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Preface

Dark matter is a subject confined by the observational context. It is currently only 
indirectly observed as the puzzling motions of distant galaxies and the unpredict-
able rotational velocities of stars in neighboring galaxies. Attempts to observe dark 
matter as traditional sub-atomic particles always fail, leaving this worldly topic a 
major observational problem. This is very different from ordinary matter, which can 
be mutated, split into components, destroyed, and resurrected at will by physicists, 
given enough energy, time, and money.

Dark matter was first postulated by astronomers in the mid-twentieth century to 
explain the seemingly non-Newtonian character of galactic dynamics. A discrep-
ancy was observed by Fritz Zwicky for the relative velocities of three spiral galaxies 
circulating within a distant, small galactic group. To calculate the relative velocities 
of these galaxies, Zwicky made the reasonable assumption that the galactic masses 
are proportional to their luminosities. In that case, the galaxies behaved as if they 
were much more densely packed with matter than one could explain in simple 
terms. Since that report, it has been found that dark matter of some form is often 
required to properly explain the paths and velocities of large galaxies within galactic 
groups. Though an intriguing observation, I don’t think Zwicky necessarily meant 
that a new type of matter was warranted but rather that the observed rotational 
velocities are much faster than expected and much of the matter in these galaxies is 
not luminous.

Dark matter remained just a thought, not seriously considered a problem for 
many years, until the publication of the relative velocities of some bright stars of 
the Andromeda galaxy. The velocities of very luminous stars, which are outside 
the dense interior so could be observed without interfering with light, do not 
follow Newton’s gravitational law. According to Kepler and Newton, as supported 
by observations of our planetary neighbors, objects more distant from a large 
central object should travel more slowly than those closer to the galactic center. 
This correlation does not hold for Andromeda though; astronomers found that 
past a critical distance from the center, all stars circulate at about the same angular 
velocity – meaning distant stars exhibit greater instantaneous velocities than 
those closer to the galaxy center. This is a real surprise. Similar observations of 
star motions in other spiral galaxies confirming this have been interpreted as 
necessitating the presence of something like dark matter. To bring this mystery 
closer to home, the Dutch astronomer Oort observed that nearby stars in our Milky 
Way seem to be traveling too fast when one considers only the masses calculated 
for our luminous neighbors.

The outstanding problem with dark matter is how to relate these interstellar and 
intergalactic observations to something on Earth. Answering this question has been 
the goal of many young particle physicists with dozens of aspiring theoreticians 
proposing a bevy of suggestions often in the form of new microscopic particle types. 
Up to now, observations of any new, special particle that only interacts via gravity 
but not electromagnetically, as required to be dark matter, have not been confirmed. 
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The only observations supporting a new microscopic particle were made by the 
DAMA/LIBRA experiment. This sensitive method uses underground detectors of 
thallium doped-sodium iodide crystals housed in a radiation-dampening enclosure 
to detect novel events over many months. The investigators observe a seasonal 
signal variation that can be simply explained by the annual difference in the earth’s 
velocity as we circle the sun while traveling through our galaxy. It was reported since 
that even these results cannot be duplicated. If these counterclaims are true this 
means that all concrete, worldly evidence attributing dark matter to microscopic 
particles has evaporated. There are several chapters in this book that go beyond the 
now-discredited claims for a particle type to explain dark matter observations.

The chapter by E. T. Tatum proposes a direct explanation for dark matter, which 
should be given consideration. He thinks it is likely that dark matter is the abundant 
cold dark hydrogen that remains undetected, therefore unaccounted, because we 
lack the technical ability for detection. He makes the reasonable claim that the total 
mass of hydrogen, being the most abundant species in our universe, has been and is 
still being seriously underestimated. He provides several references to support his 
proposition.

In our chapter about dark matter in spiral galaxies, we hypothesize that the effects 
attributed to dark matter can be modelled by assuming the translational decay of 
omnipresent axions. The gravitational redshift due to the orbital decay of innumera-
ble axions in a galaxy is translated into a gravity-like effect. The hypothesis is checked 
against the behaviours of highly luminous stars in two galaxies with well-mapped 
translations and a good fit is reported between the model and data.

A. N. James reminds us that the Friedmann approximation of the Einstein Equation, 
as the FLRW interpretation, should perhaps not be taken too seriously. The level 
where one considers the universe as isotropic and homogeneous should not include 
the distances from here to “closer” supernovae emissions. He presents a new model 
that mitigates some of the problems with the FLRW assumptions and offers a 
counter explanation for the supernovae emission data; not requiring dark matter 
nor dark energy. He also correctly points out that the Ωk term of this FLRW model 
is overinterpreted as representing spacetime curvature rather than the more conser-
vative, mathematical view that it only presents the remainder of the Ωm term after 
normalization, a view shared by others.

In his chapter, A. K. Sinha deals with the likely possibility that dark matter really is 
very dark; much is located in black holes. This suggestion seems reasonable since 
black holes are a strong “magnet” for matter and LIGO/Virgo observations sug-
gest black holes are more common than previously thought. He asks the question 
of how black holes containing dark matter will evolve with time and presents a 
considered hypothesis for the eventual fate of some dark matter.

P. D. Morley presents a mathematical description of non-Keplerian orbits that 
should be observed when objects are circulating about non-spherical or multiple 
centers. He posits that the most abundant particles in the universe, neutrinos, are 
unlikely to be produced isotropically in galaxies. Such situations could be observed 
as stars (and planets) following non-Keplerian orbits due to the unequal gravita-
tional pull by these abundant particles. He then presents his mathematical solution 
to this special solution.

V

G. I. Burde considers the processes accompanying cosmic ray propagation on 
cosmological scales. He develops the basic concepts of “relativity with a preferred 
frame” from the basis of particle dynamics, electrodynamics, and general relativity.

A. Bogomolov presents his argument that dark matter and dark energy are as much 
a problem of information as astronomy and physics. He considers the philosophies 
underlying these two concepts and concludes by merging philosophy with cosmology. 
This editor tends to agree with the ideas of Bogomolov since now that microscopic 
particles are off the menu, our question is, “What shall we do next, where in our 
universe shall we search?”

Michael L. Smith, Ph.D., M.D.Sc.
Umeå University,

Umeå, Sweden
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Chapter 1

Introductory Chapter: 
Introduction to Dark Matter
Michael L. Smith

1. Introduction

Dark matter is a subject defined by the observational context. It, whatever it 
may be, is currently something only indirectly observed as the puzzling motions of 
distant galaxies and the unpredictable rotational velocities of stars in neighboring 
galaxies. Attempts to observe dark matter as something like traditional particles 
almost always fail leaving this earthly topic as a major observational problem. This 
is a very different situation from that of ordinary matter that can be mutated, split 
into components, destroyed and resurrected at will by physicists, given enough 
energy, enough time and plenty of money.

Dark matter was first postulated by astronomers in the mid-twentieth century to 
explain the seemingly non-Newtonian character of intergalactic dynamics. The first, 
widely broadcast, discrepancy was observed by Fritz Zwicky for the relative velocities 
of three spiral galaxies circulating within a distant, smallish galactic group. To cal-
culate the relative velocities of these galaxies, Zwicky made the assumption that the 
galactic masses are proportional to the luminosities. In this case, the galaxies behave 
as if they are much more densely packed with matter than one can explain in simple 
terms. Since that report, it seems that dark matter of some form is often required to 
properly explain the paths and velocities of large galaxies within galactic groups [1]. 
Though intriguing, I do not think Zwicky necessarily meant that a new type of matter 
was warranted but only that the observed rotational velocities are much faster than 
expectation and that much of the matter in these galaxies is not luminous.

Dark matter remained just a thought, not even considered a serious question 
for many years, until publication of the relative velocities of some bright stars of 
the Andromeda galaxy [2]. The velocities of very luminous stars, which are outside 
the dense interior so could be observed without interfering light, do not follow the 
Newton-Kepler laws as these rotate around the galactic center. According to classi-
cal gravity, as supported by observations of our planetary neighbors, objects more 
distant from a large central object should travel more slowly than those closer to the 
galactic center. This correlation does not hold for stars of the Andromeda galaxy 
though; astronomers found that past a critical distance from the center, all stars 
circulate at the similar angular velocities—meaning distant stars travel faster, in 
the relative sense, than those closer to the galaxy center. This is a real surprise (and 
seemingly an insurmountable challenge). This and more recent observations of star 
motions in other spiral galaxies have been interpreted as necessitating the presence 
of something like dark matter [3]. To bring this mystery closer to home, the Dutch 
astronomer Oort observed that nearby stars in our Milky Way seem to be traveling 
too fast when one considers only the mass calculated for our luminous neighbors.

It was when these latter observations were published that the problem of 
dark matter woke up some astronomers and physicists. The outstanding, cur-
rent problem with dark matter is how to relate these interstellar and intergalactic 
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 observations to something on earth. Answering this question has been the goal of 
many young particle physicists with dozens of aspiring theoreticians proposing 
a bevy of suggestions often in the form of new microscopic particle types. These 
ideas include many brands of super-symmetry, where the borders of the standard 
model of particle physics are enlarged to encompass the new particle types. The 
most important type might (or may not) be WIMPS (Weakly Interacting Massive 
ParticleS). But other than exhibiting gravitational attraction, predictions of 
WIMPS properties are nearly impossible to constrain.

Unfortunately, observations of any new, special particle that only interacts via 
gravity but not electromagnetically, as required to be WIMPS, are very rare and 
have not been confirmed. A few observations supporting a new microscopic particle 
type have been claimed by the DAMA/NaI experiment of Italy, which have been 
searching for new microscopic particles for the past two decades [4]. This sensitive 
method uses underground detectors of Th-doped-NaI crystals housed in a radiation 
dampening enclosure to detect novel events over many months. In this respect, the 
detector(s) is designed in a manner similar to neutrino detectors, expecting very 
rare, low-energy interactions with normal matter. DAMA has spawned related 
experiments, ANAIS-112 in Spain and COSINE-100 in Korea, in related attempts to 
observe WIMPS. Every once in a while, DAMA reports successful observations of 
signals that indicate the presence of some type of WIMPS [5].

