idea of runaway galaxies as a fact. But is it really a fact? The answer
must be “no.” The supposed “fact” simply lends support to the Big Bang model,
hence its raison d’étre. In the treatment from DRR to DVR, there is no physical
meaningful content about the nature of matter at all. Zwicky, therefore, objected
and proposed his “tired light” hypothesis, which, afterwards, Hubble said is
“plausible” and “familiar.”

Zwicky’s hypothesis has not been accepted by most astronomers and cosmolo-
gists because it is vague on physical meaning. But things are changing. It is
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especially important at present because more and more people have realized the
problems related to Big Bang entanglement. After 84 years, the tired light hypoth-
esis has been reset in accord with the foundations of physical principles [2]. The
basic principles that TLT is based on are: (a) electromagnetic field theory, (b) the
matter-energy equivalence, (c) the quantum theory of light, and (d) the Lorentz
theory. According to TLT, since redshift is produced by energy transfer from
photons to material particles, it concludes that there is no systematic motion of
galaxies on large scale of the Cosmos. Hence, there is no super velocity problem.
The Cosmos is boundless and timeless.

9.3 Horizon problem

The horizon problem (also known as the homogeneity problem) is a character-
istic problem of the Big Bang model. It arises from the homogeneity of regions in the
Cosmos, which cannot be explained by the Big Bang model. According to Big Bang,
the history of the Cosmos is finite, and in a finite time, the Cosmos could not evolve
to the present homogeneity. Because the Big Bang model is based on the Doppler
interpretation for cosmological redshift, the problem is, then, inherited from the
Doppler interpretation. If the Doppler interpretation of cosmological redshift is
abandoned, the problem disappears. The cosmological model based on TLT does not
produce the problem. Based on TLT, the Cosmos is infinite and eternal, so that the
homogeneity of the Cosmos is natural.

9.4 The age of the Cosmos

The age of the Cosmos is another feature of the Big Bang model, again due to the
Doppler interpretation of redshift. By using the Doppler effect for redshift, Hubble
obtained the relation V = HyD. Since H, the Hubble constant, has the dimension
v/d, then 1/Hg = S. Thus, S has been labeled the age of the Cosmos. But Hubble
took the wrong direction when he interpreted the cosmological redshift by the
Doppler effect. Everything derived from this wrong direction is also wrong. In the
Big Bang model of the Cosmos, the cause is the result, and the result is the cause.
Actually, the Doppler effect used in the interpretation of cosmological redshift and
the Big Bang model describe the same thing, that is, recession of the celestial objects
being observed. There is, between the two, nothing related to the material nature or
physical process except kinematics. The TLT model of the Cosmos does not possess
this problem.

9.5 The cosmic microwave background radiation (CMBR)

The CMBR was discovered in the 1960s, and it has been thought to be proof of
the Big Bang. Just as Hubble had used the Doppler effect to interpret the redshift in
the relation of redshift-distance because he had no alternative choice at his disposal,
proponents of CMBR had no other explanation for it except Big Bang, at the time of
the discovery. Now, the situation has changed. TLT interprets the redshift on a
profound basis of physical principles and, at the same time, gives a plausible expla-
nation for CMBR. The CMBR is tired light in the microwave band. The photons
from all directions emitted by the faraway sources are redshifted after a long
journey. Photons then, from all the other galaxies in the background of the Cosmos,
around the Earth, theoretically around the Milky Way, have been redshifted to
form the CMBR. Tired light does not only form CMBR, but it also forms CRBR
(cosmological radio background radiation) [4].
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9.6 Olbers’ paradox

Olbers’ paradox is a historical problem as old as natural science itself, that is, from
the time of the ancient Greeks. Olbers described the paradox in 1823. After the Big
Bang became a popular cosmological model, Olbers’ paradox was explained by Big
Bang because the history of the Cosmos was finite. But if Big Bang is not assured, then
the explanation by it is not reliable. A new explanation could be given by the principle
of TLT. By TLT, light from the stars in faraway galaxies should be redshifted such
that visible light would be lengthened outside the waveband of visible light, then the
night sky should be dark. As mentioned above, visible light has been redshifted into
CMBR and CRBR. Since the energy lost by photons is transferred to material parti-
cles, the Cosmos may not be heavily heated. Material particles that have gained the
energy have more ability to form new stars and galaxies.

10. Some thoughts on cosmology

Zwicky first proposed TLT because application of the Doppler effect to interpret
cosmological redshift leads to a strange idea, that is, Big Bang. The etiology of the
logical reasoning of TLT presented here is also uncomfortable feelings by the dizzy
image of Big Bang.

We human beings have been living on the Earth for several million years. Our
system of knowledge began in the Neolithic Age, not more than 10,000 years. The
beginning of the sciences dates back to the age of ancient Greeks, about 2500 years
ago. The beginning of modern sciences is marked by the work of Copernicus, not
more than 500 years ago. As a branch of modern science, the history of modern
cosmology is not more than 100 years. But the history of the knowledge of the
Cosmos is as old as the beginning of science. On the one hand, cosmology is old
since it began from and needs only reasoning on the whole nature. On the other
hand, it is young because the detailed and elaborate observation methods and
technology for the study of the Cosmos emerged at the start of the twentieth
century. Thus, paradoxically, cosmology is the oldest and also the youngest branch
of science.

Big Bang cosmology is only the beginning of modern cosmology. The tired light
theory described herein, began with Zwicky’s hypothesis, has been reset on the
basis of physical principles. It may be the next forward step of modern cosmology.

11. Conclusions

The tired light theory, proposed by Zwicky in 1929 and recently developed by
Shao in 2013, explains the cosmological redshift as the result of energy loss of
photons due to the interactions with material particles as photons travel through
cosmological space. A differential equation is established through the analysis of a
photon’s energy loss based on the mass-energy equivalence and the Lorentz theory.
A redshift expression is achieved by expanding the solution of the equation. The
redshift expression shows that the redshift is related to the wavelength of light and
the number of material particles that photons interact with on their traveling jour-
ney in the cosmological space. The relationship of redshift to wavelength of light is
in accordance with the observational data in the cited literatures. And the relation-
ship of redshift to the number of material particles that interact with photons
explains the limb effect of the Sun, the signal redshift of Pioneer 6, and the large
redshifts of quasars. The cosmological model based on the tired light theory gets rid
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of the problems that are related to Big Bang, that is, the super velocity problem, the
horizon effect, and the problem of the beginning of the Cosmos. Moreover, the
model explains the cosmic microwave background radiation as a natural result of
the tired light effect, and therefore, Olbers’ paradox is disappeared. Based on the
tired light theory and together from the cosmological principle, the Cosmos is
infinite and eternal.
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Chapter 3

Model of an Evolving and
Dynamic Universe: Creation
without a Big Bang

Dietmar E. Rothe

Abstract

This chapter describes a non-relativistic, dynamic universe that evolves through
continuous transformations of energy forms in contradistinction to a devolving Big
Bang model. The new cosmology is accurately consistent with Hubble’s galactic
redshifts, interpreted as simple Doppler shifts of fleeing galaxies, and as viewed
from any arbitrary observer in the universe. It postulates the existence of repulsive
electromagnetic (EM) force fields between galaxies, while maintaining the purely
gravitational dynamics within each galaxy. Observed cosmic redshifts of galaxies
and their apparent velocities and accelerations are matched, if galactic cores are
assumed to have an unbalanced electric charge of 3 x 10*” C for an average galaxy
with a mass of 4 x 10*! kg. Valid arguments are presented for the probable exis-
tence of intergalactic EM fields emanating from Supermassive Black Holes
(SMBHs) in galactic cores. Special sections in this chapter are devoted: (a) to
suggest plausible sources of new matter creation, (b) to discuss how Quasi-stellar
Objects (QSOs or Quasars) can fit into this cosmological model, and (c) to counter
critiques of the model.

Keywords: cosmology, expanding universe, gravitational fields, intergalactic EM
fields, supermassive black holes, galactic redshift, continuous cosmic renewal, age of
universe, Hubble’s Law, quasars, QSOs, galactic dynamics, cosmic dynamics, globular
clusters, baby galaxies, active galactic nuclei, AGN, Kerr-Newman black holes

1. Introduction

Making use of the high resolving power of the 100-inch telescope at the Mt.
Wilson Observatory, Edwin Hubble discovered in 1929 that many so-called nebulae
were not relatively close accumulations of gas and dust, but were in fact huge
systems of billions" of stars located at distances far outside of our own Milky Way
star system. He also found that light from these Galaxies was redshifted in a linear
relationship with their distance. This led to two distinct cosmological theories
describing an expanding universe populated by billions of galaxies: First, a Big Bang
model as proposed by Georges Lemaitre and Willem de Sitter in 1930/1931, a
universe that explosively expanded from a singularity of infinitely high energy

"Throughout this text, the word billion is considered to be equal to 10°.
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density, and which continues to unfurl on its own without further energy input;
Second, a Quasi-Steady State theory that relies on new hydrogen being continuously
created in intergalactic space, as proposed in 1948 by Fred Hoyle, a universe that
could have existed forever. The two theories were accepted as being plausible
alternative cosmologies for over three decades. In 1964, radio astronomers Arno
Penzias and Robert Woodrow Wilson succeeded in measuring an isotropic micro-
wave background temperature of intergalactic space as being 3.5 K [1]. The new
measurements were interpreted as evidence for the afterglow of a hot early uni-
verse, in support of the Big Bang theory and as evidence against any rival steady-
state theory. Yet, other explanations for the presence of this cosmic microwave
background do exist, as discussed in Section 9. Since the late 1960s, the Big Bang
theory has been considered the only viable cosmology. In more recent times, how-
ever, more deficiencies in the Big Bang scenario have come to light, and it seems
prudent to reconsider alternative models of the universe. The author strongly
believes that Quasi-Steady models were dismissed in error and need to be revisited.

The present model describes a dynamic, evolutional universe, in which matter is
continually created and dissolved back into non-material energy forms in an ongo-
ing cyclic process. It may have existed forever, or it could have evolved in a gradual
process over eons of time. Hubble’s [2] galactic redshift is interpreted as a recession
of galaxies, propelled by an EM force field acting between galaxies. Stars within
galaxies are not affected. In this model, new matter is continuously created in
intergalactic space and/or is recycled from matter previously swallowed up by
SMBH, so as to keep the population density of galaxies approximately constant as
the universe ages [3].” Unlike the process proposed by Hoyle [4], it does not depend
on intergalactic gas pressure to drive galaxies apart. The present model may be
considered analogous to a Friedmann [5], de Sitter [6] universe with a non-zero
cosmological constant A. Here we interpret the observed galactic redshifts as simple
Doppler shifts, and Hubble’s constant is taken as H = 74 km/s per megaparsec.

Stellar evolution within galaxies is quite well understood. Stars continually con-
dense from gases and dust, known to be present in the galactic disc. This matter
consists of primordial hydrogen, existing since the genesis of a galaxy, and also of
matter more recently ejected cataclysmically from nova and supernova explosions.
Life cycles of most stars last from 1 to 20 billion years until their nuclear fuel is
exhausted. During their relatively short life spans they slowly spiral toward the
galactic center, where they are absorbed into a monster SMBH. It is projected here
that star systems evolve into brilliant galaxies, containing typically 10" stars, and
then slowly blink out after devolving into burned out cinders that may be referred
to as naked SMBHs. The process of accumulating all or most of the galactic mass
into a central SMBH may take as much as 100 billion years, or longer.

QSOs may be nascent new baby galaxies forming around condensed black-hole
matter ejected from SMBHs when these become unstable.? They may also be
burned-out cinders of extinct galaxies. We thus expect to find quasars at all dis-
tances in the cosmos, not just at cosmological distances. Note that spectral emission
lines from most quasars clearly show evidence of C, O, N, S, Al, Si, and Fe. These
should not have been present during initial periods in a Big Bang scenario. Many
QSOs appear to be clearly associated with mature galaxies that are less than a billion
light years away. Halton Arp [7] has made a lifelong study of QSOs, and he ascribes
their large spectral redshift to an intrinsic redshift in addition to their Doppler shift.

“Core elements of this model have previously been derived and presented in Ref. 3. The present version
contains additional arguments and evidence in favor of the theory.

3See discussion in Section 11.
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Here we postulate that SMBHs at galactic centers display a diminutive electric
charge, accounting for intergalactic EM fields that drive galaxies apart. Because
stars within galaxies are electrically neutral, they remain gravitationally bound
within their galaxy in the traditional manner. The present theory is offered with
similar sentiments as those expressed by plasma physicist Hannes Alfvén: [8]
“Instead of searching for new laws of physics, we should be trying to find out how to use
the ones we already know.”

2. Cosmic dynamics

In the following analysis, we will avoid relativistic formulae, so as to circumvent
unnecessary complexity. The author believes that a valid description of the cosmos
requires an absolute point of view, not one that is limited by the speed of light ¢ for
transmission of information.* Consider a universe containing a uniform, quasi-
steady population of # galaxies per unit volume. As the space between fleeing
galaxies increases, new galaxies form to maintain a comparable galactic number
density n. We select an arbitrary center C to serve as reference point. Consider now
a typical galaxy of mass M and core charge ¢, lying on the surface of an arbitrary
spherical boundary at a distance » from center C (Figure 1).

For analyzing the motion of this galaxy, we label the volume enclosed by the
spherical boundary as Region I, everything outside as Region II. Because of sym-
metry and because gravitational and electric forces fall off inversely with the square
of distance, the cumulative electrical repulsive force Fg on the sample galaxy from
all galaxies in Region I and the gravitational attraction force Fg to all galaxies in
Region I are the same as if all those galaxies were concentrated at center C. Cumu-
lative gravitational and electric forces on the sample galaxy from Region II outside
of the reference sphere cancel out to zero because of symmetry. The electric and
gravitational forces are then given by:

) S Spherical
boundary ¢
4 o N
o P B s
o 0 o

Figure 1.

Division of universe into Region I and Region II to facilitate analysis. This figure has been previously published
in: Ref. [3] (http://www.physicsessays.org/browse-journal-2/product/1532-26-dietmar-e-rothe-the-case-
for-a-gentler-bang-a-cosmology-of-gradual-cveation.html). It is veprinted with permission of Physics Essays
Publication.

*For spiritually inclined readers, God is omnipresent in all that exists. Hence the entire universe remains

in his/her/its consciousness at every moment.
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where ¢ is the electric permittivity of space and G is the universal gravitational
constant. Assuming the electric repulsion dominates over the gravitational attrac-
tion, the sample galaxy is subjected to a net force F and acceleration directed away
from the reference center.

The net force per unit mass on the sample galaxy is then

F n(q
3 (EO—M— 4ﬂGM)V. (3)

At time t, the net repulsive force is assumed to have imparted a velocity v = dr/dt
to the sample galaxy. From Newton’s second law of motion and Eq. (3), we write

F_dv_ dv_
M d ldr

_n(4
H_\/3 (SOM 47;GM>. (5)

Solving differential Eq. (4) and applying the boundary condition that » = 0 when
we shrink the arbitrary reference sphere to zero, we find

Hzr, 4)

where

v = Hr. (6)

This is Hubble’s Law, consistent with observation. The parameters contributing
to Hubble’s constant are given by Eq. (5). Solving this equation for the galactic
charge required to account for the observed cosmic expansion, we find

2
q= j:\/ Me, (31: + 47rGM). (7)

Note that both, velocity and acceleration of galaxies are proportional to ». This
naturally indicates that the flight of galaxies has always been accelerating. Evidence
to that effect was first reported in 1998 by Schwarzschild [9], giving rise to the need
for dark energy in the Big Bang model.

Assuming 2.4 x 10" galaxies exist within a radius of 14.25 Gpc, we derive an
average galactic number density of n = 6.7 x 10~ 7° galaxies per m>. Taking the
average mass of a galaxy as M = 4 x 10*! kg and Hubble’s constant as
H =24 x 10 s, we obtain g = +3 x 1032 coulombs per galaxy, which works out
to one elementary charge, i.e. one extra proton or electron for every 1.3 x 10"
atomic mass units (nucleons) in the galaxy. We only need such a slight deviation
from neutrality because electric repulsion between protons is over 10°° times
stronger than gravitational attraction between nucleons. The minimum electric
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charge necessary to balance gravitation is approximately one elementary charge for
every 10"® nucleons.

It is generally taken for granted that the number of positively charged subatomic
particles in the universe is exactly balanced by an equal number of negatively
charged particles, although this assumption may be challenged. So, we need to
explain how SMBHs can become electrically charged. First, it is possible that charge
may not be conserved in the extremely compressed state of matter inside a black
hole. Second, charges may become irretrievably separated during the accretion
process onto a rapidly spinning SMBH in the presence of strong magnetic fields. We
only need a minute imbalance in charge, and hence only a minute preference for
particles of different charge and mass to be captured. If it is slightly more probable
for protons to enter the SMBH horizon than for electrons, then a net positive charge
would accumulate inside the event horizon and a net negative charge outside.

In a paper by Price and Thorne [10], they verified analytically that a black hole’s
event horizon can be considered an electrically conducting membrane with a resis-

tivity of 377 ohm, the dynamic impedance of space, Zy = \/o/€0, where p is the
magnetic permeability of empty space. Such a conductive event horizon can easily
shield the internal charge from outside view by induced electric currents in the
conducting event horizon, so that externally the SMBH appears to be negatively
charged.

3. Continuous renewal process

In the above derivations the number density z of galaxies in space has been
assumed to be independent of time. In an expanding universe, this condition
requires new matter to enter physical space between galaxies on a continuing basis.
Note that the present model does not require space itself to expand, even though
that idea, if true, could easily be incorporated into the model. New matter then
condenses into new galaxies. In our model, we can estimate what the influx of new,
or recycled, matter energy per unit volume of space would need to be. Consider
Region I in Figure 1 to contain N galaxies within the spherical volume V. The rate of
expansion of this hypothetical spherical volume is then given by

47r? ﬂ 47zHr3. (8)

dV_ B
dr

- =

The number of new galaxies needed per unit volume per unit time is:

1\ dN av
(V) Fr (%) e 3nH = 4.82 x 107% galaxies m3s7L 9)

This corresponds to only one new proton per cubic meter every 30 billion years,
or one solar-mass star per mega-parsec cubed every year. Continuous creation of
new matter takes place most slowly. Similarly, the rate of acceleration in the cosmic
expansion, driven by new matter energy, is only Hr as given by Eq. (4), where
H” = 1.77 x 10 *® km/s” per mega-parsec.

Formation of new matter may occur in different ways:

1. Subatomic particles may arise out of the stressed quantum vacuum field.

Protons uniting with electrons form hydrogen atoms, the basic stuff in the
cosmos.
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2. New matter energy bleeding into this universe from parallel universes has also
been seriously considered by cosmologists. But that speculation is not needed
for the model discussed here.

3. Alternatively, matter could be recycled by aging SMBHs, known to exist in the
cores of mature galaxies. Based on observational evidence, this appears to be
the most probable source.

High-velocity jets of particles, and apparently also of QSOs, shooting out of
magnetic poles of active galactic nuclei (AGN) are common in the universe. These
phenomena strongly imply the presence of electromagnetic fields emanating from
galactic cores. When spinning SMBHs are assumed to inhabit galactic centers, most
astronomers would consider that they play a central role in the evolution of QSOs,
of AGNs, and of galaxies. Certain globular star clusters also seem to be possible
steppingstones in the formation of Baby Galaxies. Entire globular star clusters,
ejected at high speed from active galactic nuclei, have recently been observed. Black
holes have been found in many global star clusters, and stars seem to be orbiting in
an organized way around the center of star clusters. More details of these new
observations are reviewed in following Sections 4 and 5.