It has been pointed out by others that DAMA investigators observe a seasonal 
signal variation that can be simply explained by the annual difference in the earth’s 
velocity as we circle the sun—loosely analogous to the Michelson-Morley experi-
ment. It has also been reported that these claims of particle collisions with the NaI 
detector cannot be duplicated. If these serious counterclaims are true, this means 
that concrete, worldly evidence attributing dark matter to microscopic particles has 
evaporated [6]. Good-bye WIMPS.

There are other mechanisms whereby the motions of stars and galaxies attrib-
uted to dark matter can be explained. The exaggerated gravitational redshifts might 
be the results of orbital decay of innumerable axions in a galaxy, which is translated 
into a gravity-like effect. One may check the validity of such models, presuming the 
presence of axions, against the behaviors of highly luminous stars in galaxies with 
well-mapped translations and observe if the model(s) properly describe the data.

Another very likely explanation for dark matter, which seems rather obvious, 
is abundant dark H and He, which remains undetected, therefore unaccounted, 
residing in intra- and intergalactic space. Because most of this H and He reside in 
the ground state, both are dark and remain undetected, except by gravity, because 
we lack the technical ability for detection. In line with this thought is the likely 
possibility that dark matter really is very dark; much is located in black holes. This 
suggestion seems very reasonable since black holes are a strong “magnet” for mat-
ter, perturbing the spacetime within and between galaxies rather than indicating 
the presence of dark matter. Perhaps both mechanisms are in play?

Perhaps, we take the Friedmann approximation of the Einstein Equation, as the 
FLRW interpretation, too seriously and too direct, and this is part of the problem. 
The level of accuracy with which one considers the distances from here to many 
supernovae emissions is exaggerated invalidating the FLRW model. A universe that 
is not isotropic and homogeneous should not be expected to be predictable. Also, 
the Ωk term of the FLRW model is often overinterpreted as representing spacetime 
curvature. The Ωk term rather only presents the remainder of universe after the 
Ωm term is calculated and not really spacetime curvature [5, 7]. That is, we cannot 
trust our distance estimates or trust the claim of flat spacetime and violation of 
the Newton-Kepler gravitational laws should rather be attributed to poor distance 
estimates.
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Finally, recent observations of many black holes of much smaller mass than 
well-known supermassive black holes, by LIGO/VIRGO, may require more explicit 
math than the Kepler approximation to explain the stellar orbital motions. These 
observations also indicate that “smaller” black holes are much more abundant than 
previously thought. Such a situation should be observed as stars (and planets) fol-
low non-Keplerian orbits due to the unequal gravitational pull within galaxies. This 
should also be observed as more rapidly rotating galaxies within galactic groups 
than predicted from luminosity measurements.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 2

The Case for Cold Hydrogen Dark 
Matter
Eugene Terry Tatum

Abstract

The novel ‘Cold Hydrogen Dark Matter’ (CHDM) theory is summarized in this 
chapter. Special attention is paid to the fact that current technology prevents us 
from directly observing extremely cold ground state atomic hydrogen when it is of 
sufficiently low density in deep space locations. A number of very recent observa-
tions in support of this theory are summarized, including cosmic dawn constraints 
on dark matter. The importance of the Wouthuysen-Field effect as a probable 
mechanism for CMB decoupling of hydrogen at cosmic dawn is also stressed. This 
mechanism does not require a non-baryonic dark matter intermediary. Several 
predictions for this theory are made for the coming decade of observations and 
simulations.

Keywords: dark matter, CHDM, primordial hydrogen, cosmic dawn, Wouthuysen-
Field effect, cosmology theory, Milky Way, galactic evolution, interstellar medium, 
hydrogen snow clouds

1. Introduction and background

This chapter will familiarize the reader with the author’s ‘Cold Hydrogen Dark 
Matter’ (CHDM) theory and summarize a wealth of recent observational data 
in support of this theory. A discussion of a likely cosmic and galactic evolution 
scenario for primordial hydrogen will follow, and the chapter will end with several 
predictions for the coming decade of observations and simulations.

1.1 The theory

In May of 2019, the author was invited to attend a dark matter workshop as part 
of the World Science Festival. There he had the opportunity to present his CHDM 
theory to colleagues, after which the theory was published [1], and then first sum-
marized in a chapter of IntechOpen’s book entitled Cosmology 2020 - The Current 
State [2].

The theory holds that a certain deep space interstellar, circumgalactic, and 
intergalactic species of cold hydrogen can be particularly difficult to detect, much 
less accurately quantify. Specifically, extremely low density cold atomic hydrogen in 
its lowest ground state (i.e., ground state H I with anti-parallel electron spin) cannot 
emit light and does not collide sufficiently often with its neighboring atoms to cre-
ate a luminous cloud readily visible from Earth or telescopic satellites. Furthermore, 
its deep space location vastly reduces its frequency of photon absorption that could 
be visible from Earth or satellites.
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In light of this theory, it may seem paradoxical that a soft glow of H I line  
(21-cm) emissions can be readily detected throughout our Milky Way galaxy 
(MW) by radio astronomy [3, 4]. The ultrafine 21-cm line indicates a spin flip 
transition of the hydrogen electron in its ground state. The lower energy spin state 
is one in which the electron spin orientation is anti-parallel to the hydrogen nuclear 
spin orientation. Not surprisingly, 21-cm H I emissions are readily detectable in 
relatively dense and dynamic (cold, warm or hot) hydrogen clouds, which are 
particularly concentrated within the galactic bulge and the spiral arms of the disk. 
These 21-cm radio waves readily pass through dense galactic clouds which block 
most visible light. In fact, our knowledge of the number and distribution of the 
spiral arms of the MW and other galaxies is largely predicated on radio astronomy 
H I line mapping. However, while some of these H I emissions are undoubtedly 
coming from cold (i.e., slow-moving) hydrogen, that does not fully meet the 
author’s definition of CHDM, precisely because it is relatively concentrated atomic 
hydrogen and, therefore, observable. To put it simply, not all cold hydrogen is dark. 
Only the very low density, lowest ground state, H I species near the cosmic micro-
wave background (CMB) radiation temperature is dark.

When we make observations well away from the spiral arms, and along lines 
roughly perpendicular to the MW disc, it is estimated from spectral analysis that 
the vacuum density of deep interstellar space averages roughly one atom per cubic 
centimeter [5–7]. Similar observations in lines-of-sight to distant light sources have 
resulted in an average intergalactic vacuum density estimate of roughly one atom 
per cubic meter. According to the theory presented here, it is in these interstel-
lar, circumgalactic and intergalactic deep space regions where the majority of the 
difficult-to-detect, extremely cold, and lowest density hydrogen (i.e., CHDM) 
must reside.

2. Observational support for the CHDM theory

2.1 MW observations and halo mass calculations

Posti & Helmi reported using Gaia data on globular cluster proper motions to 
calculate relative masses of dark matter and visible matter within a 20 kpc (65,200 
light-years) radius halo sphere centered on the MW [8]. Figure 1 shows this 
author’s schematic representation of the Posti & Helmi sphere, according to their 
description.

This diagram is roughly to scale, since the MW disk has a radius of approxi-
mately 50,000 light-years and an average thickness of approximately 1,000 light-
years. The halo is denoted in black, and the rare stars in the halo outside the disk 
and bulge are also schematically represented.

Posti & Helmi provided data which allow one to calculate a dark matter-to-visible 
matter ratio of 2.54 within their 20 kpc radius sphere. Normalizing the visible mass 
(in the form of stars, gas clouds and dust) of the MW disc and bulge to a current best 
estimate [9] of 250 billion ʘ (solar masses), allows one to calculate a dark matter 
mass within the Posti & Helmi sphere of 635 billion ʘ. This number is obtained by 
multiplying 250 billion ʘ by 2.54.

To compare the CHDM theory with these observations, one can assume that 
a great majority of the estimated single atoms per cubic centimeter of the 20 kpc 
halo sphere deep space are cold hydrogen atoms. This conservatively implies an 
average vacuum matter density of 1.67 x 10−21 kg.m−3 within a spherical volume of 
9.85 x 1062 m3. Multiplying these two numbers together gives a total halo vacuum 
mass of 1.645 x 1042 kg. This amounts to roughly 827 billion ʘ within the halo 
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vacuum outside the thin slice representing the visible galactic disk and bulge. This 
estimate is obtained by dividing 1.645 x 1042 kg by the solar mass of 1.989 x 1030 kg. 
Even allowing for only 0.77 such atoms per cubic centimeter of the halo outside 
the visible galaxy, the Posti & Helmi ratio of 2.54 can be met. This is because 827 
billion ʘ multiplied by 0.77 is 636.8 billion ʘ. So, an exceedingly low average halo 
vacuum density of approximately 0.77–1.0 hydrogen atom per cubic centimeter can 
dwarf the 250 billion ʘ of the visible MW stars, gas clouds, and dust! This makes 
the CHDM-defined species of atomic hydrogen a serious candidate for the ‘missing 
matter’ we are currently referring to as dark matter.

2.2 Cosmic Dawn observations of the redshifted H I line

The early cosmic dawn (reionization epoch) spin temperature of primordial 
neutral atomic hydrogen can be studied by measuring the redshifted 21-cm H I line 
at frequencies at or near 78 MHz. These line measurements (specifically ‘21-cm 
brightness temperatures’) correspond to redshifts in the range of 15 < z < 20. By 
performing this analysis in the EDGES study, Bowman, et al. [10] have accumulated 
a wealth of data on the temperature of cosmic dawn primordial hydrogen. They 
have determined that cosmic dawn hydrogen was temporarily chilled to the low 
single digits of the Kelvin scale, reaching a nadir at around z = 17 (about 180 million 
years after the big bang). Thus, primordial hydrogen during early cosmic dawn, 
from about 100–250 million years after the big bang, was temporarily decoupled 
from its usual equilibration with the CMB radiation. This is what made it visible.