4. QSOs, globular clusters, and baby galaxies

Relatively recent press releases by NASA/JPL-Caltech reported new observations
obtained via the Galaxy Evolution Explorer (GALEX) satellite. The new findings
took astrophysicists and cosmologists by surprise [11]. Equipped with highly sensi-
tive UV detectors, the GALEX spacecraft was launched in 2003 to scan the heavens
in search of young galaxies in their formation stage at the edge of the observable
universe, more than 10 billion light years (ly) from us. Newly forming, young
galaxies are about ten times brighter at ultraviolet wavelengths than mature galax-
ies. The unexpected discovery was that such baby galaxies have not only existed
around 10 billion years ago, as per accepted cosmology, but dozens of them were
found to exist relatively close to us at inferred distances ranging from 2 to 4 billion
ly away, with some possibly being as young as 100 million years. The impact of this
discovery to cosmologists should be huge. They may need to rethink their cosmo-
logical perspectives. As nature is able to renew itself indefinitely, the universe may
also be evolving by renewing itself in an ongoing process, instead of devolving
toward an ultimate entropy death.

Other new observations imply that globular star clusters and dwarf spheroidal
galaxies are in an evolutionary sense related to galaxies. They may well be precur-
sory star formations that gradually grow into those newly discovered baby galaxies
mentioned above. Globular star clusters and dwarf galaxies may be found around
most mature galaxies, including our Milky-Way galaxy. Spheroidal galaxies also
appear to contain great amounts of dark matter, an indication of the presence of
massive black holes there [12].

A similar discovery, which may revolutionize our understanding of the nature
and origin of globular star clusters, shocked astrophysicists in 2014, upsetting
40 years of theory about these spherical star formations [13]. A team led by Prof.
Tom Maccarone of Texas Tech University in collaboration with Maximilian
Fabricius at the Max Planck Institute for Extraterrestrial Physics in Garching, Ger-
many, recently found a surprise when new observations ascertained that stars at
centers of older star clusters rotated around a common axis instead in random orbits,
as once thought. They also found that many stars in these clusters consisted of
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relatively young stars, and not just of old stars as previously perceived. The Texas
Tech team had been investigating globular star clusters for many years in search of
intermediate size black holes. In 2007, they made the first discovery of a stellar
mass black hole in a star cluster near a neighboring galaxy NGC4472. In 2012
astronomers from several universities, using the Very Large Radio Telescope Array
found a binary black hole in the core of the M62 star cluster [14]. Since then many
more black holes, containing many solar masses, have been detected in numerous
extragalactic globular clusters. We may conclude that certain globular clusters can
evolve into baby galaxies. We should also note that in 2014 astronomers discovered
a globular star cluster of thousands of stars, near the supergiant elliptical galaxy
MS87 in the Virgo Cluster. This globular star cluster appears to have been ejected in
its entirety from the supermassive core of M87 at a velocity of over 2000 km/s. [15]
Even though M87 weighs as much as 6 trillion (10'?) Suns, the globular star cluster
will escape the gravitational pull of its source galaxy. However, there may be
another more direct alternative source for baby galaxies and QSOs, as described
below.

5. QSOs born out of mature galactic cores

The first bright quasi-stellar objects were observed and recorded around
1960. All of them emit strong EM radiation from radio waves to X-rays and
Gamma rays [16, 17], and all of them exhibit a high redshift in their emission
spectra. If interpreted as Doppler shifts or as cosmological expansion redshifts, they
appear to be receding from us at extreme speeds. As per contemporary models of
the universe, this would put them far out into the cosmos, where cosmologists
believe to see them as early precursors in the evolution of the first galaxies some 10
billion years ago. Cosmologists did not expect to find any QSOs nearby.

Present understanding is that QSOs are powered by SMBHs. But not until the
Hubble telescope in the 1980s could detect faint traces of matter around QSOs
extending approximately 10 ly out from the bright quasi-stellar objects, suggestive
of galactic spiral arms, were QSOs considered Active Galactic Nuclei (AGNs) in
young galaxies in formation.

In general,5 AGNs are considered to consist of SMBHs containing more than a
billion solar masses, surrounded by active accretion discs, where matter spirals into
the black hole at relativistic speeds. It should be noted here that gravitational force
gradients at the Event Horizon of black holes get weaker the more massive and large
the SMBH is. When a black-hole mass exceeds about 200 million solar masses, stars
sucked into the hole no longer get torn apart near the event horizon. They get
swallowed whole. Thus, it is not clear how the accretion discs of AGNs can produce
strong X-ray radiation.

Average sizes of active regions of QSOs that are brilliantly bright may typically
have estimated radii of half a light year. The Schwarzschild radius (rs = 2GM/c?) of
a SMBH’s event horizon, containing 10° solar masses is only rs = 3.12 x 10~ * light
years. Hence, the visible radiation emitted from the accretion disc appears to extend
to at least a thousand rg, or to 0.31 ly from the center. Applying Newtonian/Kepler-
ian mechanics, we find that matter orbiting an SMBH at that distance and emitting
EM radiation (at rg = 10> rg) has an orbital speed of v = (GM/rg)Y? = 6710 km/s.
However, the radial velocity gradient there is only dv/dr = 5.7 x 10~ "> km/s per
meter, far too small for any thermal radiation in the visible or X-ray spectrum to be

>AGNs were originally believed to exist only in large mature galaxies.
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produced. If there were any light emitted from the accretion disc at rg/rs = 10%, any
gravitational redshift® would only be zg = 5 x 10~*, and it would not significantly
contribute to the observed redshifts of QSOs. For gravitational redshifts to play a
significant role, the radiation must then come from locations rg closer to the event
horizon than rg = 10rs where zg is greater than 0.054. The source for the brilliance
of QSOs, which is assumed to be greater than the combined radiation from 10™*
stars, remains an unanswered enigma, if QSOs are at cosmological distances of 4 to
10 billion light years from us.

Astrophysicists are generally at a loss to explain what the power source is
that drives the immense radiative power output from a quasar. It would have
to be much more efficient in converting matter energy and kinetic energy to
radiation energy than nuclear fusion. One concept discussed by astrophysicists
consists of a complete conversion of gravitational potential energy of matter to
radiation at the edge of the SMBH. Yes, gravitational potential energy of matter
falling toward a black hole is converted to kinetic energy, while also gaining rela-
tivistic mass. But what are the conditions and processes necessary to convert this
energy into electromagnetic radiation? Any required non-thermal condition is not
likely to be met outside of the event horizon of a SMBH. The needed compression
of in-falling matter would only occur well within the black hole event horizon,
wherefrom radiation cannot escape, unless perhaps the SMBH is a fast spinning,
electrically charged Kerr-Newman black hole [18]. The enigma can however be
significantly alleviated, when we consider QSOs to be much closer to home; i.e.
if at least the very bright ones are a 100 times closer. If they were 100 million ly
away, instead of 10 billion ly, the apparent visible area of their active nuclei
would be 10,000 times smaller, and their much smaller radiative power output
more explicable with conventional physics. The radius of the active region,
instead of being half a light year, would be 5 x 10> ly and would only be approx-
imately 10 times larger than the event horizon of the central SMBH. In that case,
a matching accretion disc, mostly spinning at hyper-velocities, can easily supply
the lesser radiative power output, if QSOs are much closer than previously believed.
Making that assumption would vindicate astronomer Arp’s hypothetical claims
based on decades of meticulous and accurate observations and data. His deductions
[19] include:

1. High redshift QSOs are often closely associated with lower redshift mature
galaxies with active nuclei and are, therefore, at similar distances.”

2.QSO0s are ejected at hyper-velocities from AGNs of mature galaxies.

3. High redshifts of QSOs have two component parts: the major part is based on
an Intrinsic Redshift, in combination with a lesser Doppler shift.

4.QSO0s ejected from a parent galaxy are lined up with their intrinsic redshifts
decreasing with distance from their source galaxy.

5. QSOs evolve into normal galaxies over eons of time.

%See Eq. (14) below.
’For example, a high-redshift quasar is clearly in front of the low-redshift galaxy NGC 7319. Many others

are connected by luminous bridges to a parent galaxy.
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6. Alignment and motion of QSOs

In 1969, Morley Bell of NRC, Canada published a statistical analysis [20] of 150
QSO redshifts, which suggests that there are groupings of QSOs extending over large
areas of sky, with the inference that QSOs are not at cosmological distances. This paper
is significant, because it was written 21 years before the Hubble Telescope was
launched into orbit and before newly discovered quasars were relegated to the far
corners of the universe. Hence, the 150 QSOs listed at that time by Burbidge and
Burbidge [21] were a select group of quasars with high apparent brightness and
relatively low redshifts, indicative of their non-cosmological distances, before skies
became cluttered with thousands of more recently discovered QSOs that may truly
be located much farther away. Bell presented in his paper statistically significant
evidence that these QSOs can be grouped according to their redshift; the groupings
being evident from redshift histograms, which indicate population peaks at regular
redshift intervals of 0.172 or multiples thereof. He thus sorted the redshifts into
twelve groups and found within each group a linear relationship between the
redshifts and their angular distance from a somewhat arbitrary group center in the
sky. His most far-reaching observation, however, has been the connecting of QSOs
into orderly spiral patterns, covering large areas of the sky and having redshifts
either increasing or decreasing monotonically along the spirals.®

Bell identified each spiral group by two numbers; the first being the number of
the peak in his redshift histogram, the second specifying whether the group is in the
Northern Hemisphere (near 12 h right ascension) or in the Southern sky (near 0 h
right ascension). The same numbering is retained here to afford easy reference to
Bell’s paper. From the twelve spiral groups identified by Bell, the present author has
selected two such spirals, N = (2, 12 h) and N = (1a, 0 h). When considered as 3D
helices instead of 2D spirals, these two are the only pair that can reasonably be
connected across the galactic equator gap, where any intergalactic QSOs are
obscured by the Milky Way galactic disc. Figure 2 shows a plot of these two QSO
spirals in a sky chart using Earth equatorial coordinates. It is essentially a copy of
Bell’s sky chart [Ref. [20], Fig. 9], with spiral groups other than N = (2, 12 h)
omitted and with group N = (1a, 0 h) added in the Southern sky.

E

¥ &
TLT T T

|

#

Ll

L]

-

DECLINATION
2

E

'Ii1i1r—l'|

@
AERRE RS

B

2

i n oh ] 4 B a L1} Lk i 1E 18
RIGHT ASCENSION (1950]

Figure 2.
QSO Spirals N = (2, 12 h) in Northern sky and N = (1a, o h) in Southern sky. N = Galactic North,
S = Galactic South, C = Galactic Center.

8In the present paper the spiral groups are interpreted as 3-dimensional helices, and an intergalactic
magnetic field is postulated.
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In the diagram, individual QSOs are represented by small circles together with
their redshifts. Note how the redshifts decrease in a counter-clockwise direction
going outward from the center of the spiral in the Northern sky and then decrease
in a clockwise direction toward the center of the Southern spiral. When viewed as a
3D helix, the combinations of the two spirals represent a continuous helical path
spiraling in the same direction from north to south. The spiral centers are consid-
ered vanishing points as seen from an observer on Earth. The redshifts decrease in
the same direction from north to south in both hemispheres. The Northern
vanishing point lies in the direction of the Virgo cluster of galaxies, and is very close
to the giant elliptical galaxy M85, which is known to have an active nucleus. Thus,
the diagram would be consistent with the proposition that the QSOs traveling along
their helical path are ejected from an AGN source, as portrayed in Figure 3.

The relatively large number of QSOs in the Northern sky spiral belong to a well-
defined redshift group, and that spiral curve is unambiguous. Thus, there is a
reasonable statistical support in favor of a causal connection between these QSOs.
From Figure 2 it is clear that the QSOs could not have been ejected from the center
of our local Milky Way Galaxy. Assuming that the helical path conjecture is correct,
this helical path must have intergalactic dimensions, as shown in Figure 3. Our
entire Milky Way galaxy then lies within the helix, though not on its central axis.

Gravitational and other central fields cannot put moving objects on a helical
trajectory. Alternatively, helical trajectories are a common occurrence in magneto-
plasma physics, where ions and electrons are found to spiral around magnetic field
lines along helical paths. We know that strong magnetic fields are created by AGNs
that enable and guide material to be ejected as hyper-velocity jets from their mag-
netic poles. Sources of these intergalactic magnetic fields can easily be identified
and understood, if rapidly rotating SMBHs are present in galactic cores and QSOs,
and if their event horizons display an electric charge.” Thus, electrically charged
QSOs fit well into the author’s theory presented here. To complete the picture
shown in Figure 3, the QSOs shown have probably been ejected from a source
galaxy (AGN) that is also the source of the magnetic field; i.e. the major velocity
vector of the QSOs must be aligned with the magnetic field lines, with a minor
transverse velocity component to produce the helical trajectory.
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Figure 3.
Helix of electrically charged QSOs within an intergalactic magnetic field originating in the Virgo Cluster of
galaxies.

%See Section 2: Cosmic Dynamics.

40



Model of an Evolving and Dynamic Universe: Creation without a Big Bang
DOI: http://dx.doi.org/10.5772/intechopen.80479

According to Hubble’s Law, distances of QSOs in the Northern sky in Figure 2,
as derived from their redshifts, are approximately 3 billion ly from us, whereas in
the Southern sky QSOs would be twice as far. Thus, the two groups of quasars could
not possibly be connected in any way by their Doppler shifts alone. However, if we
accept Arp’s suggestion that redshifts of quasars are partly intrinsic and partly
Doppler shifts, we can make a case for the two QSO groups being indeed related.
From Earth’s viewpoint the northern QSOs are approaching us and the ones in the
Southern Hemisphere are receding from us. Let the redshift of the approaching ones
be z, and that of the receding ones be zg. Then we can write the following relations:

za4 =21 —2y~024 (10)
and
2R =21 +3v ~0.46, (11)

where 7 is the intrinsic redshift and zy is the redshift due to velocity. By adding
and subtracting Egs. 10 and 11 we get:

2 =R ;ZA ~0.35 (12)
and
2y = ZR%zA ~0.12. (13)

To an approximate degree this would mean that the speed v of the QSOs along
their helical trajectory is around 36,000 km/s, and that 74% of the observed redshift
is due to an intrinsic redshift at their closest approach to our galaxy. These numbers
are quite consistent with claims made in the author’s theory and also with Arp’s
conjectures. The intrinsic redshifts are consistent with gravitational redshifts for
radiation coming from areas close to SMBHs. A back-of-the-envelope analysis to
this is given hereunder:

What are typical distances of the QSOs studied?

If the source of QSOs is the AGN galaxy M85, their distances must be less than
60 million ly, the distance to M85. The large geometrical patterns in the sky by the
helical trajectory suggest that at closest approach to our galaxy the radius of the
helix may be of the order of a million ly. An average geometric mean of the QSO
distances may be 8 million ly. By comparison with the generally accepted distance
of 3 billion ly, based on a redshift of 0.24, these QSOs may on the average be 400
times closer.

What is the actual size of the active region?

Statistical size estimates of active nuclei in quasars, when at cosmological dis-
tances, seem to be at approximately 1 ly in diameter. The corresponding radius of
the active region at the closer distance would be 1.2 x 10 ly.

What is the expected intrinsic gravitational redshift?

The redshift of light escaping from close to the event horizon of a Schwarzschild
black hole is,

2g = —————1, (14)
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where rg is the radius of the black hole and rg is the radius of the source of the
escaping radiation. To explain a gravitational redshift of zg = z; = 0.35 as calculated
in Eq. 12 for a typical QSO, we need rg/rg to be 0.45, or rg/rg = 2.22. The
Schwarzschild radius of a 1 billion solar mass black hole is 3.1 x 10~ *ly. A fast
spinning, charged Kerr-Newman hole of that mass may have an equatorial radius of
rs = 6 x 10~ *ly. Observed radius of the active region of typical QSO at the closer
distance is rg = 12 x 10~ * (see above). We then have rg/rs = 2.0 as required to show
that the intrinsic redshift of 0.35 can easily be explained as a gravitational redshift.

7. Minimum age of the universe

The theory discussed here does not explain how the present structure of the
universe came into being. It may have been in existence forever, or it started from a
small mini-universe some 200 billion years ago. Arguments that have been
presented here essentially describe a dynamic universe that has perhaps existed for
an unimaginably longer time than the estimated age of the Big Bang universe. If the
universe evolved from a simple beginning, we first need to define how large an
initial volume was needed to define a process of expansion that could keep evolving
in a systematic manner as described in Section 2. Similarly, we would need to know
how large the universe really is now. Defining the radius Ro of the Observable
Universe by the edge at which the fleeing galaxies reach the speed of light, the extent
of this universe, as we observe it, is given by Ro = ¢/H = 13.2 x 10° ly. But we see
these farthest observable galaxies where they were 13.2 billion years ago. By the
time light from galaxies at the observable edge of the cosmos reaches us, they are
now approximately Ri = 40 x 10° ly from us. Let Rg be the radius of the Known
Universe. For obtaining a minimum age of the universe, according to the present
theory, a certain minimum original size is needed for Egs. 4 and 6 to be meaningful,
and for H to be approximately constant at its present value.

In Ref. [3] the author has made an analysis for estimating a time period needed
for an initial mini-universe to evolve into the present state of our universe. He
assumed an initial mini-universe consisting of a spherical volume of 1.7 x 10" ly°,
having radius r; = 13,000 ly at time t;, and containing 20 globular star clusters with
electrically charged central black holes.'® Such a mini-universe may already be quite
old, given the time needed for stars to form and to collapse into black holes. Using
formulas from Section 2, it can be shown that

1
ty —t; = Hln (R /r1) =200 x 109yemfs, (15)
where ty is the present time.

The age of the universe is thus more than 2 x 101 years. If the Actual Universe
extends beyond the Known Universe, then it would be much older.

8. Expanding space or fleeing galaxies?
The author’s mathematics have assumed that n and H are not functions of time.

They implicitly assumed that galaxies move through an existing stationary space
(Situation A). If the cosmic expansion is one of space itself that carries galaxies with

1%Evidence of black holes in globular star clusters has been accumulating since 2007 (see Section 4).

Additional evidence shows that certain star clusters can evolve into galaxies.
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it (Situation B), most of the above arguments would still stand. But what we mean
by the Observable Universe and the Knowable Universe would be different. In an
Einsteinian situation B universe, in which the speed of light is an absolute limit,"
galaxies nevertheless moving away faster than ¢, could not be observed, because EM
signals could never reach us. Even if they could, their redshifted photons would
have lost all their energy, dissipating themselves. In a Maxwellian situation B uni-
verse, EM waves from faster-than-light moving galaxies would also never reach us.
In a Maxwellian situation A universe, however, EM waves from faster-than-light
galaxies moving through a stationary space would eventually reach us, and their
Doppler frequencies would appear to be less than half their emitted frequencies
(more than twice their normal wavelengths).

As of this date the farthest galaxy detected has a redshift of z = 11. In a linear
system obeying Hubble’s Law (vgar, = Hr = zc), this galaxy is receding from us at a
speed of 11 times the speed of light. It was at a distance r, of 1.45 x 10'" ly from us
when at time to it emitted the light we are receiving now. This light took 145 billion
years to get to us (At = tyow — to). According to Eq. (15),

RNOW = ?oeHAt. (16)

This places the galaxy at Ryow = 8.6 X 10%° ly away from us. In a non-relativistic
cosmos, the present theory predicts a much older and larger universe than the Big
Bang Theory.