Figure 1. 
Posti & Helmi 20 kpc halo sphere and MW galaxy.
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Barkana [11] has used the Bowman data to significantly constrain the mass mx of 
dark matter particles according to a baryon-dark matter (b-DM) particle interac-
tion theory. This theory holds that, for non-baryonic dark matter to have interacted 
with baryonic matter in the early universe, it needed to first decouple from the CMB 
temperature, chilling to the point where it could then decouple primordial hydrogen 
from the CMB temperature.

Barkana’s dark matter constraints are nicely graphed in Figure 3, page 9 of his 
review. This finding was a great disappointment to WIMP theorists, since the dark 
matter constraints effectively eliminate most, if not all, weakly-interactive massive 
particles. It also rules out baryons, except for atomic hydrogen, molecular hydrogen 
and perhaps He-3. This is because Barkana’s dark matter constraints effectively rule 
out a dark matter particle much greater than 2–3 GeV, which strongly supports the 
case for atomic hydrogen!

To comprehend the significance of these dark matter constraints, the reader 
should scrutinize Figure 3 of [11]. They should pay particular attention to the dark 
matter particle mass mx corresponding to a cross-section σ1 value of 10−20 cm2 and 
a 21-cm brightness temperature log10 value (in mK) of 2.32. Note that these values 
correspond to a cold dark matter particle matching neutral atomic hydrogen, with 
a similar low velocity scattering cross-section and a mass-energy of 0.938 GeV. 
Furthermore, it should be remembered that the redshifted cosmic dawn 21-cm  
H I line is the signature of atomic hydrogen in its ground state.

2.3 McGaugh’s argument for a ‘purely baryonic universe’

In March of 2018, around the time of the Bowman, et al. EDGES publication, 
physicist Stacy McGaugh published a brief note [12] which made a cogent and 
compelling argument for baryonic dark matter. He noted that the high intensity of 
Bowman’s redshifted H I line was a problem for the standard model of cosmology 
assumption of a non-baryonic b-DM interaction at cosmic dawn. McGaugh cor-
rectly pointed out that current atomic theory would indicate such a signal has the 
maximum T21 intensity when the neutral hydrogen fraction XHI is 1 and the spin 
temperature TS is equal to the Kelvin temperature. Although McGaugh did not 
explicitly state that a primordial atomic hydrogen self-interaction (i.e., decoupled 
colder atomic hydrogen interacting with CMB-equilibrated atomic hydrogen) was a 
more reasonable explanation for the EDGES study results, his statement that these 
observations would be ‘expected for a purely baryonic universe’ clearly carried this 
implication. He made the point that a dark matter particle outside of the standard 
particle model (i.e., a non-baryonic particle) was unnecessary to explain the EDGES 
study findings.

2.4 A cosmic Dawn H I mechanism (the Wouthuysen-Field effect)

The Bowman, Barkana and McGaugh publications, while opening up the pos-
sibility for a light baryon to fit within the current dark matter constraints, did not 
clearly specify a mechanism by which a baryon could have decoupled primordial 
hydrogen from the cosmic dawn CMB temperature. However, as detailed in the 
author’s original CHDM publications, those mysterious cold baryons could well 
have been the first of the primordial hydrogen atoms chilled by the first stars of 
cosmic dawn.

The first stars of cosmic dawn are believed to have been massive blue stars  
emitting a great deal of ultraviolet (UV) radiation, including Lyman-alpha (Lyα) 
waves. Anyone with a knowledge of UV radiation effects on atomic hydrogen would 
have learned of the Wouthuysen-Field effect (WFE) discovered in the 1950s [13].  
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In short, the author proposes that the WFE is the likely mechanism by which the 
first primordial hydrogen atoms were decoupled from the CMB during cosmic 
dawn. A non-baryonic intermediary would not have been required.

In the laboratory, Lyα radiation has the correct energy to trigger, by a multi-
step process, the otherwise ‘forbidden’ transition (i.e., parallel to anti-parallel 
electron spin orientation) in ground state atomic hydrogen. As mentioned in 
the Introduction, the anti-parallel electron spin state has the lower energy level. 
This effect would have decoupled H I from the CMB temperature. Absorption 
and re-emission of Lyα photons effectively causes a redistribution of the balance 
between the 21-cm hydrogen ground states, such that a higher percentage of H I has 
its electron in the anti-parallel electron spin orientation with respect to the proton 
spin orientation. The net effect would have been to chill the Lyα-absorbing H I well 
below the CMB temperature and to make its redshifted ultrafine 21-cm line highly 
visible (whereas, CMB-equilibrated H I is invisible [14]).

Thus, the author’s CHDM theory incorporates the WFE mechanism as a very 
reasonable alternative to the standard ΛCDM cosmology theory that non-baryonic 
dark matter chilled first during the dark cosmic epoch (which immediately pre-
ceded cosmic dawn) and then interacted with (i.e., chilled) primordial H I during 
cosmic dawn. The author’s proposed WFE mechanism is a more simple and direct 
explanation. More importantly, it better explains the measured intensity and timing 
of the redshifted 21-cm signal at the beginning of cosmic dawn. The author pro-
poses that it was the first stars which triggered the chilling of CMB-equilibrated H 
I, rather than exotic non-baryonic dark matter particles. To put it simply, it appears 
likely that the ‘cold dark matter’ interacting with cosmic dawn CMB-equilibrated H 
I was, in fact, the first of the atomic hydrogen to be chilled by the Lyα radiation of the 
first stars.

2.5 The hydrogen snow cloud model

For readers to become comfortable with the idea that cold hydrogen (molecular 
as well as atomic) could still be invisible and, therefore, missing from the baryonic 
budget, a brief description of Walker and Wardle’s hydrogen snow cloud model 
[15] is in order. In their model, molecular hydrogen intermixed with small amounts 
of atomic hydrogen and helium can theoretically condense to a cold, high-density 
regime where solid or liquid hydrogen can form. By a complex mechanism, an 
inverted entropy gradient forms, allowing for the cloud outer layers to maintain an 
equilibrium state such that they are below the CMB temperature. Crucially, Walker 
and Wardle calculate specific model luminosities to be so low that such hydrogen 
snow clouds are, effectively, ‘a type of baryonic dark matter’ (their words). While 
the supercooled outer envelope of these snow clouds is mostly in the form of molec-
ular hydrogen, Walker and Wardle presume there to be less cold H I in the snow 
cloud interiors. Therefore, effectively, the atomic and molecular hydrogen in these 
snow clouds is invisible to direct observation (i.e., dark). Moreover, there is, as of 
yet, no good reason why such hydrogen snow clouds could not be in large quantity 
within and around galaxies. This is CHDM in a somewhat different configuration, 
but dark hydrogen nonetheless.

2.6  The new galactic pin scintillation method for observing otherwise dark 
baryonic matter

In January of 2021, Wang et al. [16] reported first results of an ingenious 
method to observe otherwise invisible baryonic matter in the MW. By using the 
Australian Square Kilometer Array Pathfinder (ASKAP), they were able to track 
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radio scintillations of such matter by using distant galaxies as ‘locator pins’ to map 
their extent. A degrees-long filamentous cloud was observed. As described by 
Wang, ‘This gas is undetectable using conventional methods, as it emits no visible 
light of its own and is just too cold for detection via (usual) radio astronomy.’ Artem 
Tuntsov, another of the authors, suggested the possibility that their cloud could be a 
hydrogen snow cloud having undergone tidal disruption by a nearby star [17]. This 
is a new method which will undoubtedly be used to identify a great deal more MW 
hydrogen dark matter than has been possible to measure otherwise.

3. Discussion

Given the CHDM theory presented here, it is useful to consider a reasonable cos-
mic evolution scenario following the CMB emission epoch. We begin with the CMB 
anisotropy pattern created when the universe was transitioning from a 3,000 K 
plasma ball to a hot neutral gas of mostly atomic hydrogen.

The denser regions within the CMB anisotropy pattern presumably followed 
the positive feedback of gravity to become the galaxies, galaxy clusters, and fila-
ments we observe. Meanwhile, the fractal distribution of less dense regions of the 
CMB anisotropy pattern intricately interlaced with the denser regions presumably 
became much less dense, owing to ongoing universal expansion and cooling. These 
cooler primordial hydrogen regions ultimately became the interstellar, circumga-
lactic, and intergalactic deep space we see today. To summarize, the denser regions 
of the CMB anisotropy pattern became warm to hot gas clouds and hot stars, while 
primordial hydrogen atoms of deep space became increasingly cold, following the 
descending CMB temperature.

During the early cosmic dawn this otherwise invisible atomic hydrogen became 
highly visible while it was decoupled from the CMB temperature by the Lyα UV 
radiation of the first stars. However, continuing cosmic expansion and cooling 
eventually brought the increasingly-separated primordial hydrogen atoms back into 
CMB equilibrium. Therefore, it appears likely that this mostly invisible primordial 
hydrogen is still present in deep space in great abundance. Its low kinetic energy, 
low average vacuum density, tiny scattering cross-section, and remoteness from 
light sources makes it the most difficult chemical species in the universe for us to 
locate and measure. One can certainly understand why, to this point, indirect obser-
vations, such as galactic rotation curves, have been necessary to provide support for 
the existence of dark matter.