The current version of the Big Bang Theory (BBT), augmented with Einstein’s
General Relativity Theory, attributes the cosmological redshift to the expansion of
space itself, which stretches EM waves passing through it. In this theory, the speed
of light is never exceeded by the receding galaxies, even as their redshift z goes to
infinity. Hence, according to the BBT, the Observable Universe is limited in size to a
radius of Rops = 13.8 Gly, and the knowable edge of the universe is limited to Rk = 46
Gly. We note that a space that warps and stretches cannot be a total void, in
contradistinction to basic assumptions made in the Special Theory of Relativity.

A vacuum space that can warp is equivalent to the contentious and disparaged
luminiferous aether, assumed to be necessary by Maxwell for propagation of EM
waves. Post-modern Quantum Physics recognizes vacuum space as a zero-point,
high-energy field and not as a total void. The last word regarding the validity of any
cosmological model has to await future discoveries in our understanding of basic
reality; discoveries about the nature of space, time, mass, and electric charge.

9. Answers to critiques of the cosmology presented

Critique 1: Steady State universe models have been proven wrong.

Answer: Firstly, the cosmology presented here is anything but static. The uni-
verse is shown to be highly dynamic and evolving. Secondly, it cannot be consid-
ered wrong just because it is incompatible with the BBT. It should be noted that
quasi-steady state theories rest on fewer a priori assumptions than the BBT. Moreover,
they can match most observations with few, if any, adjustable parameters, whereas
the BBT critically relies on a growing number of them. Astrophysicist and cosmol-
ogist Tom van Flandern [22] has made a list of The Top 30 Problems with the Big
Bang, a theory which needs introduction of new concepts and new adjustable
parameters to make it more compatible with any new observations. Quasi-steady

"By definition a contradiction in relativistic theories.
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state universe models have been mistakenly abandoned on observational data that
can be interpreted in alternative ways. See further discussion below.

Critique 2: The theory cannot explain the cosmic microwave background
radiation (CMB).

Answer: The CMB discovered in 1964 corresponds to a uniform isotropic back-
ground temperature of space of 2.7 K. It was heralded as clear proof that the BBT is
the most realistic cosmology. But as Van Flandern states, the CMB makes more sense
as the limiting temperatuve of space heated by starlight than as the remnant of a fireball
[22]. Astrophysicist Arthur Eddington [23] had already determined in 1926 that
interstellar space would have a limiting temperature of 3.2 K. In 1933, Ernst Regener
[24] predicted that intergalactic space has a temperature of 2.8 K. These predictions
were made for steady-state models, well in advance of the BBT. Yet they accurately
predicted what is observed now as the CMB. Conversely, early pioneers and pro-
ponents of the BBT failed to predict the measured CMB temperature correctly.
George Gamow predicted a CMB temperature, as the afterglow of the Big Bang
plasma, of 7 K in 1955, then updated it to 50 K in 1961. The discrepancy is highly
significant, because energy radiated from a black body per unit surface area per
second is 118,000 times higher at 50 K than it is at 2.7 K. The BBT failed to explain
the temperature of the CMB. It also fails to explain other aspects of the observable
universe. For example, it cannot explain why space does not seem to expand within
galaxies and within galaxy clusters.

COBE satellite data of the CMB also conflicts with BBT expectations in two
ways. Firstly, the microwave background varies only by less than one part in a
hundred thousand and cannot explain how super-clusters, sheets, walls, and fila-
ments separated by immense voids in the large-scale distribution of galaxies could
have formed in less than 100 billion years [25]. Secondly, the COBE temperature
data displays unequivocal dipole anisotropy [26], believed to be due to the Earth’s
motion relative to a co-moving reference space that follows the general expansion of
the universe. This nonconforming motion of the Earth amounts to 370 km/s. Mea-
surement of the motion of Earth relative to a cosmic background in effect defines a
preferred reference frame, the existence of which was prohibited by Einstein.

Critique 3: The theory confuses cosmological redshifts with Doppler shifts.

Answer: The present theory treats observed redshifts as Doppler shifts and as
intrinsic redshifts, such as gravitational redshifts (specifically as applied to quasars)
[7]. See 3rd and 4th paragraphs in the Introduction. A separate cosmological redshift
caused by expanding space is not needed.

Critique 4: The mechanism of creation of new matter is not clear.

Answer: True, we do not understand the exact mechanisms by which energy
takes on material form.'> Matter is itself an energy form, and space itself contains
enormous amounts of energy. Even the BBT, based on expanding and distortable
space, cannot explain how new energy is produced for the creation of new space, as
the universe expands. This is a paradox that seems to violate energy conservation
laws.

The main text of the present theory hints at different possible mechanisms of
creation of new matter (see Sections 3 to 7).

Critique 5: Since galaxies have different mass, they would have different
electric charges and the universe should be very inhomogeneous.

Answer: The universe is indeed very inhomogeneous at all levels, an observa-
tional fact that the BBT cannot explain, but which is easily explained by the present
theory.

>We know it happens, as demonstrated by electron-positron pair production from gamma rays.
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Critique 6: In an accelerating universe the number density of galaxies must
vary with time.

Answer: In the BBT, the number density of galaxies varies with time, with or
without acceleration, except when measured against an expanding co-moving
reference frame, which does not fit the scientific definition of a reference frame.
Within precepts of the present theory, acceleration of galaxies is a natural conse-
quence of electric fields. Continuous new creation of matter is only needed to keep
the number density of galaxies approximately constant. The theory is amendable,
should new observations prove that H or n change with time. Note also that in the
present model the velocity differential between galaxies one million parsecs apart
increases by only 6 km/s in a billion years.

Critique 7: The theory does not resolve the dark energy problem.

Answer: The theory has no need for the presence of dark energy, other than the
energy contained in electric fields and in the underlying zero-point quantum vac-
uum field.

10. Author’s suggestions

As this composition exemplifies, detailed knowledge about the inner
workings and relationships of SMBHs and quasars is a cosmological key to under-
standing the universe we live in. We must be free and able to contemplate and
pursue fresh ideas and to let go of unworkable old traditional concepts. For
example, we will not solve the mysteries of AGNs until we really understand
what happens inside the event horizon of SMBHs. For making progress along these
lines, I offer a few suggestions:

1. Recognize that in the balance of nature, there can be no physical Singularities or
Infinities. The mere concepts are inherently contradictory within themselves
and cannot exist in a tangible reality.

2. Give electromagnetic forces and effects proper importance in any meaningful
cosmology. Most powerful electromagnetic forces in addition to relatively
weak gravitational forces need to be acknowledged.

3.Encourage and engage the brightest plasma physicists to become Plasma-
Cosmologists.

11. Passing thoughts

There appears to be sufficient evidence to believe that AGNs in massive, mature
galaxies are driven by events occurring in central SMBHs; that these black holes
have gravitationally accrued matter, primarily in the form of hydrogen atoms,
hydrogen ions (protons), and electrons over eons of time; that this matter entered
the event horizon via a rapidly spinning (near the speed of light) equatorial accre-
tion disc; that this spinning galactic nucleus causes a strong inter-galactic magnetic
field; that this active nucleus periodically ejects material jets from its magnetic poles
at relativistic velocities.

We can perhaps get a better picture of structures and processes associated
with AGNs by comparison with other similar processes at smaller scales more
familiar to us. An axiom of the so-called Perennial Philosophy proclaims: As above,
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so below. This is generally understood to mean: Structures and processes in the
Macrocosm simulate those present in the Microcosm. Certainly, the same basic laws
of physics are valid in both domains.

Compare the strong magnetic field effects of an active galactic nucleus (AGN)
with the weak magnetic field of planet Earth. Earth’s solenoidal magnetic field
catches and entraps high-energy ionic particles from the Solar Wind to form the
Van Allen Belts, two somewhat distorted toroidal belts surrounding the globe. The
inner belt consists primarily of high-energy protons. The much larger outer belt
holds mostly high-energy electrons. These particles are forced into helical pathways
encircling magnetic field lines. Electrons and protons coming from the sun or from
the Van Allen belts can enter the Earth’s ionosphere at the magnetic poles, causing
aurora displays. Trapped ions in each belt reach the outer layers of the atmosphere
at the poles, because there the guiding magnetic field lines curve inwards to the
planet’s surface.

We should expect similar processes to occur in the ultra-strong magnetic field
produced by an AGN, only immensely more intense. As generally believed, an AGN
should have a central SMBH that accumulates matter via an accretion disc, where
strong gravitational forces impel entire stars, dust, and other non-ionized matter™
to swirl into the black hole. Because most galactic matter had been orbiting around
the galactic core in one direction already, conservation of angular momentum will
speed this matter up to relativistic velocities. For this reason, all SMBHs must be
rapidly spinning oblate Kerr-type holes.

Observational evidence seems to indicate that AGNs and QSOs are enveloped in
strong magnetic fields, with the magnetic poles acting as gates that enable matter to
be ejected as material jets at relativistic speeds. In addition to neutral accretion
discs, AGNs should also be surrounded by electron belts and by positive heavy-ion
belts closer to the event horizon. If, as suggested in Section 2, protons and alpha
particles find their way through the event horizon more easily than electrons, then
the AGNs would present a surplus negative charge to the outside world. Electric and
magnetic fields from the corresponding surplus positive charge within the SMBH
are neutralized by electric currents in the event horizon and cannot go beyond it
[10]. Hence, a spinning AGN or QSO will appear to be electrically charged and will
be the source of its own EM fields.

To explain how jets of matter and QSOs can be ejected out of AGNs, consider
galaxies as the atoms of the cosmos. In analogy, charged atomic nuclei have a mass
limit beyond which they become unstable and undergo radioactive decay, emitting
protons, alpha particles, or ejecting whole portions of nuclear material, as in nuclear
fission processes. Similarly, spinning and electrically charged black holes may also
have an upper mass limit. They may not be able to compress matter much beyond
neutron-star density before they become unstable. Remember that electrical repul-
sion between protons is 10>® times stronger than their gravitational attraction.
Whenever, during the mass accumulation process, AGNs reach the point of inner
instability they will eject nuclear material and/or burp out QSOs. The periodicity of
such events may be responsible for the apparent redshift quantization observed with
quasars. QSOs appear to be born with their own relatively small but charged
SMBHs. As these SMBHs become more massive and larger with time, as they travel
along their trajectories, the gravitational field gradients at their event horizons
become smaller, accounting for their decreasing gravitational redshifts, the farther
they travel from their mother AGN.

ike rogen atoms and molecules, whose emission lines show up in spectra.
3Like hydrogen at d molecul hy 1 h p SO spect
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12. Summary

This study describes an expanding cosmos that maintains an approximately
uniform concentration of galaxies. It explains many observed mysteries, and it
addresses inconsistencies in other theories. Galactic velocities and accelerations
increase linearly with distance from any observer. Such a universe is shown to be
older than 200 Giga-years. The theory has no need to search for large amounts of
dark matter to make the universe flat, as there is no overriding requirement for it to
be so. We do not have to invent unproven conditions and mechanisms, such as
near-infinite energy densities and near-infinite accelerations (as in inflationary
periods), to explain the initial phases of creation, and we have no irreconcilable
conflicts with observational evidence. The above analysis of the proposed theory
shows that the evolution of QSOs may be the most probable creation process needed
to keep the number density of galaxies in the cosmos approximately constant in
time in an expanding cosmos.
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Chapter 4

Primordial Magnetic Fields and
the CMB

Héctor Javier Hortiia and Leonardo Castanieda

Abstract

The origin of large-scale magnetic fields is one of the most puzzling topics in
cosmology and astrophysics. It is assumed that the observed magnetic fields result
from the amplification of an initial field produced in the early Universe. If these
fields really were present before the recombination era, these could have some
effects on big bang nucleosynthesis (BBN) and electroweak baryogenesis process,
and it would leave imprints in the temperature and polarization anisotropies of the
cosmic microwave background (CMB). In this chapter, we analyze the effects of a
background primordial magnetic field (PMF) on the CMB anisotropies and how we
can have sight the mechanisms of generation of these fields through these features.
We start explaining briefly why primordial magnetic fields are interesting to cos-
mology, and we discuss some theoretical models that generate primordial magnetic
fields. Finally, we will show the statistics used for describing those fields, and by
using CLASS and Monte Python codes, we will observe the main features that these
fields leave on the CMB anisotropies.

Keywords: primordial magnetic fields, CMB, inflation, early universe

1. Introduction

Magnetic fields are ubiquitous in the Universe. Even if the origin of these fields
is under debate, it is assumed that observed fields were originated from cosmolog-
ical or astrophysical seed fields and then amplified during the structure formation
via some astrophysical mechanism [1]. If these fields really were present before the
recombination era, these could have some effects on big bang nucleosynthesis
(BBN) and electroweak baryogenesis process and leave imprints in the temperature
and polarization anisotropies of the cosmic microwave background (CMB) [2].
Since PMFs affect the evolution of cosmological perturbations, these fields might
imprint significant signals on the CMB temperature and polarization patterns and
produce non-Gaussianities (NG) [3]. As a matter of fact, PMFs introduce scalar,
vector, and tensor perturbations that affect the CMB in many ways. For instance,
the scalar mode generates magnetosonic waves which influence the acoustic peaks
and change the baryon fraction; vector mode contributes notably in scales below the
Silk damping, and tensor mode induces gravitational waves that affect large angular
scales [4, 5]. Further, helical PMFs produce parity-odd cross correlation which
would not arise in the standard cosmological scenario [6, 7]. Recently, enough CMB
experiments like Planck and Polarbear have presented new limits on the amplitude
of PMFs using temperature and polarization measurements that offer the possibility
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of investigating the nature of PMFs, and it is expected with future CMB polarization
experiments like CMB-S4 and Simons Observatory, among others, to improve
significantly the constraints to the helicity of PMFs and NG and to be able to
provide a new insight into the early Universe [2].

2. A primordial origin

Cosmological scenarios describe the generation of magnetic fields in the
early Universe (so-called primordial magnetic field), approximately prior to or
during recombination, i.e., T>0.25 eV. At the same time, cosmological scenar-
ios can be classified into two categories: inflationary and post-inflationary
magnetogenesis. The first scenario generates PMFs correlated on very large
scales during inflation, although the breaking of conformal invariance of the
electromagnetic action is needed in order to obtain the suitable seed field.
Besides, these kinds of models also suffer from some problems such as
backreaction and the strong coupling [8]. On the other hand, post-inflationary
scenarios consider PMFs created after inflation via either cosmological phase
transitions or during the recombination era (Harrison’s mechanism) [2]. How-
ever, these will lead to a correlation scale smaller than the Hubble radius at that
epoch; thus a suitable field cannot be generated unless we consider another
dynamical effect, for instance, helicity, which under certain conditions produces
transference of energy from small to large scales required to explain the obser-
vational large-scale magnetic fields [9]. We will briefly summarize some models
and properties of the cosmological scenarios.

2.1 Inflamagnetogenesis

As mentioned earlier, inflation provides an interesting scenario for the genera-
tion of PMFs with large coherence scales. Let us start with the standard free elec-
tromagnetic (EM) action, given by [2, 10]

-1
SEM = TJ \ _ggﬂagDﬂFﬂuF<tﬁd4x’ (1)

where F,, = V,A, — V,A, = d,A, — 3,A, is conformally invariant and being A,
the vector potential. By making a conformal transformation of the metric given by
&= ngﬂy, the determinant ,/—g and the contravariant metric change as

VE- V=0 gt gt =T )

and the factors Q? cancel out the action; thus the action of the free EM is
invariant under conformal transformations. Since the FLRW models are
conformally flat, i.e., gifRW = anﬂy, being M the Minkowski metric, one can
transform the electromagnetic wave equation into its flat version [2, 11]. Therefore,
it is not possible to amplify the EM field fluctuations, and this leads to an adiabatic
decay of the EM field as ~1/a® with the expansion of the Universe. Hence,
inflamagnetogenesis requires the breaking of conformal invariance of the EM action
in order to amplify EM waves from vacuum fluctuations [12-14]. A multitude of
possibilities have been considered for this purpose, and some of them are illustrated
in the action
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S = J \/_—g {—Iz(qb.,f(R)) (%F’”’Fﬂy _ %eﬂuaﬁF”DFaﬂ) _ RAZ _ 4ﬂ

am <" FuFap = Dy (D'w)" |d'x

| J—?Bg“”%fﬁ%¢ " V(d»)}d“x-
(3)

This action usually contains the standard EM terms coupled to scalar fields (¢)
like the inflaton or dilaton, being V(¢) its potential [11, 15]; coupling to curvature
invariants (R) or a particular class of f(R) theories [16]; coupling to a pseudo-
scalar field like the axion () with a mass scale m [17], charged scalar fields ()
[18], and the presence of a constant y, that leads to a magnetic field with a net

helicity [13]; here "%/ is totally antisymmetric tensor in four dimensions with

€012 = (fg)fl/ 2. It is well known that, to create magnetic fields during inflation,
the conformal invariance of the standard electrodynamics must be broken. One of
the first models of inflamagnetogenesis was introduced by Ratra [19], where he
proposed a conformal-breaking coupling between the scalar field (the inflaton)
and the electromagnetic field. Many other mechanisms have been proposed fol-
lowing the same philosophy, and several conditions were obtained in order to
explain the observed large-scale magnetic fields. However, serious obstacles arise
in those mechanisms such as the strong-coupling problem where the theory
becomes uncontrollable [20]; the backreaction problem in which an
overproduction of the electric fields spoils inflation [20], and the curvature per-
turbation problem that enunciates the generation of both scalar and tensor curva-
ture perturbations from PMFs would yield results in conflict with CMB
observations [21]. More complete treatments of this subject can be found in

Refs. [2, 9, 22-24].

2.2 Cosmological phase transitions

In the early Universe, there have been at least two phase transitions: the
cosmological QCD phase transition (~250 MeV) and electroweak phase
transition (~125 GeV) [25]. If these are first-order transitions, the Universe goes
through an out of equilibrium process that generates bubble nucleation. As the
Universe cools below the critical temperature, bubbles nucleate and grow, the
walls of these bubbles collide with the others generating turbulence, and then
dynamo mechanism creates and amplifies magnetic fields from this violent pro-
cess that are concentrated later in the bubble walls [1]. Calculations of generation
of magnetic fields during QCD phase transitions have been carried out by several
authors [26-28]. Some cosmological phase transitions could generate uncorrelated
magnetic fields given by [29]

3/2
B-n(7) @)

and as we can see, PMFs generated by these mechanisms lead to a coher-
ence length of the field smaller than the Hubble scale at that epoch, and
weaker fields on galactic scales are obtained. However, the presence of
helical fields can undergo processes of inverse cascade that transfers power
from small to large scales, and thus, the result will be strong fields on very
large scales [28].
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2.3 Harrison’s mechanism

Other alternative for the production of PMFs arises during the radiation era in
regions that have nonvanishing vorticity. The first attempt at such a model was
done by Harrison [30]; there, magnetic fields are created through vorticity gener-
ated by the velocity difference in the fluids present. For a formal derivation of the
mechanism, see Refs. [31-33]. At temperatures larger than the electron mass, the
interactions among protons, electrons, and photons are strong, and they are locked
together. This means that all the system has the same angular velocity and seed
fields cannot be generated. For temperatures below T <230 eV, electrons and
photons are tightly coupled through Thomson scattering, while the coupling
between protons and photons is weak in this stage. Protons and electrons are still
tightly coupled through Coulomb scattering, and so, the photon fluid drags the
protons in its motion. Therefore, the difference of mass between electrons and
protons will lead to non-zero electron and proton fluid angular velocities that give
rise to currents and magnetic fields. Matarrese et al. [31] found that for comoving
scales of ~1 Mpc, the amplitude of PMFs generated via this mechanism is around of
~107% G today. This value of the magnetic field generated by the differential
rotational velocity of charged particles is much smaller than those signals observed
in clusters of galaxies. Now, if an initial vorticity is present during this epoch,
magnetic fields may serve as seed for explaining the galactic fields; however, in the
early Universe, the vorticity decays rapidly due to the expansion of the Universe,
and therefore, this mechanism cannot work efficiently [32].