A discussion of the cosmic evolution of primordial hydrogen would be incom-
plete without a specific focus on its role in galactic evolution and dynamics. By the 
end of the cosmic dark age, the universe, according to the widely-accepted big bang 
theory, was at a CMB radiation temperature of a little less than 100 K. The first 
stars of cosmic dawn had not yet ignited. In their place were rapidly-accumulating 
concentrations of warming primordial hydrogen interspersed with lesser amounts 
of primordial helium and lithium. Intimately interlaced with these gravitating and 
warming hydrogen clouds and ‘pre-stars’ were zones of hydrogen still equilibrated 
with the CMB temperature and destined to be, with further cosmic expansion, the 
cold atomic hydrogen of interstellar, circumgalactic, and intergalactic deep space. 
According to the CHDM theory, this was the slowly-cooling primordial hydrogen 
destined to be what we are currently calling ‘cold dark matter.’

Not surprisingly, because deep space is interlaced between today’s stars, galax-
ies, galaxy clusters and filaments, deep space primordial hydrogen undoubtedly 
has a gradient of concentrations and temperatures (i.e., velocities). This depends 
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upon its precise interstellar, circumgalactic or intergalactic location. Thus, the 
deep space interstellar and circumgalactic vacuum density averages approximately 
one atom per cubic centimeter, and the deep space intergalactic vacuum density 
averages approximately one atom per cubic meter. Presumably, in the vicinities of 
particularly dynamic and concentrated star formation, the interstellar primordial 
hydrogen is warmed up by energetic photons and concentrated stellar winds, 
to the point where it can become either visible or highly depleted within these 
zones. This mechanism may account for observations of a ‘cored’ (i.e., relatively 
depleted) dark matter, as hydrogen, distribution near the centers of active star-
forming galaxies.

The study by Read et al. [18] of nearby dwarf galaxies showed that those which 
stopped forming stars more than 6 billion years ago tended to be cuspier than those 
with more recent ‘bursty’ star activity. The more recently-active galaxy centers 
tended to show more pronounced dark matter coring. The Read findings agree well 
with models where dark matter (baryonic or non-baryonic) is heated up and/or 
redistributed by concentrated active star formation. This interpretation fits nicely 
with the CHDM theory concerning the galactic evolution of primordial hydrogen. 
If this is the correct interpretation, then many bizarre properties of non-baryonic 
dark matter become unnecessary.

With the cosmic and galactic evolution scenario presented above, it should be 
apparent that the theorized non-baryonic dark matter is not required in order to 
understand the structural distribution of visible matter we see today. The opposing 
processes of gravitational clustering and cosmic expansion provided for a diver-
gence of outcomes within the primordial hydrogen. Presumably, approximately 
one-sixth of this primordial matter gravitationally collapsed sufficiently to become 
the visible matter portion of our universe, and the remainder of this primordial 
matter became the CHDM of deep space.

As for predictions having to do with CHDM, the following appear to be likely:

3.1 Improved methodologies for detecting baryonic dark matter

There will be many more creative methodologies invented over the next decade 
which will indirectly locate and quantify otherwise invisible collections of cold 
hydrogen in the MW and its circumgalactic medium. Some of these methodologies 
may even be applicable to nearby galaxies.

3.2 Tightening constraints on dark matter

There will be tightening dark matter constraints around a particle mx value of 
0.938 GeV (i.e., the mass-energy of neutral atomic hydrogen).

3.3 Computer simulations of CHDM

Computer simulations of galaxy formation and evolution which incorporate the 
CHDM theory presented herein will show excellent correlations with observations, 
including the coring effect of heating and/or ejecting cold interstellar hydrogen 
from active galactic centers with bursty star formation.

3.4 No exotic non-baryonic dark matter

No exotic non-baryonic dark matter fitting the observed qualitative and quanti-
tative dark matter constraints will ever be discovered.



Dark Matter - Recent Observations and Theoretical Advances

12

Author details

Eugene Terry Tatum
Independent Researcher, Bowling Green, KY, USA

*Address all correspondence to: ett@twc.com

4. Summary and conclusions

An explanation has been given as to why very low density, deep space, primor-
dial atomic hydrogen in its lowest energy electron spin ground state should be 
largely invisible, especially when close to the CMB temperature. Calculations made 
on the 20 kpc radius Posti & Helmi halo sphere support this theory, especially when 
one realizes that an average halo vacuum density of only 0.77–1.0 hydrogen atom 
per cubic centimeter dwarfs the visible matter of the MW galactic disk and bulge.

Further support for the CHDM theory is provided by the EDGES study of the 
redshifted 21-cm H I line corresponding to cosmic dawn. The cosmic dawn dark 
matter constraints given in Barkana’s review, and McGaugh’s arguments for a ‘purely 
baryonic universe,’ fit nicely with the theory presented herein. The most reasonable 
mechanistic explanation for the intensity and timing of the cosmic dawn signal 
appears to be the Wouthuysen-Field effect. There appears to be no necessity for an 
exotic non-baryonic intermediary in the creation of this signal.

Exciting recent theoretical work on the hydrogen snow cloud model also pro-
vides some rationale for an abundance of extremely cold hydrogen invisible to 
direct observation. The new galactic pin scintillation method for indirect observa-
tion of ‘baryonic dark matter’ not reliant upon gravitational phenomena is also 
exciting. These new ideas and methods bode well for additional inventive studies 
over the ensuing decade.

The discussion section has focused on providing reasonable cosmic and galactic 
evolution scenarios for primordial atomic hydrogen which clearly do not require a 
pre-existing structural scaffold of non-baryonic dark matter. Primordial hydrogen 
created the structure we see. A reasonable CHDM explanation for a correlation 
between ‘cored’ galactic dark matter distribution and active galactic centers has also 
been given. This is consistent with observations reported by Read, et al.

Finally, several predictions having to do with CHDM have been made for the 
coming decade of observations and simulations.

In conclusion, it is worth asking the following question:
‘If interstitial cold atomic hydrogen in its lower ground state is qualitatively and 

quantitatively sufficient to explain dark matter observations to date, do we really 
need to spend more of our time and money continuing to look for anything else?’

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 3

Dark Matter in Spiral Galaxies as
the Gravitational Redshift of
Gravitons
Firmin Oliveira and Michael L. Smith

Abstract

Several recent attempts to observe dark matter with characteristics similar to
atomic or subatomic particles as Weakly Interacting Massive Particles (WIMPs)
have failed to detect anything real over a wide energy range. Likewise, consider-
ations of large, non-emitting objects as the source of most dark matter fall short of
expectations. Here we consider the possibility that massless gravitons suffering
slow redshift may be responsible for the properties of spiral galaxies attributed to
dark matter. Particles such as gravitons will be extremely difficult to directly
detect; the best we can envision is measuring this influence on stellar and galactic
motions. Since the motions of stars and galaxies are non-relativistic, we can apply
our idea to describe the expected large-scale motions using only Newtonian
mechanics. Using our assumption about the importance of the graviton, we here
describe the well-known Tully-Fisher relationship of spiral galaxies without
resorting to hypothesizing exotic WIMPs or invoking modifications of Newtonian
dynamics (MoND).

Keywords: dark matter, spiral galaxies, galaxy dynamics, baryonic Tully-fisher
relation, Newtonian mechanics, gravitons, BTFR

1. Introduction

The first hint for the existence of dark matter (DM) between galaxies was the
observation over eight decades ago from a study of the luminosities and centrifugal
velocities of three galaxies, a galactic “triplet” of the Coma Cluster [1]. Fritz Zwicky
noted that the motions of these galaxies about a central point could not be properly
described using his presumed values for the galaxy matter densities. He, like all
astronomers, estimated matter density assuming that the average density is pro-
portional to the observed luminosity. These three galaxies were behaving as if each
contained much more matter than calculated from the luminosities. Zwicky pro-
posed that these three galaxies behaved as if under the influence of a type of
plentiful, non-radiating matter, hence DM.

Stellar motions in spiral galaxies The existence of significant DM was later
required to explain another interesting problem of astronomy—the intragalactic
motions of stars within the Andromeda galaxy [2]. For what seems a general rule,
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the rotational motions of stars about the center of the galactic plane, of spiral-type
galaxies, do not follow Kepler’s laws of planetary motion. Instead, the more distant
stars travel at much greater velocities relative to those of the interior [3]. Distant
stars circulate at a more frantic pace than those closer to the center contradicting
the planetary laws of Kepler; objects more distant from the center should be travel-
ing slower than those closer. Follow-up observations by Rubin and coworkers of the
stellar velocities within many other spiral galaxies confirm this observation as a
generality [4]. This is strongly supported by another group in a study of over 1000
galaxies [5]. It still seems uncertain if this grand observation by Rubin also holds for
globular and other types of galaxies because observation of individual star motions
is more difficult for these galaxy types. Investigators also pointed out that presumed
DM explains the rotational velocities of stars in low luminosity galaxies better than
for luminous galaxies [5]. The reader should understand that the quandaries of both
Zwicky and Rubin depend on the belief that the quantity and distribution of “nor-
mal” matter can be correctly estimated from the galactic luminosity.

Proper explanation of these anomalies remains without a satisfactory answer
after more than five decades. An answer to this conundrum is considered as utmost
importance to both physics and astronomy. Many investigators now call for either
new physics or for the presence of considerable DM, of some type, to explain the
stellar motions in these galaxies [6]. A solution of Rubin’s observations was pro-
posed years ago by utilizing Einstein’s General Relativity under the condition of
cylindrical geometry [7] but was quickly shown deficient for describing other
important properties of spiral galaxies [8]. Another and a more credible explanation
of the baryonic-Tully-Fisher relation (BTFR) has been made using Carmeli General
Relativity (CGR), which does not require new particle physics nor DM [9].

Dark matter identity If DM is the explanation, the exact nature still defies
description after all these years. We divide the proposed solutions into three sus-
pects. The first type would be DM as small atomic or subatomic particles, which are
often termed Weakly Interacting Massive Particles or (WIMPS) [10, 11]. We
include exotic particles, as those predicted by weak-scale supersymmetry, in this
group [12]. The terms massive, WIMPS refer to particles with energies significantly
above the common atomic and subatomic energies. To be effective DM such parti-
cles would obviously have to exhibit measurable mass, be non-relativistic and hence
cold in nature. They would also have to be dark, that is, not interacting with
photons. WIMPS must also exhibit elastic collisions with themselves and with
baryons (no clumping allowed), and there would have to be a lot of them—about
4–6 times the total mass of ordinary matter. In addition, because WIMPS are non-
interactive, cold and nearly frictionless, a novel explanation is required to explain
how the velocities were significantly reduced after the Big Bang. This is a long list of
special conditions and novel physics.

Many attempts have been made to detect DM, as WIMPS, in terms of particles at
near atomic or subatomic energies. We list some of the latest attempts to detect
such a particle here. Years of attempting underground detection of entities from
intergalactic origin with sensitive probes have been without any success [13].
Attempted detection of particles resulting from WIMP self-annihilation in our sun
also ended without positive results [14, 15]. Detection of signals in large Xe-filled
detectors over long periods (time) has also not reported positive results [16, 17]. A
recent summary of several programs that have failed to detect WIMPS is available
[18]. There is one recent event recorded by the Particle and Astrophysical Xenon
TPC (PandaX) collaboration, which might be evidence for WIMPS, which obvi-
ously needs to be reproduced [19]. In spite of these several failures, there are
proposed programs hopeful to deliver positive results. It is questionable if these
searches will be funded.
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One proposal will use the planned International Linear Collider, which might be
built in Japan, to detect heavy WIMPS up to 3 Tev in size [20]. Another suggestion
is to rather concentrate on detecting the lightest neutralino of supersymmetry.
According to some people, this hypothesized particle remains the best candidate
for dark matter with decent detection prospects [21]. On the other hand, faith in
small mass WIMPS around the mass of neutrinos as DM candidates has been
ruled out from examination of supernovae observations showing the total neutrino
and neutralino mass of the Universe is simply too small to be DM [22]. The best
chance for detecting massive WIMPS may come from detecting products from
cosmic ray collisions, which are high enough energetically to produce particles with
energies from 150 and 500 GeV [23]. But the final argument against WIMPS is the
need for special pleading around the existence of WIMPS, which supposedly make
up about 80% of matter; about 20% of our Universe. It is special that WIMPS are
everywhere but not in our solar system, an argument contrary to the Cosmological
Principle of Einstein [24]. So we can believe in WIMPS and discard the Cosmo-
logical Principle or hold this principle true and discard the notion of WIMPS, but
not both.

The second explanation is that matter of the common variety is responsible for
the effects of DM, and there is much more common matter than we can detect in
spiral galaxies. These dark objects are often referred to as Massive Astrophysical
Compact Halo Objects (MACHOS). This group includes massive objects such as
brown dwarfs, Jupiter-sized planets, neutron stars, and “small” black holes [25].
Some investigators also include white and red dwarfs in this group since those
inhabiting other galaxies are invisible to our telescopes but would exert gravita-
tional attraction nonetheless [26]. One should also include large clouds of known
atomic particles, such as neutral hydrogen and helium. Large clouds of atoms and
small molecules may well be undetected in unlit regions of intra- and intergalactic
space. Investigations into the MACHO hypothesis have waned the past few years
but might revive if data from two planned satellites support the MACHO scenario.
There are two programs may uncover data critical to the MACHO hypothesis. The
first is the James Webb satellite, rescheduled (again) for launch later this year. This
satellite will be able to detect objects emitting light in the near and mid-infrared
range, thus allowing a better assay of the population of dark stars and Jupiter-sized
planets [27]. Another satellite with a detection range in the visible and near-infrared
regions is the Nancy Grace Roman space telescope. This platform will be able to
collect data over a much greater volume than any current instrument, be able to
detect new Jupiter sized planets and so should also add to our knowledge of
MACHOS and hence DM [28]. The planned launch date is sometime in 2025, so it
may be collecting data before the JamesWebb telescope. Finally, it has been pointed
out that the methods previously used to calculate the MACHO density have not
been optimal, with better observational methods and more satellite data, this
explanation of DM may rebound in popularity [29].

One key relationship associated with the presence of luminous matter in galaxies
is the Tully-Fisher relation (TFR), which is something like

L ∝ V3:5�4
θ (1)

where L is the apparent luminosity of the stars in the galactic plane, and Vθ is
the average rotational velocity of these stars. This holds true even when mid-
infrared and microwave radiations are assayed [30]. This relationship is sometimes
written as

M ∝ V3:5�4
θ (2)
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where M is the estimated mass of luminous stars and modeled gas in that
galaxy. This empirical finding is thus a broad correlation between the rotational
velocities as determined by the Doppler shift and the baryonic matter content of
many spiral galaxies [31]. This empirical correlation is sometimes termed the
baryonic-Tully-Fisher relation (BTFR).

The third explanation is gravitons. This particle was first proposed by Feynman
to modulate the interactions of gravity in analogy to the photon, which modulates
interactions between ordinary matter [32]. A graviton is the agent of the gravita-
tional field having zero rest mass traveling at the speed of light in a vacuum. Since a
graviton has never been observed, the bulk properties may be like those of axions or
even neutralinos [33]. These are all hypothesized “particles” not exhibiting proper-
ties of ordinary or DM other than gravitational attraction [34]. The graviton has also
been hypothesized as a type of heavy particle outside the standard model (SM) of
physics [35]. In general, not much is known about these particle types placing our
culture in a situation similar to our understanding of WIMPS. Unlike the frustrating
studies of WIMPS, the study of gravitons has been generally overlooked. Here we
suggest a simple description of gravitons in action to better explain the BTFR and
hopefully stir up more interest in this line of inquiry.

Finally, there are several people who have expressed their concern that the
searches for new particles, WIMPS, and other gravity sources have failed and that
future investigations are not likely to do any better [36]. In the meantime, WIMPS
and MACHOS are suggested solutions over which many investigators lavish time
and imagination, some can even directly profit from broadcasting their ideas [37].
Dark matter and dark energy have made their way into YouTube pop-science
culture, which helps support some younger investigators [38]. The topic of dark
matter has even been unofficially designated as the calendar day: October 31.

To properly model the Zwicky and Rubin observations, people have proposed
theories that do not invoke any particle type but rather modify the fundamental
equation of gravity. Some look to modified gravity (MoND) as a revolutionary
answer to explain problems on scales larger than our solar system—the galactic
scale [39]. Some of the problems with MoND have been addressed for public
consumption [40]. This topic, however, is outside the interest of this chapter.

2. Theory

We suggest that gravitons, as agents of the gravitational field, may be modeled as
a dense soup of massless particles that nonetheless interact with massive particles.
When gravitons travel in a gravitational field, modeled by the equivalence principle
as an accelerating system [41], over a short time period δt ¼ δr=c, where the acceler-
ation a at a point r in the field is given by a ¼ �GM=r2, they must experience an
energy loss of δΞ due to motion in that field. We express this differentially as

δΞ ¼ � mc2
� � δv

c
¼ mcð Þaδt ¼ �GMm

r2
δr, (3)

where m is the total relativistic graviton mass, δv is the change in velocity of the
system observed from an inertial reference frame, G is Newton’s gravitational con-
stant,M is the baryonic mass of the field source, r is the distance between the center
of the source and the location of the moving gravitons, δt is the short travel time of
the gravitons at speed c over distance δr. The energy change is a loss (negative)
because δv is in the same direction as the motion of the gravitons, so that for an
inertial observer moving with velocity δv, the energy of the graviton is redshifted.
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Integrating Eq. (3) between radial positions r0 and r, where r0 ≤ r, we obtain the
total graviton energy change ΔΞ, given by

ΔΞ ¼
ðv2
v1
� mc2
� � δv

c
¼
ðr
r0
�mc

GM
r2

� �
δr
c
¼ �GMm

1
r0

� 1
r

� �
: (4)

Eq. (4) describes the gravitational redshift of the graviton energies as these
travel from a position r0 of lower (more negative) to a position r of higher (less
negative) potential energy consistent with energy conservation. For simplicity, we
assume here that the mass M is a point mass.

Consider the energy equation for a galaxy of baryonic mass M interior to
position r0 with a small baryonic massm in a circular orbit of radius r. The gravitons
traversing the distance from the interior mass to the orbiting mass at speed c have a
decrease in energy ΔΞ given by Eq. (4). The total orbital energy is given by

1
2
mv2 �GMm

r
þ KgΔΞ ¼ 1

2
mv2 �GMm

r
� KgGMm

1
r0

� 1
r

� �
¼ E, (5)

where Kg >0 for r≥ r0 and Kg ¼ 0 for r< r0. Kg is a galaxy dependent dimen-
sionless coefficient, which is necessary to fit the theory with observation, but the
actual physical reason for it is not known at this time.

Multiplying Eq. (5) by 2=m and moving all terms except v2 to the right-hand side
with the total orbital energy E ¼ �GMm=2r, we obtain

v2 ¼ GM
r

þ 2KgGM
1
r0

� 1
r

� �
: (6)

The properties of a typical spiral galaxy are more easily observed than other
types and can be described by the final radial distance r f , at which the final
rotational velocity is v f and the orbiting mass is m. Substituting v f for v and r f for r
into Eq. (6) and solving for the viral mass Mvir, we obtain

Mvir ¼
v2f r f
G

¼ M 2Kg
r f
r0

� 1
� �

þ 1
� �

, (7)

from which we get the apparent dark matter Md in the galaxy,

Md ¼ Mvir �M ¼ 2MKg
r f
r0

� 1
� �

: (8)

Solving Eq. (7) for r0, and simplifying yields,

r0 ¼ 2Kgr f

v2f r f
� �

=GM
� �

þ 2Kg � 1
: (9)

These results ideally require virtually all the galaxy baryonic mass M to be
interior of the radial distance r0, with only small test masses beyond r0. Addition-
ally, determining the actual mass interior to r0 and the velocity v f is not an exact
science. Thus, proving the validity of Eq. (9) for determining r0 can be difficult.