3. Magnetic spectra and correlation functions

Two models have been proposed to model PMFs. The first one consists in
describing PMFs as an homogeneous field such that B” is the local density of the
field and where we must require an anisotropic background (like Bianchi VII) to
allow the presence of this field. Comparing those models with CMB quadrupole data,

Barrow et al. [34] reported an amplitude of PMFs of B < 6.8 x 10~° (th2>1/z G,
and there they used the most general flat and open anisotropic cosmologies
containing expansion rate and three-curvature anisotropies. However, they found
that PMFs amplitude constraints are stronger than those imposed by nucleosynthesis,
and therefore, this description hardly agrees with other cosmological probes. On the
other hand, PMFs can also be described by a stochastic test field where B> would be
related to the average density of the field instead. This description does not break
neither isotropy nor homogeneity of the background Universe; hence, this scheme
allows to have a PMF model concordant to the current constraints. In consequence,
we will consider a stochastic primordial magnetic field (PMF) generated in the very
early Universe which could have been produced during inflation (noncausal field) or
after inflation (causal field) throughout the chapter. The PMF power spectrum which
is defined as the Fourier transform of the two-point correlation can be written as

(Bi(K)B;, (K')) = (27)°8* (k — K/) (pl,,, (k)Ps(k) + ielm,,lé"PH(k)), )

where Py, (k) = 6, — lgrl/%m is a projector onto the transverse planel, €l 18 the 3D
Levi-Civita tensor, and Pg(k) and Py(k) are the symmetric/antisymmetric parts of

" This projector has the property Pk =0 withk = k
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the power spectrum and represent the magnetic field energy density and absolute
value of the kinetic helicity, respectively [35]:

(B;(k)B; (K)) = 2(27)°8’ (k — K') P (k), (6)
—i<eﬁlk13i(1<)31% (K)) = 2(22)5 (k — K)Pr k). @)
We assume that power spectrum scales as a simple power law

Py(k) = Agk™, Pr(k) = Agk™. (8)

We usually parametrize the fields through a convolution with a 3D-Gaussian
window function smoothed over a sphere of comoving radius 4, B;(k) — B;(k)x

f(k), withf (k) = e(-7"¥/2) [4]. We also define B; as the comoving PMF strength
scaled to the present day on 1:

) 1
<B’ (X)B,~(X)>‘/1 = B/z1 = (2”)6

AB 2 np + 3
= 1—‘ 5
(27[)2 /1713 +3 2
and we define B, as the comoving kinetic helical PMF strength scaled to the
present day on A:

J Jd3kd3k/€(—ix-l<+ix»k’) <Bi(k)B;ﬁ (k') > | f (k) |2,
9

<(V X B(x))iBi(x)>|A = Bﬁ
_ e
()

_JAul 2 (mu o+ 4
(27[)2/17!;{4»4 2 5

de3kd3k/€(7ix»k+ix4k’) (k]Bl (k)B;k (k’)>|f(k)|2’

(10)
with I" being the gamma function. Then, we obtain the amplitudes as follows:
Bﬁzﬂlﬂns +3

Ap = s
Tore

H22ﬂ2/1nH+3
T R
(27

with ng> —3,ny> — 4. (11)

The most general case of the power spectrum for magnetic fields can be studied,
if we assume that it is non-zero for k,, < k < kp, being k,, an infrared cutoff and kp,
an ultraviolet cutoff corresponding to damping scale of the field written as [4]

=2 n+t3
N 5 n%rs B/1 nts k/1 nts ;115 1
kp ~ (1.7 x 107) (109nG> ( My h Mpe (12)

Hereafter we simply set this scale at kp ~ O (10)Mpc ™! [4]. Given the Schwarz
inequality [36],

] x (1, . > % f
,},lf}e (B(k) - B*(K')) Zlg}ir]le«k X B(k)) -B*(k )>|, (13)
an additional constraint is found for these fields

|Ag| < Agk™ ~"™. (14)
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In the case where Ay = Ap and ng = ny, we define the maximal helicity condi-
tion. We will also parametrize the infrared cutoff by a single constant parameter a:

ky =akp, 0<a<1 (15)

which in the case of inflationary scenarios would correspond to the wave mode
that exits the horizon at inflation epoch and, for causal modes, would be important
when this scale is larger than the wave number of interest (as claimed by Kim et al.
[37]). Thus, this infrared cutoff would be important in order to constrain PMF
parameters and magnetogenesis models [37-40]. Eq. (15) gives only a useful math-
ematical representation to constrain these cutoff values via cosmological datasets
(for this case, the parameter space would be given by (a,kp, B, H), nr,ng)), and
therefore we want to point out that the latter expression does not state any physical
relation between both wave numbers. In [38, 39], they showed constraints on the
maximum wave number kp, as a function of #p via big bang nucleosynthesis (BBN),
and they considered the maximum and minimum wave numbers as independent
parameters. In fact, in [3] they found out that the integration scheme used for
calculating the spectrum and bispectrum of PMFs is exactly the same if we param-
etrize k,, as seen in (15) or if we consider (k,,,kp,B;, H),nu,np) as independent
parameters.

Thus the inclusion of k,, is done only for studying at a phenomenological level,
and its effects on the CMB are shown in more detail in [3, 41]. At background level,
we need only the energy density of the PMF which is given by pp = (B*(x)) /(87);
therefore, by using Eqgs. (8) and (9), we get (for the spatial dependenge)

kp
_<BZ(X)> 2 3 _/WH B} s5+3  yng+3
A G L
km

Here, only the non-helical term contributes to the energy density of the PMF in
the Universe. In Ref. [38], this equation is also reported, and we will study in more
detail their effects on the CMB later. In order to study the impact of PMFs on
cosmological perturbations, we start writing the magnetic energy momentum ten-
sor (EMT)

-1 ;1 B ;
ngw\B(x)F, Ti=gx 5}' (2” — Bj(x)B (;@( =0, (17)

where we can see that EMT of PMFs is quadratic in the fields [42]. Due to the
high conductivity in the primordial Universe, the electric field is suppressed, and
the magnetic one is frozen into the plasma, and consequently we have that
Bi(x,7) = B;(x)a~2(). Then, the spatial part of magnetic field EMT in Fourier space
is given by

i -1 1| i (1) / 11‘ / /
T;(k,r):mjd% {((k)Bj( ~K) (558 (K)B, (i ~ ) ( (18)

and the two-point correlation tensor related to the spatial dependence (18) gives

(T(X)T,,(p)) C 10214,,8 ”fp/d%’wi (K)B;(k — k/)il'(p/)Bfn (P-p)) ( )

+"'<"'>lm§ij + <>1]51m + ...0ii01ms
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where we can apply the Wick theorem because the stochastic fields are
Gaussianly distributed

(B;(K')B;(k — K')B; (p')B;,(p — P')) = (Bi(K')B; (k —K))(B;(p))B;,(p— P))
+(Bi(K)B} (p"))(Bj(k — K)B,(p — P'))

+ (B (k')BZ; (p—p))(B (B (k ~ K)).
(20)
On the other hand, the equations for the adimensional energy density of mag-

netic field and spatial part of the electromagnetic energy momentum tensor respec-
tively written in Fourier space are given as

_ 1 d’p !
o) = g | s BB e p),
@

1 (d% [
i) = 4zp, oj (2z)? BBZ(P)BZ(I‘_P) — Bi(p)Bj(k—p) |,

where we express each component of the energy momentum tensor in terms
of photon energy density p, = p, oa~*, with p, ; being its present value”. We can
also see that using the previous definition, the EMT can be written as
T]’:(k, 7) =p, (T)H]’(k) Since the spatial EMT is symmetric, we can decompose
this tensor into two scalars (pg, 1)), one vector (HEV)), and one tensor (HEJ-T))
components:

1 TRy ) i
Iy = 3305 + (kk 1~ 3% )n<3> + (k" + rt”) <+ ) (22)

which obey to l%iHEW = I«A’,lll'[ij> = =

1

0 [45, 46]. The components of this
tensor are recovered by applying projector operators defined as

PB = 517Hij

i _ 3 pi ij
s = (51 -3 J)Hij = PIII;
v rG . (23)
—iopn, = o,
( an Pabpzj) ab — Pg'hnuh:

where (..) in the indices denotes symmetrization [47]. The two-point correlation
tensor related to Eq. (21) is

* The dimensional energy density of magnetic field showed here is written with different notation in
- : = _B
[43] Qp = and in [7, 44] Ap = Tty

B
8ra'p,
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1
(47FP}, 0)
— Py (K)Pr ([l = K carcmik (k =K' ).
+ 1Py (k') Pra ([l = K )P (¥ )y (k ~ ')

+ Py (k') Prr(|k — K|)ciu Py [k — K, + (I < m))

(11,0011, () = 59— p) [ K[ (Pall)Pallc = KDL )Py~ K

By B+ By
(24)

where we use Egs. (5) and (20). In this work, we are only focused on the scalar
mode of the PMfs. To determine the effect on cosmic perturbations, it is necessary
to compute the scalar correlation functions of PMFs using the projector operators:

(ps(k)pj (K')) = 86" (1 (I)T;, (K) ),

B (25
(T (1)) = PIP™ (11 (1, (). :
These convolutions can be written in terms of spectra as follows [35, 48]:
(ps(K)p(K')) = 27)°|p(k)[*6®) (k - K'), (26)
(M N (1) ) = (24) |1 (k)" (ke - K). (27)
f o5 |
8 e e ke
L] s e o
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Figure 1.
Non-helical contribution to k*|p(k)|* for different spectral indices in units of A%B), u/ (8(27[)5/);) 0) versus k [kp.
Here we show the qfect of an IR cutoff parametrized with a on the magnetic power spectrum. (a) Non-helical

contribution to k> |p(k) for ng =ny = —5/2 (b) Helical contribution to k> |p(k) for ng =ny = —5/2

(¢) Non-helical contribution to k3|p(k)|* for ng = ny = —3/2. (d) Helical contribution to k*|p(k)|* for
ng =nyg = —3/2.
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Thus, using Eqs. (24)-(27), along with the Wick’s theorem (20), the spectra take
the form

1
) = ———— Jd3p’((1 + p?)Pp(p")Pp(|k — p'|) 2P (p)Pu(|k — p'|),
8(27) Py,0
(28)
1
In k)| = —de3p'([4 =37 + F(-3 + 9%) — 6fyu + #*|Ps(p)
8(27) Pf,o
Py(|k — p'|)—(6fr — 4u)Pu(p)Pu(|k — p'|)),
(29)
where the angular functions are defined as
k- (k—K) K- (k-K) kK
Lk S , y= 0
P * TR T (30)

The above relations and properties were obtained using the xAct software [49],
and they agree with those reported in [35, 47]. Given these results, we are able to
analyze the effects of PMFs on CMB by adding the previous contributions to the
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Figure 2.

Non-helical contribution to k> |p(k)|* for different spectral indices in units of A%B)’ ul (8(2n)5pf’ 0) versus k/kp.
Here we show the effect of an IR cutoff parametrized with a on the magnetic power spectrum. (a) Non-helical
contribution to k*|p(k)|* for ng = nyr = 1. (b) Helical contribution to k°|p(k)|* for ng = ny = 1.

(c) Non-helical contribution to k®|p(k)|* for ng = ny = 2. (d) Helical contribution to k|p(k)|* for
np =nyg = 2.
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CMB angular power spectrum. Indeed, some authors [42, 50-53] have added the
above spectrum relations in Boltzmann codes like CAMB [54] or CMBeasy [55],
while other authors [4, 5, 56, 57] have analyzed the effects of these fields through
approximate solutions.

Using the integration scheme for the Fourier spectra reported in [41], we
obtain the solution for the magnetic spectra for different contributions. In
Figures 1 and 2, we show the total contribution for k*|p(k)|* in the maximal helical
case for several spectral indices and values of a. Here we can see that for ng < 0, the
spectrum is red while for #» > 0 the biggest contribution comes from large wave
numbers. In Figure 3, the scalar part of the anisotropic stress and the effect of an IR
cutoff on its spectrum are displayed.

4. Effects of the background PMFs on the CMB

The presence of energy density of the background PMF increases total radiation-
like energy density p, and modifies the standard dynamics of the background
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Figure 3.

2
Non-helical contribution to k> ‘H(k)(s) ‘ for diffevent spectral indices in units of A%B)) ul (8(27[)5/)5, o ) versusk/kp.
Here we show the effect of an IR cutoff parametrized with a on the magnetic power spectrum. (a) Non-helical
2 2
contribution to k3‘H(k)(s>‘ forng = ny = 2. (b) Helical contribution to k3 ’H(k)(s)‘ forng = ny = 2. (c) Non-

2 2
helical contribution to k3‘l'[(k)(s)‘ forng =ny = —5/2. (d) Helical contribution to k3‘l'1(k)(s)‘ for
np =Ny — *5/2.
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Universe producing considerable effects on the primary temperature fluctuations of
the CMB. In this section, we will study the effects of background PMF on the CMB
following the early work discussed in Ref. [38]. First, the total energy density and

pressure are now written as p = p(ACDM) + pB and P = ZiwipEACDM) + Pp, respec-

tively (being (ACDM) the components of matter in the standard model of cosmol-
ogy), modifying the solution of the Friedmann’s equation:

2 /
a 872G , a 4zG ,
) =22 ) == P 1
<a> “C (ﬂ) C i+ 3p) (31)

where G is the gravitational constant and @’ = da/dz with 7 the conformal
time. In order to study the effects of PMFs on the CMB, we include a
background magnetic density given by Eq. (16) into the Boltzmann code
CLASS [58]. As first shown by Ref. [38], the speed of sound in baryon fluid is

described by ¢/ » = ¢! + pp/p,, where ] is the speed of sound without magnetic
field [59]
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Figure 4.

Spgzltmm of CMB temperature anisotropies with PMFs obtained numerically from CLASS code. Each plot
displays the effect of B; (a), kp (b), kmin (c), and ng (d) on the CMB spectrum. Here the blue line stands for
the model without PMF, and B, is in units of nG, and k in units of Mpc™*. (a) I(l + 1)C; with kp = 100,
kmin = 0, ng = —2. The green line assumes pg/p, = 0.0041. (b) I(l +1)C; with B; = 20 nG, kyin = 0,

np = —2. The green line assumes pg/p, = 0.0065. (c) (I +-1)C; with B; = 20 nG, kp = 200, ng = —2. The
green line assumes pB/pV = 0.0038. (d) I(l + 1)C; with B, = 20 nG, kyin = 0, kp = 400. The green line
assumes pg/p, = 0.0044
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cf = ﬁ, with: R =3p,/4p,, (32)

and p, is the total energy density. Also, including this modification in the
thermodynamic structure in the CLASS code, we obtain the spectrum of CMB
temperature anisotropies shown in Figure 4. Here we can observe the effects of
different parameters enclosed in Eq. (16) on the CMB spectrum. With a PMF in
the primordial plasma, the time of matter-radiation density equality (p,, = p,)
increases enhancing the amplitude of all peaks because there is not enough time to
be suppressed for the cosmic expansion. However, the contrast between odd and
even peaks is reduced because it further depends on (p,,/p,) corresponding to the
balance between gravity and the total radiation pressure [60]. Secondly, an
important effect of PMFs comes from increasing in sound speed c;. In fact, the
peak location depends on the angle 8 = d,(t4..)/da(74.), where d;(z4,) is the
physical sound horizon at decoupling and d 4 (z4.) is the angular diameter distance
at decoupling [60]

f 1 [ d2
dX:aJC;dT, dy = JHZ ‘ (33)
0

Tini

The angular diameter distance depends on the late history after decoupling
(Qa, k), whereas physical sound horizon is further affected by the value of ¢,. By
adding PMFs to the primordial plasma, we increase the effective speed of sound
which in turn increases the angle of the location of peaks, boosting the peaks to
small I's (this can be understood geometrically using 6 ~ /1), i.e., shifting the
acoustic peaks to the left as we see in Figure 5a. Finally, since the value of the total
radiation energy density is larger with PMFs, the gravitational potentials ¢, y
decay more quickly after their wavelengths become smaller than the sound hori-
zon (see Figure 5a).

In summary, accounting for a background PMF in our model modifies the shape
of the temperature power spectrum significantly for large multipolar numbers, that
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Figure 5.

A g;apshot of the transfer functions and I(I + 1)C; temperature accounting for a PMF with pg/p, = 0.0041
Left panel we plot the numerical solution obtained from CLASS code for 6, and y with and without PMFs.
Right panel we plot the CMB spectrum with and without PMFs showing the individual contributions explained
in the text: Sachs-Wolfe (SW), Doppler, early integrated Sachs-Wolfe (EISW), and late integrated Sachs-
Wolfe (LISW). Note that the total spectrum labeled by the black line corresponds to all correlations. (a) Effect
of PMF on the transfer functions for k = 0.1 Mpc™*. (b) Individual contribution of (I + 1)C; with PMFs.
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Figure 6.

Left: Results of MCMC constrained with BAO data 2015 and with Planck simulated data 2013. Right:
Triangle plot of the vesults of MCMC. Regions are the 68% and 95% confidence level. Here we use B = 1nG,
kp = 100 Mpc™?, and kyin = 0. (a) Bidimensional plot of the results of the MCMC analysis with PMFs. (b)
Triangle plot of the results of the MCMC analysis with PMFs.

is, the Sachs-Wolfe (SW), Doppler, and early integrated Sachs-Wolfe (EISW) con-
tributions are quite affected by the magnetic field. This fact can be noticed in
Figure 5b, where we plot the features of PMFs (pg/p, = 0.0041) for several con-
tributions of the CMB spectrum. Since the late integrated Sachs-Wolfe (LISW)
comes from interactions of the photons after last scattering, PMFs do not play a
sizable role in this contribution. On the other hand, the EISW signal is shifted to
small I's because modes related to y, ¢ entered to sub-horizon scales earlier than if
they had done without PMFs. This boost is also seen in the SW where the acoustic
peak positions are shifted to larger scales. For [ > 100, odd Doppler peaks are
enhanced with respect to the ratio of baryon and radiation content [60]; hence,
PMFs produce suppression in the amplitude for odd peaks, while the even ones
remain unaltered. These features are illustrated in Figure 5b.

In Figure 6 we show the bidimensional and triangle plots of the MCMC with one
magnetic parameter and some of the ACDM model. We derived the constraints on
the spectral index of PMF: B = InG, kp = 100 Mpcfl, and —3<#np <0 at 95%
confidence level. Therefore, cosmological datasets (BAO data 2015 and with Planck
simulated data 2013) strongly favor invariant scale fields driven by inflationary
scenarios. In order to derive the constraints with current data on this kind of PMFs,
we performed a MCMC analysis using the Monte Python code [61].