Here we relate r0 to the baryonic Tully-Fisher relation (BTFR) [10]. At r ¼ r0,
by squaring Eq. (6) and putting it into an inverted form of the BTFR, we get

v4 ¼ MA�1 ¼ GM
GM
r20

� �
¼ GMa0, (10)
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where A≈50M⊙km
�4 s4 andM in solar mass units [42, 43]. For v in ms�1,M in kg

and r0 in m, a0 ¼ GM=r20 ¼ GAð Þ�1≈1:507 � 10�10ms�2, where we again emphasize
that we are assuming that M is the mass interior to r0, which is an approximation.
However, the BTFR is also an approximation, albeit a very good approximation from
a large amount of galaxy rotation data.

For galaxies in general, we model the mass density function ρ rð Þ as spherically
symmetric. The mass M rð Þ of the galaxy within the radial distance r is given by

M rð Þ ¼
ðr
0
4πρ uð Þu2du: (11)

With mass density ρ rð Þ, the graviton energy loss Eq. (4) between r0 and r is
expressed by

ΔΞ rð Þ ¼ �
ðr
r0
mGM uð Þ du

u2
¼ �

ðr
r0
mG

ðu
0
4πρ sð Þ s2ds

� �
du
u2

: (12)

Using Eqs. (11) and (12), Eq. (6) becomes

v2 ¼ GM rð Þ
r

� 2KgΔΞ rð Þ
m

¼ G
r

ðr
0
4πρ sð Þ s2dsþ

ðr
r0

2KgG
u2

ðu
0
4πρ sð Þ s2ds

� �
du: (13)

To obtain r0, solve the following equation iteratively,

r20 ¼ G
a0

ðr0
0
4πρ sð Þ s2ds

� �
: (14)

Solving Eq. (13) for Kg yields the equation,

Kg ¼
v2flat � GM=r fÐ r f

r0
2G
u2
� � Ð u

0 4πρ sð Þ s2ds� �
du

, (15)

where vflat is the velocity of the flat part of the rotation curve.

3. Results

We performed nonlinear modeling of the graviton model, Eqs. (13)–(15), with
the velocity rotation curve data for spiral galaxies NGC 3198 and the Milky Way.
The mass density function ρ rð Þ that we use is defined by,

ρ rð Þ ¼ M
4=3ð Þπ

� �Xn
j¼1

b j

a3j

 !
exp � r

a j

� � !
, (16)

where the total baryonic mass equals M over the total radial range of the
observational data, a j are scale lengths, and b j are weights, where the weights sum
to unity. Determinations for the mass M r, r1ð Þ within the positions r1 and r, where
0≤ r1 ≤ r, must be normalized, so the mass is computed from Eq. (16) in the form

M r, r1ð Þ ¼ MÐ r f

0 4πρ uð Þu2du

 !ðr
r1
4πρ sð Þs2ds, (17)

where r f is the largest radial distance of the data: the galaxy edge.
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NGC 3198 For the analysis of NGC 3198 rotation data, with stellar mass
2:3� 1010M⊙ and mass of gas 0:63� 1010M⊙, we have a total baryonic mass of
MN3198 ¼ 2:93� 1010M⊙ [44]. For the rotation curve data of NGC 3198, we use data
from the thesis of Begeman [45]. We set n ¼ 4, with the scale lengths a1 ¼ 1:1 kpc,
a2 ¼ 1:27 kpc, a3 ¼ 1:35 kpc, a4 ¼ 1:5 kpc, and the weights are b1 ¼ 0:4, b2 ¼ 0:3,
b3 ¼ 0:2 and b4 ¼ 0:1. By solving Eq. (14) we obtain r0 ¼ 4:254 kpc, the radial
distance where the acceleration equals a0 ¼ 1:507 � 10�10ms�2. Solving Eq. (15), we
obtain a value of Kg ¼ 0:421. The result using the NGC 3198 data is presented
in Figure 1. The fit, not necessarily optimal, has a Mean Absolute Error of
MAE ¼ 4:322kms�1, expressed by MAE ¼ 1=nð ÞΣn

j¼1∥O j � P j∥, where O j are the
observation values and P j are the model predictor values. The square of the
correlation coefficient between the observed vobs and modeled vmod rotational
velocities is r2 ¼ corr vobs, vmodð Þð Þ2 ¼ 0:986.

Milky Way Galaxy A fit of the graviton model to the velocity rotation curve data
for the MilkyWay is shown in Figure 2. The mass for our galaxy is approximated by
the BTFR given by Eq. (10) with a flat rotational velocity of v ¼ 202kms�1, which
yields a mass of MGalaxy ¼ 8:328� 1010M⊙. The nonlinear curve fit to the rotation
curve data [46] is made with n ¼ 6, with the scale lengths given by a1 ¼ 0:11 kpc,
a2 ¼ 0:7 kpc, a3 ¼ 1:71 kpc, a4 ¼ 1:82 kpc, a5 ¼ 1:83 kpc, and a6 ¼ 1:84 kpc. The
weights used are b1 ¼ 0:095, b2 ¼ 0:1, b3 ¼ 0:2, b4 ¼ 0:3, b5 ¼ 0:3, and b6 ¼ 0:005,
where the weights sum to unity. Solving Eq. (14), we find the radial distance where
the acceleration to be a0 ¼ 1:507 � 10�10ms�2 is r0 ¼ 8:157 kpc. Then, using this
value for r0, we solve Eq. (15) to obtain a value of Kg ¼ 0:418. The fit of the
graviton model, not necessarily optimal, has an error of MAE ¼ 6:33kms�1 for the
fit up to r0 and for the entire range of the data up to 1:28� 103 kpc, the error is

Figure 1.
The velocity vs. radial distance from the galactic center of NGC 3198. The data points and errors are from [45].
The solid curve is a good fit to the data with the graviton model, Eqs. (13–15).
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MAE ¼ 13:25kms�1. For the radial distance up to r0, the square of the correlation
coefficient between the observed and modeled velocities is r2 ¼ 0:136. For the full
radial distance up to 1:28 Mpc, the square of the correlation coefficient between
observed and modeled velocities is r2 ¼ 0:171.

The results for NGC 3198 and the Milky Way galaxies are summarized in
Table 1. Our graviton model of the stellar velocity data of these two galaxies
exhibits a decreasing rotational velocity for increasing distance from the galactic
center, which is a result of the lingering of the Newtonian velocity component in
the model, using Eq. (6), expressed proportionally by

v rð Þ∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 2Kg

r
þ 2Kg

r0

s
, (18)

for r0 ≤ r. This effect may mimic the external field effect observed in spiral
galaxies as reported by [47]. Use of the graviton model to analyze more galaxies is
necessary to quantify this effect.

For comparison, we also have modeled the stellar rotational velocity vs distance
from the galactic centers as a version of this empirical relationship,

Vθ ¼ VmDL

Kθ þDL
(19)

where Vθ is the rotational velocity in the galactic plane, Vm is the average
maximum velocity, DL the observed binned distance from the galactic center, Kθ is
some constant, which should not be confused with Kg. The general form of this
relationship is well known in physical chemistry as the Langmuir equation

Figure 2.
The velocity vs. radial distance from the galactic center of the milky way galaxy. The data points and errors are
from [46]. The solid curve is the fit to the galaxy rotation curve with the graviton model, Eqs. (13–15).

Galaxy r0 (kpc) Kg n r2

NGC 3198 4.254 0.421 4 0.986

Milky Way 8.157 0.418 6 0.171

Table 1.
Graviton model results from fits of Eq. (13) to the NCG 3198 and milky way full range binned data. Note that
r2 is the correlation coefficient corrected for parameter number and not the value for any radius.
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describing a substrate-saturation curve of a binding site-limited system. Note that
we allowed both Vm and Kθ to be the two free parameters. We select this model
because the data exhibit an initial quick increase in Vθ followed by a long progres-
sion of stars with fairly similar Vθ as evidenced by many barred galaxies [4]. We
present the results from nonlinear regression modeling Eq. (19) with the NGC 3198
and the Milky Way data in Table 2 with all three analyses including the position of
the galactic center, velocity, 0,0 without error. Note the results of Milky Way (113)
including all data and the results of Milky Way (99) where the 14 data pairs closest
to the galactic center are not used because the data are very noisy. This model fairly
describes the Milky Way data as the values for r2 are nearly 1.

Figure 3 presents the best fit to the binned NGC 3198 data using the Langmuir
model. It appears that the Langmuir equation is a fair model to the NGC 3198 data
for stars at and beyond 4 kpc from the galactic center and might be useful to
estimate the average rotational velocity of stars in spiral galaxies, which are not too
close to the center. Another thing to note is that the rotational velocity of the Milky
Way estimated by both the graviton and Langmuir models is similar at about
200 km s�1.

4. Conclusions

We suggest an alternate explanation to the usual for the Zwicky and Rubin
observations without resorting to the special pleading required by the WIMP and

Galaxy Vm (kpc) Kθ r2

NGC 3198 154 � 2 0.05 � 0.1 0.982

Milky Way (113) 211 � 2 0.20 � 0.04 0.991

Milky Way (99) 200 � 2 �0.16 � 0.05 0.997

Table 2.
Results from nonlinear regression of galaxy binned data with the Langmuir equation. Note that r2 is the
correlation coefficient corrected for parameter number and not the value for any radius.

Figure 3.
The rotational velocity (km s�1) vs. radial distance (kpc) from the galactic center of NGC 3198. The solid
curve is a good fit to the data with the Langmuir model, Eq. (32). The errors shown here and used for modeling
are the standard deviations from the observations [45].
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MACHO scenarios. Though there have been several well-intentioned attempts to
observe WIMPS through many different energy ranges, we have not read of any
experiment or observation that one might call success. The search continues, how-
ever, with a portion of the high energy time of the CERN facility dedicated to such
experiments [48]. More astronomical observations confirming or denying, indi-
rectly, DM are on the horizon, involving hundreds of people [49]. We wonder if the
results of these will make any difference to the opinions of astronomers since
observations to data of distant galaxies yielding results that both confirm and deny
DM are continually reported to this day; the opinions of astronomers seem to be
data-independent [50, 51].

Our results from modeling the rotational data of spiral galaxy NGC 3198
resulting from graviton physics are in close agreement to observations. Examination
of Figure 1 and the results in Table 1 reveals our graviton model to be an excellent
description of this galaxy. The results of using this model with the Milky Way data,
Figure 2, are not nearly as good. This is probably due to two different sources. First,
the Milky Way data is quite noisy, which is to be expected since astronomers are
collecting information that necessarily travels through densely packed stars and gas
clouds. Second, the large number of parameters needed in the mass density model
to properly use our graviton model makes it very difficult to properly select the best
values for modeling. A more robust mass density model is needed, rather than the
rudimentary density of Eq. (16), to better match the density in the Milky Way and
other complex spiral galaxies.

Our results from modeling the data from these two galaxies using the Langmuir
equation are good, as seen in Figure 3 and Table 2. We do not claim this model
properly describes the rotational velocities of either galaxy. It may be of use to
astronomers for selecting the best average velocity of stars a fair distance from the
galactic center.

Although the fits to the Milky Way rotation data were weak for the graviton
model, due to the poor density model, this does not diminish its potential. The
graviton model is based on the physical principle that gravitons are bosons and thus
should behave like photons in a gravitational field. Gravitons traveling away from a
massive source should lose energy due to gravitational redshift just as observed for
photons. This process takes place for gravitons within galaxies, between galaxies,
and within galactic clusters and throughout the Universe. Taking proper account for
gravitons can go a long way to explain dark matter and even dark energy and orbital
decay of binary stars [41]. This effect use of the graviton model has been
overlooked for nearly a century.

Cosmological Principle Finally, we draw the readers’ attention to the
commonly ignored fact that there is no evidence for WIMPS on earth (or in our
solar system). The bald fact is that the properties required by DM demand
WIMPS should be concentrated at the center of the earth. Few have bothered to
investigate this obvious requirement; those who have made some observations
have not uncovered evidence for this [52]. Dark matter proponents of WIMPS
must resort to special pleading that WIMPS are “out there” but not here. This
requirement is simply ignoring the cosmological principle. That is, if WIMPS
are common in other galaxies including Andromeda, but not in the Milky Way,
then the cosmological principle is not true. If so, astronomy is left without any
principles at all.
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WIMP Weakly Interacting Massive Particles

Author details

Firmin Oliveira1† and Michael L. Smith2*†

1 Asian Observatory/James Clerk Maxwell Submillimetre Telescope, Hilo, Hawaii,
United States

2 Umeå, Sweden

*Address all correspondence to: mlsmith55@gmail.com

†These idea, derivation and modeling were conceived and written by Oliveira,
Smith wrote the introduction and conclusions.

© 2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

25

Dark Matter in Spiral Galaxies as the Gravitational Redshift of Gravitons
DOI: http://dx.doi.org/10.5772/intechopen.101130



References

[1] Zwicky F. On the masses of nebulae
and of clusters of nebulae. The
Astrophysical Journal. 1937;86:217-246.
DOI: 10.1086/143864

[2] Rubin VC, Ford WK Jr. Rotation of
the andromeda nebula from a
spectroscopic survey of emission
regions. The Astrophysical Journal.
1970;159:379-403. DOI: 10.1086/
150317

[3] Rubin VC, FordWK Jr, Thonnard N.
Extended rotation curves of high-
luminosity spiral galaxies. IV-Systematic
dynamical properties SA through SC. The
Astrophysical Journal. 1978;225:L107-
L111. DOI: 10.1086/182804

[4] Rubin VC, Thonnard N, Ford WK Jr.
Rotational properties of 21 SC galaxies
with a large range of luminosities and
radii, from NGC 4605 (R = 4kpc) to
UGC 2885 (R = 122 kpc). The
Astrophysical Journal. 1980;238:
471-487. DOI: 10.1086/158003

[5] Persic M, Salucci P, Stel F. The
universal rotation curve of spiral
galaxies - I. The dark matter connection.
Monthly Notices of the Royal
Astronomical Society. 1996;281(1):
27-47. DOI: 10.1093/mnras/278.1.27

[6] Hossenfelder S. Dark Matter. Or
What? YouTube; 2018. Available from:
https://www.youtube.com/watch?v=
FN2d2cmi_Gk

[7] Cooperstock FI, Tieu S. General
relativity resolves galactic rotation
without exotic dark matter. arXiv. 2005.
Available from: https://arxiv.org/abs/a
stro-ph/0507619

[8] Fuchs B, Phleps S. Comment on
“General relativity resolves galactic
rotation without exotic dark matter” by
F.I. Cooperstock and S. Tieu. New
Astronomy. 2006;11:608-610.
DOI: 10.1016/j.newast.2006.04.002

[9] Hartnett JG. Spiral galaxy rotation
curves determined from carmelian
general relativity. International Journal
of Theoretical Physics. 2006;45:
2118-2136. DOI: 10.1007/s10773-006-
9178-0

[10] Lelli F, McGaugh SS, Schombert JM.
The small scatter of the barionic
tully-fisher relation. Astrophysicsal
Journal Letters. 2015;816(1):L14.
DOI: 10.3847/2041-8205/816/1/l14

[11] Bertone G, Hooper D, Silk J. Particle
dark matter: evidence, candidates and
constraints. Physics Reports. 2005;405:
279-390. DOI: 10.1016/j.physrep.2004.
08.031

[12] Feng JL. Naturalness and the Status
of Supersymmetry. Annual Review of
Nuclear Particle Science. 2013;63(1):
351-382. DOI: 10.1146/annurev-nucl-
102010-130447

[13] Bernabei R, Belli P, Cappella F,
Caracciolo V, Castellano S, et al. Final
model independent result of
DAMA/LIBRA-phase 1. European
Physical Journal C. 2013;73(12):2648.
DOI: 10.1140/epjc/s10052-013-2648-7

[14] Aartsen MG, Abbasi R, Abdou Y,
Ackermann M, Adams J, et al. Search for
dark matter annihilations in the sun
with the 79-string ice cube detector.
Physical Review Letters. 2013;110:
131302. DOI: 10.1103/physrevlett.
110.131302

[15] Choi K, Abe K, Haga Y, Hayato Y,
Iyogi K, et al. Search for neutrinos from
annihilation of captured low-mass dark
matter particles in the sun by super-
kamiokande. Physical Review Letters.
2015;114:141301. DOI: 10.1103/
physrevlett.114.141301

[16] Aprile E, Aalbers J, Agostini F,
Alfonsi M, Amaro F, et al. Search for

26

Dark Matter - Recent Observations and Theoretical Advances



electronic recoil event rate modulation
with 4 years of XENON100 data.
Physical Review Letters. 2017;118:
101101. DOI: 10.1103/physrevlett.
118.101101

[17] Cui X, Abdukerim A, Chen W,
Chen X, Chen Y, et al. Dark matter
results from 54-ton-day exposure of
panda X-II experiment. Physical Review
Letters. 2017;119:181302. DOI: 10.1103/
physrevlett.119.181302

[18] Schumann M. Direct detection of
WIMP dark matter: Concepts and
status. Journal of Physics G: Nuclear and
Particle Physics. 2019;46(10):103003.
DOI: 10.1088/1361-6471/ab2ea5

[19] Zhou N. New WIMP and Axion
Search Results From Complete
Exposure of PandaX-II Released. 2020.
Available from: https://pandax.sjtu.edu.
cn/node/393

[20] Habermehl M, Berggren M, List J.
WIMP dark matter at the international
linear collider. Physical Review D. 2020;
101:075053. DOI: 10.1103/physrevd.101.
075053

[21] Roszkowski L, Sessolo EM,
Trojanowski S. WIMP dark matter
candidates and searches—current status
and future prospects. Reports on
Progress in Physics. 2018;81:066201.
DOI: 10.1088/1361-6633/aab913

[22] Oztas AM, Smith ML. A polytropic
solution of the expanding universe-
constraining relativistic and non-
relativistic matter densities using
astronomical results. In: Alfonso-Faus A,
editor. Aspects of Today’s Cosmology.
IntechOpen; 2011. DOI: 10.5772/1838.
ch 15

[23] Cuoco A, Kramer M, Korsmeier M.
Novel dark matter constraints from
antiprotons in light of AMS-02. Physical
Review Letters. 2017;118(19):191102.
DOI: 10.1103/physrevlett.118.191102

[24] Einstein A. The Principle of
Relativity. Mineola, NY: Dover Pub;
1952

[25] Villanueva-Domingo P, Mena O,
Palomares-Ruiz S. A brief review on
primordial black holes as dark matter.
arXiv. 2021. Available from: https://
arxiv.org/pdf/2103.12087.pdf

[26] Bertone G, Hooper D. History of
dark matter. Reviews of Modern
Physics. 2018;90(4):045002.
DOI: 10.1103/revmodphys.90.045002

[27] Kalirai J. Scientific discovery with
the James Webb Space Telescope.
Contemporary Physics. 2018;59:
251-290. DOI: 10.1080/00107514.
2018.1467648

[28] Kasdin NJ, Bailey V, Mennesson B,
Zellem R, Ygouf M, et al. The Nancy
Grace Roman Space Telescope
Coronagraph Instrument (CGI)
Technology Demonstration. Space
Telescopes and Instrumentation 2020.
Optical, Infrared, and Millimeter Wave,
SPIE; 2020. DOI: 10.1117/12.2562997

[29] Calcino J, Garcia-Bellido J,
Davis TM. Updating the MACHO
fraction of the Milky Way dark halo
with improved mass models. Monthly
Notices of the Royal Astronomical
Society. 2018;479:2889-2905.
DOI: 10.1093/mnras/sty1368

[30] Sorce JG, Courtois HM, Tully RB,
Seibert M, Scowcroft V, et al.
Calibration of the mid-infrared Tully-
Fisher relation. The Astrophysical
Journal. 2013;765(2):94. DOI: 10.1088/
0004-637X/765/2/94

[31] Lelli F, McGaugh SS, Schombert JM.
The small scatter of the barionic Tully–
Fisher relation. Astrophysical Journal
Letters. 2016;816(1):L14-L19.
DOI: 10.3847/2041-8205/816/1/l14

[32] Feynman R, Morinigo F,
Wagner W, Hatfield B, Pines D.