5. Magnetic contribution to CMB anisotropies

Since PMFs affect the evolution of cosmological perturbations, these fields
might leave significant signals on the CMB. Basically, PMFs add three contributions
to the temperature and polarization of the CMB spectra, such as the scalar, vector,
and tensor, which have been deeply studied [4, 56, 62, 63]. For the scalar
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contribution, the shape of the temperature anisotropy (TT mode) presents an
increase on large scales, and it also shifts the acoustic peaks via fast magnetosonic
waves; nevertheless the main effect of the scalar mode lies on large multipolar
numbers, since the primary CMB is significantly suppressed by the Silk damping in
these scales [4, 5]. Next, the vector contribution leaves an indistinguishable signal,
because in standard cosmology, vector contributions decay with time and do not
affect the CMB anisotropies considerably [4]. Further, vector mode peaks where
primary CMB is suppressed by Silk damping and so dominates over the scalar ones
in small scales [64]. Vector modes are also very interesting in the polarization
spectra; in particular, they induce B modes with amplitudes slightly larger than any
other contribution, allowing us to constrain better PMFs in the next CMB polariza-
tion experiments [52].

Finally, tensor modes induce gravitational wave perturbations that lead to
CMB temperature and polarization anisotropies on large angular scales, and the
passive tensor modes (produced by the presence of PMFs before neutrino
decoupling) generate the most significant magnetic contributions, so those
modes become relevant to study the nature of PMFs [48, 65, 66]. Moreover, if
helical PMFs are presented before recombination, they affect drastically the
parity-odd CMB cross correlations implying a strong feature of parity violation
in the early Universe [50]. Using the total angular momentum formalism intro-
duced by [67], the angular power spectrum of the CMB temperature anisotropy
is given as

2 dk 2 m )% m
@+ 06 =2 T R o, b)Y (0, ), (34)

m=—2

wherem = 0, + 1, & 2 are the scalar, vector, and tensor perturbation modes and

X = {®,E,B}. Here @;m)(ro,k) are the temperature fluctuation %= multipolar
moments, and B, E represent the polarization of electric and magnetic type, respec-
tively. In large scales, one can neglect the contribution on CMB temperature
anisotropies by ISW effect in the presence of a PMF [4]. Therefore, considering just
the fluctuation via PMF perturbation, the temperature anisotropy multipole
moment for m = 0 becomes [4]

I.-ﬂngi].JI CL“'.::

Figure 7.

Plot of the CMB temperature power spectrum induced by scalar magnetic perturbations, where the lines with
filled circles ave for n = 2 and the other ones for n = 5/2. Here, the solid lines vefer to B, = 10 nG, large
dashed lines for B, = 8 nG, small dashed lines refer to By = 5 nG, and dotted lines for B, = 1 nG.

Figure taken from [41].
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0" (r0.k) _ —81G
2+1 3k%a2,,

(70, k)j;(k7o), (35)

where a,,, is the value of scalar factor at decoupling, G is the gravitational con-
stant, and j, is the spherical Bessel function. Substituting the last expression in (34)
with X = ©, the CMB temperature anisotropy angular power spectrum is given by

2 oo 2
2 ~00(S) _3 8xG J lpp(70,k)|" 5 2
I’'C, == (3”‘2“) . 2 ji (kto)l"dk. (36)

Here, for our case, we should integrate only up to 2kp since it is the range
where energy density power spectrum is not zero. The result of the angular
power spectrum induced by scalar magnetic perturbations given by (36) is
shown in Figure 7. There, we plot the log/*C?® in order to compare our results
with those found by [4]. We calculate the angular power spectrum of CMB in

7 \34,
(scalar mode) with PMFs is that the distortion is proportional to strength of
PMF and decreases with the spectral index and we must expect its greatest
contribution at low multipoles.

2
units of 2 (%) . One of the important features of the CMB power spectrum

5.1 Infrared cutoff in the CMB spectra

Studying the effect of this lower cutoff of CMB spectra, we can constrain
PMF generation models. Figure 8 shows the effects of PMFs on the scalar mode
of CMB spectra. Here we did a comparison between the Cls with a null cutoff
with respect to Cls generated by values of cutoff different from zero. The
horizontal solid line shows the comparison with k&, = 0, k,, = 0.001kp, and
k,, = 0.1kp; no difference in effectiveness was found between these values. The
dashed lines report a significant difference of the Cls for values of k,, = 0.3kp,
km = 0.7kp, and k,, = 0.9kp. It is appropriate to remark that power spectrum of
causal fields is a smooth function in the k-space without any sharp cutoff
coming from the original mechanism; now, given the parametrization
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Figure 8.
Comparison between the CMB temperature power spectrum induced by scalar PMF at k,, = 0.001kp lower
cutoff, with respect to the other ones with different values of infrared cutoff. Here, the solid horizontal line is
for ky, = 0.1kp; small and large dashed lines refer to k,, = 0.3kp and k,, = 0.4kp, respectively. Figure taken
from [41].
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introduced here, we notice from Figure 7 in [41] that for a very small, the
calculations agree with previous work. It can be thought as contribution of the
super horizon modes is negligible, and one would expect that scales as ~k*, for
instance. Also, one of the characteristics of this dependence is the existence of a
peak; indeed, for large values of a, the peak moves to left as we see, for
instance, with @ = 0.4 where the peak is in / ~380 while for a = 0.9 the peak is
shifted to [ ~200.

6. Conclusions

In this chapter, we worked on the assumption that in the early Universe, a weak
magnetic field was created. This PMF is parametrized by its strength B; and smooth-
ing length 1, and in accordance with the generation process, it also depends on kp, k&,
and the spectral index ng. Now, if this seed is indeed presented during recombination,
it prints a signal in the pattern on CMB spectra, signal that depends on the afore-
mentioned variables. Here we have computed the power spectrum in the CMB
radiation sourced by this primordial field, and we observed how the shape of this
spectrum changes given different values of the magnetic parameters. This means
that, by constraining the value of these magnetic parameters via CMB observations,
we can have some clue about the mechanism which produced this field. We have also
studied the magnetic field at the background level and a first order at the perturba-
tion theory. In the first case, we observed how the presence of PMFs can enhance the
speed of sound of the plasma and the time of matter-radiation density equality,
producing an increase in the amplitude of the acoustic peaks and shift them to small
multipolar numbers. Other important effect of PMFs at the background level is the
faster decay of the gravitational potentials when they enter to the sound horizon; this
effect could be seen in the subsequent formation of the large-scale structure. Sec-
ondly, at first order in the perturbation theory, the scalar mode in the magnetic field
produces an increase in the Sachs-Wolfe, although the effect could not be seen
observationally due to small effect compared with the primary signal. We also found
how the value of the parameters related to B and #, changes the shape of the power
spectrum, and by increasing k,, the peaks related to the ratio between with and
without IR cutoff are shifted to large angles. Moreover, in scenarios like inflation, the
effect of infrared cutoff might not be ignored (for a deeper discussion see [39]); thus,
the feature of this signal will be useful for constraining PMF inflation generation
models. In fact, this k,, is important for studying the evolution of density perturba-
tions and peculiar velocities due to primordial magnetic fields and effects on BBN
[37, 68, 69]. Additionally, the power spectrum generated by magnetic fields is blue
for ng > 0 and red for ng < 0, which means that for causal fields (n5 > 2), the signal
printed in the CMB spectrum is weak, while for noncausal fields (n5 < 2), the signal is
more strong, being (np ~ —3) the maximal value for the field corresponding to a scale
invariant spectrum. Therefore, cosmological data are more favorable to noncausal
PMFs (ng ~—2.37) as we can see in the Figure 6. In conclusion, the study of PMFs
and their effects on different cosmological datasets, mainly in CMB, will provide new
insight into the physics at the early Universe and could explain the actual origin of the
cosmic magnetic fields.
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Chapter 5

Cosmological Solutions to
Polynomial Affine Gravity in the
Torsion-Free Sector

Oscar Castillo-Felisola, José Perdiguero and Oscar Orellana

Abstract

We find possible cosmological models of the polynomial affine gravity described
by connections that are either compatible or not with a metric. When possible, we
compare them with those of general relativity. We show that the set of cosmological
vacuum solutions in general relativity are a subset of the solutions of polynomial
affine gravity. In our model, the cosmological constant appears as an integration
constant, and, additionally, we show that some forms of matter can be emulated by
the affine structure—even in the metric compatible case. In the case of connections
not compatible with a metric, we obtain formal families of solutions, which should
be constrained by physical arguments. We show that for a certain parametrisation
of the connection, the affine Ricci-flat condition yields the cosmological field equa-
tions of general relativity coupled with a perfect fluid, pointing towards a geomet-
rical emulation of—what is interpreted in general relativity as—matter effects.

Keywords: affine gravity, exact solutions, cosmological models

1. Introduction

All of the fundamental physics is described by four interactions: electromagnetic,
weak, strong and gravitational. The former three are bundled into what is known
as standard model of particle physics, which explains very accurately the physics at
very short scales. These three interactions share common grounds, for example,
they are modelled by connections with values in a Lie algebra, they have been
successfully quantised and renormalised, and the simplest of them—quantum
electrodynamics—gives the most accurate results when compared with the
experiments.

On the other hand, the model that explains gravitational interaction (general
relativity) is a field theory for the metric, which can be thought as a potential for the
gravitational connection [1, 2]. Although general relativity is the most successful
theory, we have to explain gravity [3-5], it cannot be formulated as a gauge theory
(in four dimensions), the standard quantisation methods lead to inconsistencies,
and it is non-renormalisable, driving the community to believe it is an effective
theory of a yet unknown fundamental one. Within the framework of cosmology,
when one wants to conciliate both standard models," it was noticed that nearly 95%

! Besides the standard model of particles, there is a standard model of cosmology.
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of the Universe does not fit into the picture. Therefore, a (huge) piece of the puzzle
is missing called the dark sector of the Universe, composed of dark matter and dark
energy. In order to solve this problem, one needs to add new physics, by either
including extra particles (say inspired in beyond standard model physics) or
changing the gravitational sector. The latter has inspired plenty of generalisations of
general relativity.

Although it cannot be said that the mentioned troubles are due to the fact that
the model is described by the metric, given that the physical quantity associated
with the gravitational interaction—the curvature—is defined for a connection, it is
worth to ask ourselves whether a more fundamental model of gravitational interac-
tions can be built up using the affine connection as the mediator.

The first affine model of gravity was proposed by Eddington in Ref. [6], where
the action was defined by the square root of the determinant of the Ricci tensor:

S:/\/det(Ric), (1)

but in Schrédinger’s words [7]:

For all that I know, no special solution has yet been found which suggests an
application to anything that might intevest us...

However, Eddington’s idea serves as a starting point to new proposals [8, 9].

In a series of seminal papers [10-13], Cartan presented a definition of curvature
for spaces with torsion and its relevance for general relativity. It is worth mention-
ing that in pure gravity—described by the Einstein-Hilbert-like action, Cartan’s
generalisation of gravity yields the condition of vanishing torsion as an equation of
motion. Therefore, it was not seriously considered as a generalisation of general
relativity, until the inclusion of gravitating fermionic matter [14].

Inspired by Cartan’s idea of considering an affine connection into modelling of
gravity, a new interesting proposal has been considered. Among the interesting
generalisations, we mention a couple: (i) the well-known metric-affine models of
gravity [15], in which the metric and connection are not only considered as inde-
pendent, but the conditions of metricity and vanishing torsion are in general
dropped and (ii) the Lovelock-Cartan gravity [16], includes extra terms in the
action compatible with the precepts of general relativity, whose variation yields
field equations that are second-order differential equations. Nonetheless, the metric
plays a very important role in these models.

Modern attempts to describe gravity as a theory for the affine connection have
been proposed in Refs. [17-25], and the cosmological implications in an Eddington-
inspired affine model were studied in Refs. [26-29].

The recently proposed polynomial affine gravity [24] separates the two roles of
the metric field, as in a Palatini formulation of gravity, but does not allow it to
participate in the mediation of the interaction, by its exclusion from the action. It
turns out that the absence of the metric in the action results in a robust structure
that—without the addition of other fields—does not accept deformations. That
robustness can be useful if one would like to quantise the theory, because all
possible counter-terms should have the form of terms already present in the action.

In this chapter, we focus in finding cosmological solutions in the context of
polynomial affine gravity, restricted to torsion-free sector of equi-affine connec-
tions, which yields a simple set of field equations generalising those obtained in
standard general relativity [25]. This chapter is divided into four sections: In Section
2, we review briefly the polynomial affine model of gravity. In Section 3, we use the
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Levi-Civita connection for a Friedman-Robertson-Walker metric, to solve the field
equations—obtained in the torsion-free sector—of polynomial affine gravity. Then,
in Section 4, we solve for, the case of (affine) Ricci-flat manifold, the field equa-
tions for the affine connection. Some remarks and conclusions are presented in
Section 5. For completeness, in Appendix A, we include a short exposition of the Lie
derivative applied to the connection and show the Killing vectors compatible with
the cosmological principle.

2. Polynomial affine gravity

In the standard theory of gravity, general relativity, the fundamental field is the
metric, Eur of the space-time [1, 2]. Nevertheless, the metric has a twofold role in this
gravitational model: it measures distances and also defines the notion of parallelism,
that is, settles the connection. Palatini, in Ref. [30], considered a somehow separation
of these roles, but at the end of the day, the metric was still the sole field of the model.
It was understood soon after that the connection, I'# ,;, does not need to be related with
the metric field [10-13, 31], and, therefore, the curvature could be blind to the metric.

In this section, we briefly expose the model proposed in Refs. [24, 25], which is
inspired in the aforementioned role separation. The metric is left out the mediation
of gravitational interactions by taking it out the action.

The action of the polynomial affine gravity is built up from an affine connection,

" 5, which accepts a decomposition on irreducible components as
[ 6 = T o) + 1) = TV o+ g T4 + A8, )

where I, = g (po) is symmetric in the lower indices, A, is a vector field
corresponding to the trace of torsion, and T*** is a Curtright field [32], which
satisfy the properties T**" = —T*" and ¢, T*** = 0. The metric field, which
might or might not exist, cannot be used for contracting nor lowering or raising
indices. The; relation between the epsilons with lower and upper indices is given by
MK e = 415°,5",6" 8.

The most general action preserving diffeomorphism invariance, written in terms
of the fields in Eq. (2), is

S[T, T, A] = / d*x [Bl R/, T TP 1,5+ By R#b”/)T/’> L TIPS B3R,/ T""" A, + B4R,  T"" A,

+BsR,” T*"As + C1R,,! V5T + CoRy’ VT + Dy T M TP 7V, T €€ gpon

+ Dy T TP T € 5€ups + D3 T P TN, T € 4 5€,p0 + D T TN (1A €po
+DsT*#N ;T Ag€upe + De T ANV A,y + D7 TP A,V A,

+E1V(, TN o T ™ ey + Ey VTV ) A, + TP TS T TP (Fy €€ pun €500

+ F2 €/M;1K€ypyv€a§6‘r) + F3 T a/iTy, W/T}" MArea/iyleywn + F4 ™ a/}TK’ yEAr]Axea/)’;/&} >
(3)

where terms related through partial integration and topological invariant have been
dropped.” One can prove via a dimensional analysis, the uniqueness of the above
action (see Ref. [25]).

The action in Eq. (3) shows up very interesting features: (i) it is power-counting
renormalisable;? (ii) all coupling constants are dimensionless which hints the

% An example of four-dimensional topological term is the Euler density.

3 Power-counting renormalisability does not guarantee renormalisability.
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conformal invariance of the model [33]; (iii) yields no three-point graviton vertices,
which might allow to overcome the #0-go theorems found in Refs. [34, 35]; (iv) its
non-relativistic geodesic deviation agrees with that produced by a Keplerian poten-
tial [24]; and (v) the effective equations of motion in the torsion-free limit are a
generalisation of Einstein’s equations [25]. In the remaining of this section, we will
sketch how to find the relativistic limit of this model, when the torsion vanishes.

First, notice that the vanishing torsion condition is equivalent to setting both
T*" and A, equal to zero. Although this limit is not well defined at the action level,
it is well defined at the level of equation of motion.* In order to simplify the task of
finding the equations of motion to take the limit, we restrict ourselves to the terms
in the action which are linear in either T** or A, since these are the only terms
which, after the extremisation, will survive the torsion-free limit. Therefore, after
the described considerations, the effective torsion-free action is

Sefr = /d4x (ClR/l/l,vp + CzRW,AAVD)TD’”p. (4)

The nontrivial equations of motion for this action are those for the Curtright
field, T##*:

ViR, +«V.R,,", =0, )

where « is a constant related with the original couplings of the model.

In the Riemannian formulation of differential geometry, since the curvature
tensor is antisymmetric in the last couple of indices, the second term in Eq. (5)
vanishes identically. However, for non-Riemannian connections, such term still
vanishes if the connection is compatible with a volume form. These connections are
known as equi-affine connections [36, 37]. In addition, the Ricci tensor for equi-
affine connections is symmetric. For these connections, the gravitational equations
are simply

VR = 0. (6)

Eq. (6) is a generalisation of the parallel Ricci curvature condition, V,R,, = 0,
which is a known extension of Einstein’s equations [38, 39]. Moreover, these field
equations are also obtained as part of a A la Palatini approach to a Yang-Mills
formulation of gravity, known as the Stephenson-Kilmister-Yang (or SKY) model,
proposed in Refs. [40-42]. Such Yang-Mills-like gravity is described by the action

Ssky = / d4x\/ggﬂyg01RﬂﬂijM’pb 7)
which can be written using the curvature two-form as
Siky = / Tr(R*R) = / (R{*RE). (8)
Although the field equations of the connection obtained from Eq. (7) are the

harmonic curvature condition [43],

* The field equations can be consistently truncated under the requirement of vanishing torsion. It is
worth noticing that this condition does not yield the Riemannian theory, since we are not yet asking for a

metricity condition.
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ViR.' =0, 9)

p

these are equivalent to Eq. (6) through the second Bianchi identity [39, 44].

The Stephenson-Kilmister-Yang model is a field theory for the metric—not for
the connection, and thus there is an extra field equation for the metric. The field
equation for the metric is very restrictive, and it does not accept Schwarzschild-like
solutions [45]. However, in the polynomial affine gravity, since the metric does not
participate in the mediation of gravitational interaction, that problem is solved
trivially. Meanwhile, the physical field associated with the gravitational interaction
is the connection. This difference makes a huge distinction in the phenomenological
interpretation of these models.

In the following sections, we shall present solutions to the field Egs. (6), in the
cases where the connection is metric or not. To this end, in Appendix A we show
how to propose an ansatz compatible with the desired symmetries. Moreover,

Eq. (6) can be solved in three ways, yielding to a sub-classification of the solutions:
(i) Ricci flat solutions, R,, = 0; (ii) parallel Ricci solutions, V,R,, = 0; and (iii)
harmonic Riemann solutions, VXR},,/ )= 0.

3. Cosmological metric solutions

The conditions of isotropy and homogeneity are very stringent, when imposed
on a symmetric rank-two tensor, and the possible ansatz is just the Friedmann-
Robertson-Walker metric:

2= Goo(t)dt ® dt + G (2) (ﬁ dr @ dr + *d0 ® d0 + +? sin (0)*d¢ ® d¢> . (10)

In the remaining of this section, we shall use the standard parametrisation of a
Friedmann-Robertson-Walker metric, that is

1

— k1

g=—dt@dt +a(t) (1 dr @ dr + *d0 ® d0 + * sin (0)*d¢ ® d¢> . (11

The nonvanishing components of the Levi-Civita connection for the metric in
Eq. (11) are

re — _l% I, =raa r',, =r’asin?(0)d
2
. a . a . kr
Ftr:; Frt:; Frr:_m
[, =kr -7 rr, = (k7 —r)sin?(0) T, :Z
1 a 1
1"979:; F%tzg Fgr:; (12)
) a 1
ngﬁd): — cos (0) sin (0) F‘fd,:{; quqb—;
cos () a 1
1—*¢ — 1"¢ — I“‘/’ — —
9¢ " sin (0) " a iy
p# _ cos (@)
?9 " sin (0)
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3.1 ... with vanishing Ricci

This particular case is a metric model of gravity, whose field equations are
vanishing Ricci. It is expected to obtain the cosmological vacuum solution of general
relativity (without cosmological constant), that is, Minkowski space-time.

From the connection in Eq. (12), it is straightforward to calculate the Ricci
tensor, and the field equations are then

Ri=-20, Ri=f(rO)@+ai+2) =0,  (13)

-1

where the functions f; aref, = (1 —xr?) ", f, = r* and f,, = r*sin*(6).

The solutions to Eq. (13) are shown in Table 1 and (as expected) are two
parametrisations of Minkowski space-time (see, for example, Ref. [46]).

3.2 ... with parallel Ricci

Secondly, we shall analyse the possible solutions to the parallel Ricci equations:
ViR, = 0. (14)
Notice that in the case of Riemannian geometry, there is a natural parallel

0
symmetric (2 ) -type tensor, that is, the metric. Therefore, a simple solution to

Eq. (14) is that the Ricci is proportional to the metric—the space—time is an Einstein
manifold, and the proportionality factor is related with the cosmological constant.
The independent components of Eq. (14) for the ansdtze in Eq. (11) are

Vtht ~dd —aa = 0, (15)
ViR~ (d* — ad + «)d = 0. (16)

Additionally, Eq. (15) can be rewritten as

d (i .
E(E)_O = 4+Ca=0. (17)

According to the value of the integration constant C, we parametrise it as

w* forC>0
C={w=0 forC=0
v forC<0

Using Eq. (17) to eliminate the 4 dependence from Eq. (16) yields

i’ +Ca’ +x=0. (18)

Scale factor for the metric vanishing Ricci case

k=-1 k=0 k=1
V2t +B BeR" A
Table 1.

Scale factor solving the vanishing Ricci condition, for a cosmological metric connection.
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The solutions to Eq. (17) are presented in Table 2, and they are known from
general relativity (see, for example, Ref. [46]). Interestingly, our integration con-
stant, C, could be identified as C = — £ from the vacuum Friedmann’s equations.
However, our equations are compatible with Friedmann’s equations, interacting
with a vacuum energy perfect fluid, if the integration constant is identified with

- 471'GN

o+ 3p) 5. (19)

3

C

3.3 ... with harmonic Riemann

Now that we showed that the solutions of the parallel Ricci equations are equiv-
alent to those of general relativity, we turn our attention to Eq. (6). For the metric
ansatz in Eq. (11), interestingly, only an independent equation is obtained:

24 — add — a’i + 2xa 0

a

that should determine the scale factor. It can be rewritten as

d (i a* «
——(Z+Z=+=) =0, 20
dt<a+a2+a2> (20)
that is,
da da*>
—+—5+5=-C. (21)
a a’> a

After a change of variable, f = a?, Eq. (21) becomes

f +2Cf +2 =0, (22)
whose solutions are
—xt>* +At+B C=0
fit) = A sin (wt) 4+ B cos (wt) — % 2C=w?*>0 (23)

2
A sinh (wt) + B cosh (wt) + —’; 2C=-w?<0
w

Therefore, the scale factors are those presented in Table 3. Notice, however,
that in this case we are not separating the cases according to the value of «, but the

Scale factor for the metric parallel Ricci case

k=-1 k=0 k=1
C=—-?<0 + sin;l(’m[) A exp (i wt) + cos;'nufrut)
C=0=0 +t+B Bet A
C=aw?>0 sin (wt+¢) a ﬁ
2]
Table 2.

Scale factor solving the parallel Ricci condition, for a cosmological metric connection.
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Scale factor for the metric harmonic curvature case

k=-1,0,1
2
C=-0"<0 \/A sinh (ot) + Bcosh (wt) + 2
C=0=0 V—xt? + At + B
C= 0)2 >0 sin (wt+¢)
Table 3

Scale factor solving the harmonic curvature condition, for a cosmological metric connection.

existence of a solution for a given « is determined by the domain of time and also by
the values of the integration constants A and B.

4. Cosmological nonmetric solutions

In order to solve the set of coupled, non-linear, partial differential equations for
the connection, one proceeds—ijust as in general relativity—by giving an ansatz
compatible with the symmetries of the problem. Using the Lie derivative, we have
found the most general torsion-free connection compatible with the cosmological
principle [47].° The nonvanishing components of the connection are

2()
I, =f) r, = 1— 2 [y = 1g(t)
I, =7¢(t)sin*(0) T, =h() " =ht)
r, = 1 K:,,z [y =xr’—7r I, = (k —7)sin?(9)
I = h(o) = r%, = h() o0
1
r%,:; r%,=—cos(0)sin(6) T4 =h()
1 cos (0)
¢ _1 ¢ _ 6 _
P = r oy sin () ' =h(t)
1 cos ()
9 _1 ¢ _
P = r Nz sin (0)

with f, ¢ and % the unknown functions of time to be determined. The Levi-Civita
connection compatible with the Friedman-Robertson-Walker metric is obtained

from Eq. (24) by settingf = 0, g = a4 and h = 4—compare with Eq. (12).
The Ricci tensor calculated for the connection in Eq. (24) has only two indepen-
dent components:

oh
o~ %
R,,_ﬁg+gh+2x+at. (26)

> See Appendix A for a brief comment about the Lie derivative of a connection.
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We now proceed to find solutions to Eq. (6). As in the previous section, we
present the three possibilities of solutions, but we will restrict ourselves to finding
solutions to the (affine) Ricci-flat case.

4.1 ... with vanishing Ricci

The first kind of solutions can be found by solving the system of equations
determined by vanishing Ricci. However, this strategy requires the fixing of one of
the unknown functions. The equations to solve are written as

h—(f —h)h =0, (27)
g+ (f+hjg+2k=0. (28)

Noticing that in the above equations f is not a dynamical function, from
Eq. (27) we can solve % as a function of f:

Cy, —I—/dt exp (F)

where we have defined F = / dtf (t) and Cj, is an integration constant. Then,

Eq. (28) can be solved for g:
2(t) = exp (—X(t)) <cg iy < / dt exp (Z(t))> > (30)

where X(¢) = / dt (f(t) + h(t)) and C, is another integration constant.

A particular solution inspired in the components of the connection for
Friedmann-Robertson-Walker, in whose case f = 0, gives

1
Ct+ Gy

1

(Cg —x(t+ Ch)z): h(t) = PR

f) =0, g) (31)
which for C, = C, = 0 and k = —1 yields the expected solution from Table 1.°
However, in Eq. (30) there are Ricci-flat solutions which cannot be associated with
the sole existence of a metric, that is, non-Riemannian manifolds, as, for example,
solutions with x > 0.

There are special solutions that cannot be obtained from Egs. (29) and (30),
since they represent degenerated point in the moduli space.

Case f = h: In these particular subspaces on the moduli, the first equation is
linear, and therefore the solution above is not valid. However, the solutions to
Egs. (27) and (28) are given by

f=C h=G, g:Cgexp(—zct)—Cﬁh. (32)

Case /s = —f" In this case again, Eq. (27) decouples from Eq. (28), and there
solutions are given by

© The standard parametrisation of Minkowski space-time is achieved by the trivial solution of Eqgs. (27)
and (28),ie.f =g=h=x=0.
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1 1
= — h:
f 2t + Gy 2t +Cy,

g=Cy— 2t (33)

Case = 0 andf given: In this case, Eq. (28) becomes an identity, and g can still
be solved for a given function f as

2(t) = exp (—F(t)) <cg Y < / dt exp (F(t))> ) . (34)

Case g = 0 and f given: In this case, Eq. (28) requires x = 0, and % can still be
solved for a given function f as in Eq. (29).

At this point, we have shown that a space-time described by a Ricci flat, torsion-
free, equi-affine connection with the form presented in Eq. (24) reproduces the
cosmological Ricci-flat solutions to general relativity, presented in Table 1, and
there exist generalisations to these solutions which are not possibly obtained in the
Riemannian case. However, one can go even further and ask oneself whether the
affine Ricci-flat condition yields more—real life—useful solutions, such as those
solutions of general relativity presented in Table 2.

Therefore, we would like to obtain the Einstein equations from the affine Ricci-
flat equation, that is,

Aff _ prGR _
Ry =M.X =0, (35)
where
GR _ pGR 1
M, =R, —Ag,, —81G| T — > Tgw -
In the following, we are considering that the stress-energy tensor describes a
perfect fluid, that is,
2

T = diag<p 11iam,2 pa*r*  pa*r*sin 26) :

In general relativity, the Einstein equations in the form of Ricci, for the cosmo-
logical ansatz, yield

MSR~34 — Aa + 4nGa(p +3p),  MSR~ai +24% — Aa®> — 4nGa*(p — p) +2x, (36)

Now, comparing Eq. (36) with Egs. (27) and (28), a parametrisation for f, g and
h can be found such that once one computes the Ricci tensor for the affine connec-
tion, the compatibility in Eq. (35) is satisfied. The parametrisation is given by

h=ad+x, f=x g=ad+y, (37)

where the functions x and y satisfy the equations

% +xd — F = 0, (38)
}}+)}F2—F3:0, (39)
with
Fl=§mﬂGBp+p)—A)_wﬁ, Fy=d+2x,  F3=a*(4aG(p —p) — A) — 2adx — a(d)> + (a)™

(40)

Egs. (38) and (39) can be formally integrated in terms of functions a4, p and p,
yielding
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x=e" (Cx + /thle“), (41)
y = e fthz (Cy + /th3€fth2>. (42)

Therefore, a subspace of the possible solutions of the affine Ricci-flat geometries
describes the cosmological scenarios from general relativity coupled with perfect
fluids. However, the explicit expressions for Egs. (41) and (42) for obtaining
specific solutions to Friedmann-Lemaitre-Robertson-Walker models are very
complicated.

4.2 ... with parallel Ricci

The second class of solutions can be found by solving the parallel Ricci equation,
V,R,, = 0, which yield three independent field equations:

ViRy=h — (3f — 20k — hf + 2fh(f — h), (43)
ViR = ViRi ~3gh — hg — 26h(2f — h) — 2xh, (44)
ViRi=g +g(f +h) + (f —h)g — ghlf +h) — 4ch. (45)

However, the system of equations is complicated enough to avoid an analytic
solution.

Despite the complication, we can try a couple of assumptions that simplify the
system of equations, for example, if one considers the parametrisation inspired in
the Friedmann-Robertson-Walker results, that is, setting f = 0, and can solve &
from Eq. (43), which is a total derivative in this particular case. Nonetheless,
despite the value of the first integration constant, the system of equations imposes
that both k and g vanish.

4.3 ... with harmonic curvature

Finally, the third class of solutions are those of Eq. (6). The set of equations
degenerate and yield a single independent field equation:

ViR i~ +gf +fg — 2gh + 2h(f — 2h) — 2h (46)

Therefore, we need to set two out of the three unknown functions to be able to
solve for the connection.

5. Conclusions and remarks

In this chapter, we have shortly reviewed the recently proposed model of poly-
nomial affine gravity, which is an alternative model for gravitational interactions
described solely by the connection, that is, the metric does not play any role in the
mediation of the interaction. Among the features of the model, one encounters that
despite the numerous possible terms in the action (see Eq. (3)), the absence of a
metric tensor gives a sort of rigidity to the action, in the sense that only a very
restricted set of terms can be added. Such rigidity suggests that if one attempts to
quantise the model, it could be renormalisable. Additionally, all of the coupling
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constants, in the pure gravity regime, are dimensionless, pointing to a possible
conformal invariance of the (pure) gravitational interaction.”

Restricting ourselves to equi-affine, torsion-free connections, the field equations
are a generalisation of those from general relativity (Eq. (6)). We solved the field
equations for an isotropic and homogeneous connection, either compatible with a
metric or not. These solutions are classified under three conditions: Ricci flat,
parallel Ricci and harmonic curvature.

When the affine connection is the Levi-Civita connection for a Friedman-
Robertson-Walker metric, we show that the sole solution for a Ricci-flat space-time
is described by the connection of Minkowski’s space (see Table 1). In the parallel
Ricci case, we show that—as intuitively expected—one recovers the vacuum cos-
mological models from general relativity (see Table 2), where the cosmological
constant enters as an integration constant, but such constant could be interpreted as
(partially) coming from the stress-energy tensor of a vacuum energy perfect fluid,
as mentioned—in the context of general relativity—in Ref. [48]. Finally, the (for-
mal) solutions to the harmonic curvature are presented in Table 3, but yet some
work remains to be done to extract the phenomenology from these solutions.

In the case of the cosmological affine connection, we found that the Ricci-flat
condition yields only two independent equations, which are not enough to find the
three unknown functions that parametrise the homogeneous and isotropic connec-
tion. Nonetheless, since f is not a dynamical function, it serves as a parametric
function to solve the remaining two, that is, g and /. Interestingly, the three func-
tions can be chosen in a way that Ricci-flat condition for the affine connection
yields the Friedmann-Lemafitre equations from general relativity coupled with a
perfect fluid. In this sense, the pure polynomial affine gravity supersizes general
relativity, since geometrically it can mimic effects that are usually interpreted as
matter effects. However, among the possible solutions for the Ricci-flat condition,
there are countless (yet) nonphysical solutions, and what is more, there is nothing
that favours the specific choice in Eq. (37) over others. Such landscape drives us to
think that another type of condition should be used to restrict even further the
possible solutions for the affine connection.

The conditions of affine parallel Ricci could be the cornerstone in solving the
aforementioned degeneracy, since these conditions raise three independent equa-
tions that would serve to determine the three unknown functions. However, at the
moment we have not yet achieved any interesting result in pursuing this goal.

On the other hand, the harmonic curvature condition yields a sole (independent)
field equation, and therefore the solutions are even more degenerated than those
from the Ricci-flat condition, leaving even more space for nonphysical solutions.

Our research has stressed the importance of considering the connection as the
mediator of the gravitational interactions. We have confirmed that in the framework
of polynomial affine gravity, the cosmological solutions described by a connection
compatible with a Friedmann-Robertson-Walker metric are compatible with those
of general relativity, with the possible exception of the case of harmonic curvature.
The impact of our contribution lies in the fact that for a generic affine connection,
even the simplest condition—Ricci flatness—allows solutions which are (dynami-
cally) equivalent to the system of Friedmann-Lamaitre-Robertson-Walker for a per-
fect fluid (in general relativity), despite the absence of matter in the affine model.

We would like to finish our discussion highlighting that the geometric emulation
of matter content can serve as a starting point to a change of paradigm related with
the interpretation of the matter content of the Universe, in particular the dark

7 At least at classical level.
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sector. We think that our findings might be useful for providing a gravitational
origin interpretation of the dark matter and/or energy, driven by the inclusion of
extra degrees of freedom coming from the nonmetricity of the connection. Further
studies, which take the observations reported in Refs. [49, 50] into account, will
need to be performed, to be able of discern between the possibilities of, for exam-
ple, dark matter that has been originated as a gravitational versus matter effect.
Similar analysis should be carried with the dark energy [51, 52].
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A. Lie derivative and killing vectors

The usual procedure for solving Einstein’s equation is to propose an ansatz for
the metric. That ansatz must be compatible with the symmetries we would like to
respect in the problem. A first application is seen in Schwarzschild’s metric [60],
which is the most general symmetric rank-two tensor compatible with the rotation
group in three dimensions, an thus is spherically symmetric.

The formal study of the symmetries of the fields is accomplished via the Lie
derivative (for reviews, see Refs. [61-64]). Below, we briefly explain the use of the
Lie derivative for obtaining ansatzes for either the metric or the connection.

The Lie derivative of a connection possesses an inhomogeneous part, in com-
parison with the one of a rank-three tensor. This can be written schematically as

aZgﬂ
I"d — a
Ef be ‘CfT be + axbaxc’
or explicitly
3 a m m dzgﬂ
‘Cirdbc = fmamrabc =TI bcamé +Famcab§ +Fabmac§ + b > (47)
0x” 0x°¢

where £ is the vector defining the symmetry flow.

In particular, for cosmological applications, one asks for isotropy and homogene-
ity, which in four dimensions restricts the isometry group to either SO(4), SO(3,1)
or ISO(3). The algebra of these groups can be obtained from the algebra so(4)
through a 3 + 1 decomposition, i.e. Jog = {J 3> /.« }> Where the extra dimension has
been denoted by an asterisk. In terms of these new generators, the algebra reads

[]ab: ]cd] = b ad — Sactpa + Oadlbe — Sbd ac>
[]ab’]c*] = 6b£]a>k - 5ﬂC]h*J (48)
[]u*’]c*] =~ ae
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with®
1 SO(4)
k=<0 ISO(3) . (49)
-1 SO0(3,1)

The six Killing vectors of these algebras, expressed in spherical coordinates, are,

Ji=J3=(0 0 —cos(p) cot(9)sin(e)),
Jo=Jn=(0 0 sin(p) cos(e)cot(d)),
J3=Jn=(0 0 0 1)

Py =], =V1—xr? ( 0 cos(g)sin (6) cos (¢) cos (9) sin (¢) ), (50)

7 ~ tsin (0)

Py =] =vV1—x (0 sin (¢)sin (0) <2 (0)sin (¢) cos(p) )

r ¢sin ()

P3=]3*=V1—K1’2(0 cos (6) _sin@®) 0>.

r

Using Eq. (47), for the above Killing vectors, the most general connection
compatible with the desired symmetries can be obtained [47], giving the compo-
nents structure shown in Eq. (24).
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Chapter 6

Cosmological Constant and
Particle Masses in Conformal
Quantum Gravity

Ho-Ming Mok

Abstract

It has been proposed that the equivalence principle of quantum gravity should
be introduced as a fundamental symmetry in quantum gravity to reconcile quantum
mechanics and general relativity. Such symmetry extends the equivalence principle
of general relativity to the observer frames of reference which are in quantum
mechanical motions. That means the quantum state of a particle is relative to the
observer frame which can also be itself in a quantum mechanical state. As a conse-
quence, all the physical laws apply not just to the frames of reference in any kind of
motion as in the general relativity but also the same in the reference frames in
quantum mechanical motions as well. The classical space-time concept therefore
requires to be significantly modified. Because of such principle, the quantum grav-
ity should be formulated in the quantum space-time-matter space with local con-
formal symmetry. In this book chapter, we explore the formulation of the quantum
space-time-matter geometry with local conformal symmetry for discussing the
relationship between the cosmological constant and quantum gravity as well as the
mass spectrum of fundamental particles. The mathematical expressions of the fun-
damental particle masses and cosmological constant are discussed.

Keywords: cosmological constant, equivalence principle of quantum gravity, Higgs
condensate, quantum space-time-matter geometry, local conformal symmetry

1. Introduction

The cosmological constant would be fundamentally related to the quantum
nature of space-time. The author has proposed that the cosmological constant prob-
lem could be resolved by making the hypothesis that the space-time itself behaves as
the phase of Higgs condensate (or say space-time condensate) and is discrete in
nature. The estimated value of cosmological constant is in excellent agreement with
the cosmological observations [1-4]. It has been further shown that the phase factor
associated with the particle field in the discrete space-time could generate the CP
violation in quark mixing system [5]. It is thus expected that the ultimate theory of
quantum gravity would explain the cosmological constant problem.

However, there are fundamental inconsistencies between the general relativity
and quantum mechanics in constructing a quantum theory of gravity. Actually,
some important elements that are present in one theory are missing in the other. In
the one hand, the general relativity does not involve the concepts of quantisation
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and probability as well as the uncertainty principle which are the important char-
acteristics of quantum mechanics. On the other hand, quantum mechanics is not
geometrical and there is no equivalence principle to make it independent with the
quantum state of the observer frame of reference like the classical reference frame
of general relativity. Such situation imposes fundamental difficulties in the unifica-
tion of both theories. In order to achieve a more symmetrical treatment to bridge
the gaps between both theories for their unification, it has been proposed that the
equivalence principle of quantum gravity should be introduced in quantum gravity
to reconcile the quantum mechanics and general relativity [6]. The equivalence
principle of quantum gravity is that the laws of physics must be of such a nature
that they apply to systems of reference in any kind of motion, both classical and
quantum mechanical. Such symmetry extends the equivalence principle of general
relativity to the observer frames of reference which are in quantum mechanical
motions. That means the quantum state of a particle is relative to the observer frame
of reference which can also be itself in a quantum mechanical state. As a conse-
quence, all the physical laws apply not just to the frames of reference in any kind of
classical motion as in general relativity but also the same in the reference frames in
quantum mechanical motions as well. The classical space-time concept therefore
requires to be modified significantly. Under such principle, the quantum gravity
should be formulated in the quantum space-time-matter space with local conformal
symmetry. The advantages of such treatment are that quantum mechanical motions
of observers are introduced to extend general relativity from the classical to quan-
tum mechanical domain. On the other hand, quantum mechanics can be made
geometrical and relative to the quantum state of observer without any preferred
frame. No preferred observer frame of reference is the essence of the principle of
relativity.

In this book chapter, we explore the formulation of the quantum space-time-
matter geometry with local conformal symmetry for discussing the relationship
between the cosmological constant and quantum gravity as well as its connection
with the Higgs condensate that would explain the nature of cosmological constant.
Furthermore, such formulation implies that the mass spectrum of fundamental
particles is related to the cosmological constant and the mathematical expressions of
the fundamental particle masses and cosmological constant are discussed.

2. Quantum space-time-matter geometry

According to the principle of relativity, the space and time are defined by the
coordinate system established respectively by the measuring-rods and synchronised
clocks (or the equivalent measurement devices) at rest relative to the observer,
which is known as the observer frame of reference, for the descriptions of physical
events. In the theory of relativity, the measuring-rods and clocks are in classical
motions and thus, within a specified measurement uncertainty, we can assume that
their measuring results correspond to the points in the four-dimensional space-time
coordinate system as space-time points. However, such classical concept of space-
time can only be an approximation as the measuring-rods and clocks themselves are
subject to quantum uncertainty and quantum mechanical motions, just the same as
the observed matter particles. That means the measuring results of the measuring-
rods and clocks should be probabilistic and subject to the uncertainty principle.
When the interested scale of length and time are in microscopic level and the
quantum uncertainties of the measuring-rods and clocks are large, we can imagine
that no admissible coordinate system in classical sense can be established by such
measuring-rods and clocks. On the other hand, if we require the quantum
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uncertainties of the measuring-rod and clock to be infinitely small, according to the
uncertainty principle, the momentum and energy involved in the measurements, or
say the observation or probing energy scale, should be infinitely large. However,
when the energy and momentum is sufficiently large, according to the general
relativity, a black hole with an event horizon comparable to the measuring scale will
form and it will make the interested physical events hidden behind the event
horizon and thus become inaccessible. That means it is not possible to achieve the
measurement of space-time points. Such situations reveal that the classical space-
time definition is obviously in trouble and modification to it is needed.

If we still adopt defining space-time by measuring-rods and clocks for describing
the physical events, the quantum mechanical motions of such measuring-rods and
clocks should be considered in the space-time definition. Therefore, the space-time
cannot simply be a 4-dimensional coordinate system with space-time points but
should be associated with the quantum states of measuring-rods and clocks specified
by their state parameters. As the measuring-rod and clock are used for measuring
the space and time, their quantum states should be characterised by the classical

space-time vector x; otherwise, they are not the suitable measuring devices for
performing the space-time measurements. Furthermore, because of the constraint
of measurement scale by the uncertainty principle as explained before, it is reason-
able to introduce the quantum uncertainties associated with the space-time mea-
surements as additional state parameters of the measuring-rod and clock. This
treatment has the advantage that it is similar to specifying errors or uncertainties for
experimental data but the major difference now is that the quantum uncertainty
introduced should be an intrinsic spacetime property, rather than instrumental
errors or uncertainties. This will lead to a very fundamental change on the spacetime
concept. In this connection, let us denote the quantum state of the measuring-rod
and clock, that is the quantum state of the spacetime by definition, as

’z,A §’> 1)

where x is the classical spacetime vector and Ax is the associated uncertainty. It
should be noted that the above notation represents the quantum states of spacetime
associated quantum uncertainties, which is the states of coordinate system
established by measuring-rods and clocks, rather than the particle states. As the
quantum uncertainties of the measuring-rod and clock depends upon their energy
scales, the modified definition of spacetime should therefore be observation energy
scale dependent.

In order to have a proper representation space for the quantum state of particle,
the spacetime state should satisfy the following relation

\z 45 z,Az> - \zg> +5\§,Az> )

The quantum state |a) of a particle can be projected to such quantum spacetime

state to become a wave function ¢(§, A§> as

¢(§,A§) - <§,A§ |(x> 3)

From the above expression, one may find that, although such expression of wave
function in terms of state kets is somehow similar to the usual expression in the
ordinary quantum mechanics, the major differences between them are that the
spacetime uncertainty should be specified in the quantum spacetime representation
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for the particle quantum state and the spacetime states are in general not a
spacetime point. Furthermore, in the ordinary quantum mechanics, the expression

x |a> represents the projection of the particle quantum state |a) to its position

eigenstate ’§> The position eigenstate is simply the particle position quantum state

as measured by the classical frame of reference. Whereas, the expression in Eq. (3)
extends such meaning to the measurement of the particle position quantum state by
an observer in quantum mechanical motion. The projection in the ordinary quan-
tum mechanics therefore becomes a special case of it. The above treatment intro-
duces quantisation and probability to the spacetime concept as required in the
actual situation of physical measurements in microscopic scale and also, the mean-
ing of particle wave function is extended to become the observation of the particle
quantum state in a specific quantum spacetime state.

We can imagine that the particle quantum state can be observed in another

quantum spacetime state ‘y, A )7> which can be expressed in general as linear

combination of the eigenstate of ‘TC, A §> We can therefore express the

transformation as
<y,Ay|a>:/<)7,Ai|§,A §><E,Az|a> (4)

The integration sign represents the summation or integration of all the possible

eigenstates of ‘?, A §> Actually, we can omit such notation, when summing or

integrating the states, by identifying the operator ‘f, A §> <7c, A 97’ as the internal

index of the summation or integration. That is similar to the Einstein’s convention
of omitting the summation sign when summing the internal index of the product of
contravariant and covariant tensor in the general relativity. The expression in

Eq. (4) is directly analogous to representing the projection of four vectors in dif-
ferent coordinate systems, which is associated with different frame of references, in
special relativity. The above treatment allows us to bring the general relativity
closer to quantum mechanics in constructing the theory of quantum gravity.

In order to bring the quantum mechanics closer to the general relativity, we need
to introduce the equivalence principle and geometrical concept to the ordinary
quantum mechanics in the theory of quantum gravity. As mentioned above, in the
relativity, the measuring-rod and clock at rest relative to the observer defines the
observer frame of reference. However, the measuring-rod and clock are subject to
quantum mechanical motion and described by the quantum spacetime state

’K A §>, which means the observer frame of reference in different quantum

mechanical motions should be described by different quantum spacetime states. As
the equivalence principle of general relativity requires that all the physical laws
apply to the frames of reference in any kind of classical motion but actually the
observer frames of references can be in quantum mechanical motions, it is therefore
natural and reasonable to extend the equivalence principle to the observer frames of
references in quantum mechanical motions. As a consequence, all the physical laws
apply not just to the frames of reference in any kind of classical motion as in general
relativity but also the same in the reference frames in quantum mechanical motions
as well. We call this the equivalence principle of quantum gravity [6]. Since differ-
ent quantum mechanical observer frames are described by different quantum
spacetime states, the equivalence principle of quantum gravity implies that the
general laws of nature are required to be expressed by equations which hold good
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for all systems of quantum spacetime states which are covariant under the trans-
formation in Eq. (4). Actually, this is an extension of the general covariance from
the classical coordinate system to the to the quantum spacetime space.

In the general relativity, under the equivalence principle, we can always find a
free fall frame, which is local in spacetime, in which there is no gravity acting on the
observed particles. Similarly, based on the equivalence principle of quantum grav-
ity, we may anticipate that we can always find a “quantum free” frame for a matter
particle in which there is no observed quantum effect on the observed particle.
However, the major difference between such arguments is that all the matter
particles with different masses have the same acceleration under the gravity,
whereas the quantum mechanical motions depend on the energy and momentum of
the particles. That means the “quantum free” frame for one particle may not be
valid for another, especially when two particles of different energy and momentum
are observed together under the same quantum spacetime state. In the general
relativity, when a particle is moving in a gravitational field, its equation of motion is
governed by the geodestic equation given by the extremum of the following action

s:/m 5)

However, as we know in relativistic mechanics, the equation of motion of free
particle is given by the least action principle on the following action

S= /mds (6)

The difference between them is that the rest mass is omitted in the particle
action in general relativity. This is due to the fact that the inertial mass is the same
as the gravitational mass under the equivalence principle of general relativity.
However, when the quantum mechanical motion of matter particle is considered,
the inertial mass cannot be neglected. We can understand this by considering the
Schrodinger equation of a particle in gravitational field. As demonstrated by the
COW experiment [7], the quantum interference pattern of neutrons induced by
gravity depends upon the neutron inertial mass. Although it does not imply that the
equivalence principle of general relativity is violated in the quantum mechanical
particles under gravity, the experiment does show that the quantum mechanical
motions of different particle masses under gravitational field cannot be made geo-
metrical in spacetime coordinate system. This is another fundamental difficulty in
unifying quantum mechanics with general relativity. In connection to this, the
author has proposed that the spacetime should be merged with matter together to
become the space-time-matter space in formulating the theory of quantum gravity
[6]. But we cannot simply write the geometrical line element mds as the action for a
particle in quantum gravity because of the quantum mechanical nature of matter
particles as well as the above mentioned quantum spacetime concept. In this con-
nection, let us introduce the quantum space-time-matter state |¥) by combining the
quantum state of particle and spacetime as

) = |4)[%,A %) @)

As the quantum space-time-matter space combines the quantum states of the
matter particle and the spacetime, it should therefore be complex in nature. The
quantum space-time-matter space also allows different quantum spacetime for
describing different quantum particle. Then, by introducing the equivalence
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principle of quantum gravity, we can make the quantum mechanics become a
geometrical theory in quantum space-time-matter space. Under the equivalence
principle of quantum gravity, all the physical laws apply to the observer frames of
reference in any classical and quantum mechanical motions, which means there is
no preferred observer frame of reference in any classical and quantum mechanical
motions. The particle states and the equation of motion should therefore be equally
good for any observer frame of references with the same physical laws. As the
general change of observer frame of reference should be associated with the change
of the spacetime state, this requires the general covariance of the physical laws
under the transformation of the spacetime state in Eq. (4). In the general relativity,
the physical observations in accelerating observer frames are associated with the
generalised spacetime coordinate system. The general covariance on spacetime
coordinate system allows us to choose a local observer frame which is an inertial
frame such that there is no acceleration on the observed particles. This is what we
call the “free fall frame”. The gravitational field, which provides universal acceler-
ation on all matter particles, corresponds to the curvature of spacetime. Analo-
gously, the extension of the physical observations in quantum observer frames is
associated with the generalised quantum spacetime states system. The extended
general covariance on the quantum spacetime states system allows us to choose a
local quantum observer frame such that there is no observed quantum motion on
the observed particles. We may call this the “quantum free” frame. The quantum
mechanical motions then correspond to the curvature of the quantum space-time-
matter space.

The equivalence principle of quantum gravity and the quantum spacetime con-
cept therefore allows the interesting physical results that the quantum mechanical
motion of a particle depends upon the quantum mechanical motion of the observer
frame. That means the quantum mechanical motion is relative in nature. This can be
further explained by the simple argument as follows. Let us suppose that there is an
observer A and, with reference to its frame of reference, the observer B and observe
C are in the same quantum mechanical states. Then, the state of observer C as
observed by the observer B should be the same as the state of observer B as observed
by the observer C since their states are the same and therefore should be symmet-
rical to each other. Analogous to the relativity that the observer is assumed to be at
rest relative to the coordinate system, if we assume that the observer C can always
find an appropriate energy scale to establish a coordinate system with a specified
uncertainty that there is no observable quantum effect between the spacetime
coordinates in the coordinate system. We can say that the space-time coordinates
are free of quantum effect (mathematically speaking, this means that the observer
as observed itself is an identity). Therefore, due to the symmetry between observer
B and C, the observer B should be in a “quantum free” state as observed by observer
C in such “quantum free” coordinate system and vice versa. As a result, we can
always establish a “quantum free” frame for a quantum particle by choosing the
quantum frame of reference at the same state of the observed particle.

As the quantum mechanical motion of a particle and the quantum spacetime
state depends upon their energy scales, or say the term mc/#, which means the
changing of quantum spacetime state could be associated with the change of energy
scale. As we understand in the relativistic quantum mechanics, the normalisation
factor, say N, of a quantum state is related to the energy scale so that any change of
the energy scale should be associated with the change of N. That means the trans-
formation in Eq. (4) between different quantum spacetime states is not necessary a
unitary transformation, which preserves the total probability of quantum states,
due to the change of normalisation in different quantum observer frames. Such
change of the normalisation of the quantum states, no matter the particle state or
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the quantum spacetime state, mathematically acts like applying a conformal factor
to the state as the conformal transformation. Furthermore, as the quantum
spacetime states are in the complex domain and the particle density is related to the
modulus of N, the most general transformation between different quantum
spacetime states could also involve a complex phase factor ¢’ multiplying to the
conformal factor. This phase factor could have important physical meaning to the
CP-violation problem [5] but we will limit our discussions in this chapter without
considering such phase factor. As the quantum spacetime state is allowed to be
changed with the spacetime variables, the conformal transformation should be local
in nature. Since the equivalence principle of quantum gravity requires that there is
no preferred quantum spacetime state for observation, that means the equation of
motion should then be invariant under the local conformal transformation and the
quantum space-time-matter space should therefore possess the local conformal
symmetry.

In some sense, such local conformal symmetry behaves as a kind of gauge
symmetry on the quantum space-time-matter space, rather than only on the
spacetime. The local conformal transformation in quantum space-time-matter
space acts on the quantum space-time-matter metric whereas the conformal trans-
formation in spacetime acts on the spacetime metric. This make the local conformal
transformation in the quantum space-time-matter space something different from
the usual conformal transformation in spacetime. In contrast with the general
relativity, of which its equivalence principle implies the general covariance of
system of spacetime co-ordinates for expressing the physical laws, the equivalence
principle of quantum gravity implies the general covariance with scale change of the
system of co-ordinates of space-time-matter space. The incorporation of the local
conformal symmetry in the theory make it behaves as Weyl like geometry but now
with the spacetime replaced by the quantum space-time-matter space.

Analogous to the general relativity, in constructing the geometry of general
covariance for a curved quantum space-time-matter space, we may consider a
general small line element on a small region of quantum space-time-matter space.
Let us define the length of such line element dL as the inner product of 5|¥) in a
small region of quantum space-time-matter space as

dL? = &%) - 5|%) :5(|¢>‘§,A§>> -6(|¢>‘§,A §>) (8)

where the inner product can be defined as the usual inner product used for
quantum mechanical states and thus dL? has a real value. In fact, it is reasonable to
take real value for the inner product of the projection of a state onto itself. However,
because of the local conformal symmetry, dL* should not be an invariant under the
transformation in Eq. (4) due to the change of the observer frame of reference. Let

us also introduce the operator 5x s, which can extract the spacetime length from
the quantum spacetime state, for small changes on spacetime state with the prop-
erty as

—

5% axd

§,A§> — 5Xard

X, A;> (9)

Suppose that we do not consider any mixing between the quantum matter
particle state and the quantum spacetime state, of which they respectively corre-
spond to the object and observer, by any symmetry operation, we may define
another line element dl of quantum space-time-matter space, which combines the
inner product of the quantum space-time-matter state with the extracted spacetime
vector, as
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dl* = 5|¢>5§M5’§’, A §> - 8|)6% axS

X, A 9_5> (10)

The element dl” is also real and can be expressed in generalised coordinates & in
the quantum space-time-matter space as

dI> = Gprdé.de, (11)

where G};” is the combined metric of the quantum space-time-matter space and
the extracted spacetime length and the index y and v are the usual spacetime index
in general relativity while » and # are the index associated with the inner product of
the quantum spacetime and matter states. We have assumed the expansion of the
quantum space-time-matter states by the discrete eigenstates such that the discrete
indices can be used above as analogous to the general relativity. But actually,
expansion on continuous eigenstates can be used with the integration, rather than
summation, as well in the expression without changing the formulation. If we
formulate the curved quantum space-time-matter space with local conformal sym-
metry, let us define the local conformal operator Q on the quantum space-time-
matter state as

5|%) — Q5| (12)

As mentioned, we will not discuss the phase factor which may appear with the
conformal operator in the transformation of the quantum spacetime. In view of the
local conformal symmetry, we can make use of the Weyl geometry for the quantum
space-time-matter space. The closest admissible action analogously to the action for
Einstein equation under the local conformal symmetry would be taken as [8].

S:/S{Z\/—Gd”.f; (13)

where R is the curvature scalar defined for the quantum space-time-matter
space in analogous to Weyl geometry and # is the number of dimensions of the
quantum space-time-matter space. This is a generalised action of quantum gravity
in the formulation of the quantum space-time-matter space of which the general-
ised coordinates of spacetime and matter are combined together. Such action deter-
mines the combined scale of the matter state and the associated spacetime energy
scale. The variation of the action gives

58 =6 / RV _Gd"e = / (291691\/1 + mzaﬁ)d"g -0 (14)

As in Weyl geometry, the curvature scalar can be expressed as

- G APYMIPE W (Vo ik
ERfiR—(n—l)(n—Z)WJrZ(n 1)\/—G(\/_G<D)|a (15)

where R is the metric G, dependent part of the curvature scalar in Weyl
geometry. The last term is the boundary term which can be neglected in the
variation of the action. Actually, the @ field is the scale of metric GZ’D” which
determines the relative quantum effect of a particle as observed in a frame of
reference in quantum mechanical motion. If we impose the gauge R ~ 4A for fixing
the scale of the quantum space-time-matter space, where A is a constant, Eq. (13)
becomes
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- 5 s _ (0® —
S = /< R—-2A—(n—1)(n z)ﬁ)@(g (16)

In order to make the expression of the action simpler, as analogous to the Weyl
geometry of spacetime, we can perform a local conformal transformation on the
metric as G}’ — ®*G;" to remove the ® field in the action before imposing the
gauge R ~ 4A. The action can be reduced to

s:/(( — AV -Gq'¢ (17)

The equation shows that the term A, which determines the scale of the quantum
space-time-matter space, behaves mathematically like the cosmological constant in
general relativity but it is now in the quantum space-time-matter space rather and
its physical meaning is different.

We can then connect the formulation of quantum space-time-matter space to
the general relativity by further specifying the relationship between the spacetime
element ds in the general relativity and the quantum spacetime. Also, for simplicity,
we will assume that the matter field is a scalar field. In fact, the argument can be
extended to the fermionic field as well as the tetrad 5,14 formalism of gravity [9, 10].

Firstly, let us write
(§p*ds™) C 8|$) 6% axd

where <%4l52 ds”) {s the combined inner product of the quantum space-time-

X, A 9_5> 5/¢h)5% ax ’&’,A §> (18)

matter statd with thie extracted spacetime vector for a small region of quantum
space-time-matter space. It acts like the expectation value of quantum probability
weighted spacetime and matter element and then Eq. (10) above becomes

dl* = ( d)zdsz)(n (19)
If we consider the special case that the Juantum-space-time-matter space is a
linear space, which is the metric G};” does not vary with the associated generalised

coordinates £, of the quantum space-time-matter space, the above expression can
be simplified as

di* = <<£ds2> (6 (20)
Actually, we can express the curved quantum'spacetime in generalised co-
ordinates analogous to Weyl geometry as

( d52> <(/)2g(Ax)W> X! dx” (21)

where <¢2§(Ax) W> ﬁsﬂthe quantum probability weighted spacetime metric,

which is specified with \measurement uncertainty, combined with the matter field.
If the quantum spacetime state is the eigenstate of the g(Ax),,, that is the observer

frame and observation energy scale for the quantum spacetime state is the same as
the spacetime metric specified with measurement uncertainty, Eq. (20) can be
written as

i = <¢Zg<m>ﬂu>‘(xﬂd’” - <f>f“>ﬂbdxﬂdx” @)
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As we assume that the quantum space-time-matter space is a linear space, the
metric G} does not vary with &,, and it is not necessary to consider the variation of
the &, coordinates in the action in Eq. (17). The Weyl geometry of the quantum
space-time-matter space can be reduced to that only the curvature on the spacetime
metric is described. The number of dimension # of the action in Eq. (17) can
therefore be reduced to four. Although the equation resembles the Einstein action
with the cosmological constant in general relativity, it actually describes the
dynamics of the quantum space-time-matter space rather than simply the
spacetime. The dependence on the quantum probability and uncertainty parameter

of <¢Zg(Ax) uv> provides a freedom for the spacetime metric to change scale with

the matter field. For instance, when we need to probe into the microscopic scale by
using high energy scale observation, the metric will change due to the uncertainty
required changes. This let us to connect the metric in macroscopic scale with the
microscopic scale observation. Physically, it means that when the spacetime obser-
vation is performed by quantum mechanical devices, the probability of observation
of existence of spacetime state should be taken into account in the metric of quan-
tum spacetime. This echoes with the mentioned requirements of introduction of the
quantum uncertainty into the spacetime states when we need to consider the quan-
tum mechanical nature of measuring-rods and clock to bring classical general rela-
tivity closer to quantum mechanics. One may find that when the probability of
quantum spacetime metric tends to unity, g(Ax),, = g,,, which is the metric of the
general relativity. For simplicity, let us write g(Ax),, asg,,. Then, the action in

Eq. (17) now can be expressed in terms of g, and ¢ as

S = / <¢2E — 2t + 6(a¢)2) V—gd*x (23)

The action behaves like the conformal coupling of a scalar field to the gravitation

field. Actually, we can divide the action by the factor 1/12 to align the term (0gp)* as
the kinetic term of the ¢ field and gives

;_ 1 = 1 1.0 — 4
S —/<ﬁ¢2R—gA¢4+§(a¢) )\F—gd x (24)

If the Ricci scalar R of the spacetime is a constant, we will show that it relates to
the mass term of the scalar matter field. Applying the spontaneous symmetry
breaking on the ¢ field of such Lagrangian, the minimum of the potential gives the
relation

R _p (25)

4N

We later will know that selecting the value of ¢, determines the relative scale
between the matter field and spacetime metric. In fact, when selecting the scale in
the variation of the Weyl action in Eq. (13), the local conformal symmetry of the
quantum space-time-matter space is broken and the combined scale between the
matter density and the four dimensional spacetime energy scale is fixed. But it does
not mean that the local conformal symmetry on the spacetime and matter field
which relates to the changing energy scale of observation is broken and actually, it is
not. Let us define the conformal operator w, which is associated with the change of
scale of observation, in the spacetime on the metric and scalar field as
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2, — 0E, (26)
and

¢—olp (27)

As mentioned, we will not discuss the phase factor which may appear with the
conformal operator in the transformation of the quantum spacetime. We may find
that the conformal transformation, which is the change of scale of observation, in
spacetime does not change the action in Eq. (24), which is a conformal invariant.
Actually, the change of scale of observation should preserve the uncertainty relation
AxAp ~ h, since such change of scale is governed by the uncertainty relation. The
local conformal symmetry of spacetime is broken when the scale of observation is
fixed. This is the case when we apply the spontaneous symmetry breaking condition
in Eq. (25) to the action. One may be aware that we need to fix two degree of
freedoms in determining the scale of the whole theory in quantum gravity. This
point is very important since we will find that we can change the scale in one space
and then compensate by the other to make it invariant. This property let the
quantum gravity possess an interesting double conformal structure. Actually, the
selection of scale in the variation of the Weyl action determines the scale of A. Then
with the relationship of the spontaneous symmetry breaking in Eq. (25), all three
parameters R, A and ¢, can be fixed so as the whole scale of the observer and matter
space. Actually, if the electroweak energy density scale is chosen for A¢* or Rp?* in
the variation of the Weyl action, the equation becomes a Higgs potential like
Lagrangian. That means it is possible to interpret the Higgs potential as the broken
Weyl action of the quantum space-time-matter space with an observation scale
dependent metric. It provides the physical explanation of the Higgs potential and its
relationship with quantum gravity. Furthermore, the interesting thing is that even
the energy density scale is fixed at electroweak scale, we still have the freedom to
choose the scale of observation by the said conformal transformation on
spacetime. This will lead to the relationship between the cosmological constant and
Higgs potential as well as the fundamental particle masses as discussed in the next
section.

3. Fundamental particle masses
If we consider that the conformal symmetry is spontaneously broken in the

action of Eq. (24), just as breaking the gauge symmetry in Higgs mechanism, we
may consider the shift field /2 around the minimum of the potential as ¢ = ¢,. If we

first consider the symmetry breaking at an energy scale ¢3 = 6m’'” related to the
fundamental interaction, say electroweak scale, the equation becomes

S = / G m'’R — 3am'* — % (0h)* + %T?hz + ) V-gd'x (28)

If we now change the scale of observation by applying conformal transformation
on the spacetime as

_ m' \°_
8w — (M) Euw (29)

and
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m'\ !
¢ — (@) ¢ (30)

where the mass scale M), is reduced Planck mass. Then we can write the equation as
1 2l 4 1 n2 1 57712 — 4
S= EMpR —3AMP—E(ah) +§Rh + o |/ —gd % (31)

We have to note that the Planck mass is an energy scale introduced here to the
Lagrangian through the relative ratio with 7’ in the conformal transformation. As a
result, the action become the gravitational action with cosmological constant and
the excitation field become the matter field that coupled to the gravitational field
and the square of Planck mass become the coupling constant between matter and

. o702 T
gravity. The term R'A'" acts as the mass term of the excitation field . Unexpectedly,
it also indicates that the spontaneous symmetry breaking on electroweak energy
scale is associated with the symmetry breaking that generate the gravitational

action. Since R’ is the conformal transformation of the related to the vacuum energy
of spacetime in empty space and since R,/—g should be transformed as g and

therefore R’ should be equal to (m' /Mp)zﬁ which is the particle mass square term.

This implies the existence of a particle with mass (m’ /Mp)I_Q% . The calculation results
mean that the particle mass of the matter field is related to the vacuum energy of
the spacetime, which is the cosmological constant.

On the other hand, due to the double conformal symmetry structure of the
quantum space-time-matter space, we may change the observer frame of reference
for observing such particle and this will lead to the change on the broken scale of the
quantum space-time-matter space. Recalling that the scale of the quantum space-
time-matter space is fixed by the gauge R ~ 4A and let the factor for the associated
scale change is Q*, the scale of A is therefore changed as

A — Q*A (32)

The scale change of A implies that the spontaneous symmetry breaking condi-

tion in Eq. (25) requires to be varied so that the mass value (7’ /Mp)ﬁ% in Eq. (31) of
the said particle will be changed also. However, we still have not established the
reference for the values of mass and energy and, actually, mass value is just the
mass ratio relative to the mass standard reference which could fundamentally be the
Planck mass M,,. Recalling that, in Eq. (31), the Planck mass is introduced only
through the conformal transformation of spacetime. That means, in changing of
frame of reference, the Planck mass is required to be re-determined in the new
observer frame of reference. The freedom of choosing the observation scale by
conformal transformation on the spacetime and matter field in the new frame of
reference let us have the freedom to do the transformation such that the mass value
as reference to the mass standard reference of a particle remained unchanged. This
point is important in the equivalence principle of quantum gravity since it ensures
that there is no preferred observer frame of reference such that the observer is not
able to distinguish the nature of the frames of reference that he is sitting in for
making his observations and measurements. As the mass value is determined by the
ratio R,/—g/¢’, for the mass remains unchanged in the new frame, we need to have

R/=2 m

!
¢ M,

= unchanged (33)
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As under the change of scale in Eq. (31), the term R,/—g will be transformed as
R,/-g Q'R\/-Z
2 £ 2 £ (34)
¢ ¢

and the conformal transformation @ on the spacetime and matter field induce
the transformation as

Q*R\/-Z w*'Q'R\/—% (35)
—
P e

Therefore, the unchanged mass ratio requires that @ = 1/Q. Once the particle
mass value remains unchanged in the transformed frame and since the observer is
not able to distinguish the frames of reference that he makes the observations and
measurements, in order to explore the structure of the quantum space-time-matter
space under broken symmetry, we can repeatedly perform the above processes of
changing observer frame such that in every changed frame the mass of the particle
are still equal to m’/M),,, although the M,, varies with the transformed frame of
reference. We can therefore find that a set of scale factors is allowed for the
quantum space-time-matter space scale

N\ 2 I\ L
Q”(ﬂ) Q<ﬂ> 36
@~ (5) ~e- (5 G6)

where 7 is the number of the said transformation to achieve the mass factor
m' /M, in a frame. The relation means that, for observing a particle with mass factor
m' /M, in a frame, it is possible that it can be due to a number of conformal trans-
formations on the quantum space-time-matter space to bring to the observed mass
value in a frame of reference. That means, in an observer frame of reference, there
is a set of possible scale factors Q for the broken scale of quantum space-time-
matter space. As in an observer frame of reference the Planck mass is fixed, the set
of possible broken scales of quantum space-time-matter space implies that there is a
set of possible mass states with the mass factors as in Eq. (36). Suppose
m' /M, ~ 107, that is m’ = 2.435 TeV, a set of mass factors can be found for
different values of n, for instance # = 1 to 5, as follows

o = 1% N 2.432543 SlgfvaeV =107® 37)

2 = J\mT;)% - (2.43254: SlgfvaeV)% =316 x 1077 (38)
e () - () e o
e () - (5 ) o o
(1\%) - (2.4§ét3sl(§iZVGeV)% =1x107 (41)
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As mentioned above, since the particle mass m; is equal to Q,,;R’, if R = 10 TeV,
the following mass values #; can be found and when compared with the lepton
masses data of the Particle Data Group [11]:

_ 1

m1=10"PR? =10"" x 10 TeV = 0.01eV ~ m,? (42)
_ 1

my = 3.16 x 107 8R"> = 3.16 x 1078 x 10 TeV = 316.23keV ~ m, (43)
_ 1

m3 =1.0 x 10°R"* =1.0 x 107> x 10 TeV = 100 MeV ~ m, (44)

_ 1

ms =1778 x 107*R”> =1.778 x 10™* x 10 TeV = 1.778 GeV ~ m, (45)
_ 1

ms=1x1073R?=1x1073 x 10 TeV = 10 GeV (46)

where m,, m,, m, and m. are respectively the mass of neutrinos, electron, muon
and tau lepton. Although the mass values of the three neutrino mass states are so far
not experimentally determined, the mass value of 7 state is consistent with the
cosmological constraint on the sum of the neutrino masses. The actual neutrino
masses might not be a necessary degenerate as the radiative correction of different
neutrino mass states is not considered in the above calculation and that would lead
to small differences between the actual neutrino masses and the calculated mass
state value. For m, state, it is of the same order of magnitude of the electron mass.
The difference between them is about 38% and could be due to the radiative
correction to the QED vacuum. When the value of the mass states become relatively
large, we find that the mass of m; state is equal to the experimental mass value of
muon up to about 5% and the m, state is even equal to the experimental mass value
of tau lepton up to about 0.06%. For the mass states with #>4, there are many so far
not experimentally observed particle states. They could be the dark matter particles
or the mass resonance states. For instances, the mass value of s state is consistent
with the dark matter candidate with a mass of 10 GeV as proposed by some
researchers [12].

In fact, the above argument can be extended to the case that # is allowed to be
half-integer, in the formulation of the gravitational fields by tetrads ¢/, for considering
its coupling with fermions. In such case, we can find more mass states which are
associated with half integer # values, for instance, n = 1.5, n = 2.5 etc. Forn = 4.5
and # = 8.5, we can find that the mass value are respectively 745 = 4.64GeV and
mgs = 171.9GeV. The values are very close to the mass values of bottom and top
quarks. That means the half integer values of n may somehow correspond to the
quark masses. However, it is possible that, due to the QCD vacuum, the calculated
values of the quark masses which are comparable with the QCD vacuum energy
would have greater discrepancy with the actual current quark masses.

4. Cosmological constant
As we explained before, Egs. (24) and (31) is related by the conformal transfor-

mation of spacetime and the matter field and spontaneous symmetry breaking
which is determined by the observation scale. Actually, Eq. (24) resembles the

following action of the Higgs potential when R’ is a constant in one hand
/ 1o0 1,4 1 2 Z 4
S = SH ¢ —ZM’ +§(3¢) V—gd'x (47)
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On the other hand, as shown above, it can become the action of gravitational
field coupled to matter field after the local conformal transformation and sponta-
neous symmetry breaking as in Eq. (31). By comparing Eqs. (24) and (47), we can
relate the coefficients between them as follows

E 2
-7 (48)
A A
64 (49)

Furthermore, by comparing Eq. (31) with the gravitational action, we can find
that

3AM; = A, (50)

where A, is the cosmological constant. By eliminating A in the above equations,
we get

Ay = 4.5/1M; (51)

The calculated cosmological constant is of the order of Planck scale. It is due to
the fact that the observation scale is in the microscopic scale or say high energy scale
of which the metric Q}w is quantum mechanically uncertain in nature. Thus, it is not
the scale of our cosmological observation. Actually, we can apply a conformal
transformation on the quantum space-time-matter space metric to change the
observer frame of reference which is under the same factor as the one in obtaining
the fundamental particle masses but with#z =2 as

m'\?
Q- (M) 52)

Since the cosmological constant transforms as the square of the metric, that is
conformal factor Q*, with respect to the conformal factor of Q? on the metric, the
cosmological constant value becomes

A 45/”/4<m/>4 (53)
CTM M,

By putting 4 = 0.258, which is based on the 125 GeV Higgs particle mass and
246 GeV electroweak VEV value,

Ae = 6.49 x 10°%0 V2 (54)

This calculated cosmological constant value is in very good agreement with the
observation value of 4.33 x 107 ¢V? of Planck CMB probe with just about 50%
difference when connecting to the fundamental particle masses.

5. Discussion and conclusions
We have formulated the quantum space-time-matter geometry with the equiv-

alence principle of quantum gravity for discussing the relationship between the
cosmological constant and quantum gravity as well as the mass spectrum of
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fundamental particles. Because of the freedoms allowed for changing the quantum
observer frames under the equivalence principle of quantum gravity and the energy
scale specific observation required under the quantum properties of the spacetime
measuring devices, the quantum space-time-matter space possesses a double con-
formal symmetry geometrical structure. In such structure, we need two parameters
to determine the scale of quantum space-time-matter space so as to describe the
physical world.

In our calculation, it is fascinating that, once such parameters are determined,

the associated conformal factor Q = (;’%) with different exponent # values gives
14

the fundamental particle mass values and the observed cosmological constant value
with very good agreement. It indicates that the fundamental particle masses is
connected to the cosmological constant and some fundamental physical meaning
are behind such factor, particularly the meaning of the value of 2.435 TeV. It also
demonstrates that the quantum space-time-matter space has a complicated confor-
mal structure which is related to the fundamental particles when applying the
equivalence principle of quantum gravity to it.

Actually, we can extend the theory by incorporating the gauge symmetry of the
fundamental interactions to it so as to discuss the relationship between the mass
spectrum of fundamental particles and the standard model under the conformal
nature of quantum gravity. As indicated in our calculation, it can be anticipated that
the gauge symmetry operation for the flavour states of lepton would in general not
be commutable with the conformal symmetry operation of the mass states. The
mass states are under a conformal symmetry of the quantum space-time-matter
space whereas the flavour states are under the gauge symmetry. This is consistent
with the fact that the neutrino flavour eigenstates are not the same as their mass
states. Our formulation indicates that the mass states can even be changed from one
to another when observing under different observer frame of reference in quantum
mechanical motions. As we can see, the underlying symmetry that associated with
particle masses would require the combination of the local conformal symmetry
with the gauge symmetry into the local conformal gauge symmetry.

Furthermore, the above mass formula allows the existence of some mass states
that are so far not experimentally observed. This might provide new opportunities
for discussing whether such mass states are related to the dark matter as well as the
possibilities of discovering such particles experimentally, although some of the mass
states may be forbidden by some so far unknown physical rules, just as the forbid-
den rules of atomic spectra.

One of the key underlying physical meanings of the above calculation is that
there is no absolute existence of spacetime. Similar to the quantum nature of the
matter fields, the existence of spacetime is probabilistic in nature. And it is due to
such reason, the vacuum energy can be very small in macroscopic scale but very
large in microscopic scale. Actually, there is an underlying fundamental symmetry
between the quantum spacetime states and quantum matter states that we may call
it quantum spacetime matter symmetry, or object-observer symmetry. In fact, an
observer could be an object to another observer or vice versa and this actually is the
essence of the principle of relativity.

Finally, it is expected that, given that the equivalence principle of quantum
gravity and the energy scale dependent quantum spacetime concept are introduced
under the double conformal symmetry of the quantum space-time-matter geome-
try, it is reasonable that other mathematical formalism can be used as well to arrive
at the same conclusions. The mathematical treatment is not necessary restricted to
the approach introduced in this book chapter.
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