27

Dark Matter in Spiral Galaxies as the Gravitational Redshift of Gravitons
DOI: http://dx.doi.org/10.5772/intechopen.101130



Feynman Lectures on Gravitation.
Taylor & Francis eBooks: CRC Press;
2002

[33] Jungman G, Kamionkowski M,
Griest K. Supersymmetric dark matter.
Physics Reports. 1996;267:195-373.
DOI: 10.1016/0370-1573(95)00058-5

[34] Kim JE, Alverson G, Nath P,
Nelson B. A review on axions and the
strong CP problem. AIP Conference
Proceedings. 2010;1200:83.
DOI: 10.1063/1.3327743

[35] Carvalho A. Gravity particles from
warped extra dimensions, predictions
for LHC. arXiv. 2014. Available from:
https://arxiv.org/pdf/1404.0102.pdf

[36] Kroupa P. Galaxies as simple
dynamical systems: observational data
disfavor dark matter and stochastic star
formation. Canadian Journal of Physics.
2014;93(2):169-202. DOI: 10.1139/cjp-
2014-0179

[37] Ghag C. The dark matters with
Chamkaur Ghag. Online lecture June
2021. Available from: https://www.ne
wscientist.com/science-events/dark-ma
tters/

[38] Hossenfelder S. Are Dark Matter
and Dark Energy Scientific? Youtube;
2020 Available from: https://www.
youtube.com/watch?v=GatiekRziok

[39] Milgrom M. MOND vs. dark matter
in light of historical parallels. Studies in
History and Philosophy of Science Part
B: Studies in History and Philosophy of
Modern Physics. 2020;71:170-195.
DOI: 10.1016/j.shpsb.2020.02.004

[40] Hossenfelder S. The Situation has
Changed. Youtube; 2021 Available from:
https://www.youtube.com/watch?v=4_
qJptwikRc

[41] Oliveira FJ. The principle of
equivalence: periastron precession, light
deflection, binary star decay, graviton

temperature, dark matter, dark energy
and galaxy rotation curves. JHEPGC.
2021;7(2). DOI: 10.4236/jhepgc.2021.
72038

[42] Milgrom M. A modification of the
Newtonian dynamics as a possible
alternative to the hidden mass
hypothesis. The Astrophysical Journal.
1983;270:365-370. DOI: 10.1086/161130

[43] Carmeli M. Relativity: Modern
Large-Scale Spacetime Structure of the
Cosmos. Singapore: World Scientific
Pub. Co. Pte. Ltd; 2008. pp. 242-247

[44] McGaugh SS. The baryonic Tully-
Fisher relation of galaxies with extended
rotation curves and the stellar mass of
rotating galaxies. The Astrophysical
Journal. 2005;632(2):859-871.
DOI: 10.1086/432968

[45] Begeman KG. HI Rotation Curves of
Spiral Galaxies [thesis]. Groningen,
Netherlands: Astronomy, University of
Groningen; 2006. Available from:
https://pure.rug.nl/ws/portalfiles/porta
l/2841676/c4.pdf

[46] Sofue Y. Grand rotation curve
and dark-matter halo in the milky
way galaxy. PASJ. 2012;64(4):75.
DOI: 10.1093/pasj/64.4.75

[47] Chae KH, Lelli F, Desmonnd H,
McGaugh SS, Li P, Schombert JM.
Testing the strong equivalence principle:
Detection of the external field effect in
rotationally supported galaxies. The
Astrophysical Journal. 2020;904(1).
DOI: 10.3847/1538-4357/abbb96

[48] CERN Cornering WIMPs with
ATLAS. 2020. Available from: https://ce
rncourier.com/a/cornering-wimps-
with-atlas/

[49] Abdallah H et al. Search for dark
matter annihilation in the Wolf-
Lundmark-Melotte dwarf irregular
galaxy with H.E.S.S. Physial Review D.

28

Dark Matter - Recent Observations and Theoretical Advances



2021;103(2021):102002. DOI: 10.1103/
PhysRevD.103.102002

[50] de Martino I et al. Dark matters on
the scale of galaxies. Universe. 2020;6:
107. DOI: 10.3390/universe6080107

[51] Shen Z et al. A tip of the red giant
branch distance of 22.1 1.2 Mpc to the
dark matter deficient galaxy NGC 1052–
DF2 from 40 orbits of hubble space
telescope imaging. Astrophysical Journal
Letters. 2021;914:L12. DOI: 10.3847/
2041-8213/ac0335

[52] Kunnen J. A search for dark matter
in the center of the earth with the ice
cube neutrino detector [thesis]. Ixelles,
Belgium: Vrije Universiteit Brussel;
2015. Available from: https://iihe.ac.be/
sites/default/files/thesis-jan-kunnen-
icecube-phd-2015pdf/thesis-jan-kunne
n-icecube-phd-2015.pdf

29

Dark Matter in Spiral Galaxies as the Gravitational Redshift of Gravitons
DOI: http://dx.doi.org/10.5772/intechopen.101130





31

Chapter 4

The Most Probable Cosmic 
Scale Factor Consistent with the 
Cosmological Principle, General 
Relativity and the SMPP
Arthur N. James

Abstract

Current literature on the evolution of the cosmic scale factor is dominated by 
models using a dark sector, these all involve making many conjectures beyond 
the basic assumption that the Cosmological Principle selects a space–time metric 
of the Friedmann–Lemaître–Robertson–Walker type through which ordinary 
Standard Model of Particle Physics matter moves according to General Relativity. 
In this chapter a different model is made using the same basic assumptions but 
without making extra conjectures, it depends on following the idea introduced by 
Boltzmann that when physically meaningful concepts fluctuate the value which will 
be observed is the one which has the highest probability. This change removes the 
mathematically incorrect procedure of averaging the matter density before solving 
Einstein’s Equation, the procedure which causes the introduction of many of the 
conjectures. In the non-uniform era the changes are that the evolution of the scale 
factor is influenced by the formation of structure and removes the conjecture of 
having to use two inconsistent probability distributions for matter through space, 
one to calculate the scale factor and one to represent structure. The new model is 
consistent from the earliest times through to the present epoch. This new model 
is open and matches SNe 1a redshift data, an observation which makes it a viable 
candidate and implies that it should be fully investigated.

Keywords: cosmology, gravitation, dark matter, dark energy

1. Introduction

This first section introduces the motivational background to the study described 
in this chapter. The study is a response to the difficulties found by an academic 
physicist trying to upgrade from an amateur cosmologist, who just followed conclu-
sions published in the scientific literature, to a more professional stance by finally 
studying General Relativity late in life. In 1956 before starting nuclear physics 
research for a doctoral degree a lifelong interest in the cosmos was triggered by 
Martin Ryle’s course in Radio Astronomy where he described how using Malmquist 
bias on the C2 Catalogue source counts he could demonstrate that the cosmos was 
evolving [1].
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The teaching of physics in the early 1950s was largely in the style of natural phi-
losophy which means that nature was observed and then modelling of the phenom-
ena was made by searching for some appropriate mathematics. The current position 
in cosmology is different. For many years through the middle of the twentieth cen-
tury the simple assumption of a flat space Friedmann–Lemaître–Robertson–Walker 
(FLRW) metric was used despite the absence of any direct observational evidence 
supporting this choice. Observations of individual objects in the sky are satisfacto-
rily described using such flat space but there are unobservable consequences such as 
horizons present in the associated cosmology. Later the mathematical invention of 
Cosmic Inflation to overcome the horizon problem associated with the flat cosmolo-
gies appears to have converted the flatness assumption into an approved folk lore 
not to be questioned.

Since that time cosmology has included many conjectures required to match 
the real observed Universe, each of these should carry with it an unknown improb-
ability weighting. Because of the accumulation of such weightings the old fashioned 
way of choosing between different models describing the same observations would 
have been to quote Occam’s Razor and select the model with the least conjectures so 
as to improve the odds of being correct.

The study described here is an attempt to use only well authenticated phys-
ics and observations in a return to basics and a natural philosophers method for 
constructing a model for the evolution of the cosmos. This leads to a new model for 
the cosmological scale factor which is essentially free from additional conjectures.

2. Background

A hundred years ago Friedmann combined the cosmological principle with 
Einstein’s Equation to predict ways in which a cosmic metric could change with 
time, his initial model filled the cosmos with a uniform non-relativistic distribution 
of matter which slowed down any existing expansion of the cosmos. The symmetry 
described by the cosmological principle enables the modelling of an expanding 
evolving cosmos with curved space–time because these conditions imply that the 
background space–time metric must be an FLRW metric. At low matter densities 
Friedmann’s solution has open space sections, as the density increases the solution 
appears to change smoothly through one special solution with a flat space section 
into the high density region where the space sections are closed and the Universe 
collapses back to a point. That description is misleading, in more general situa-
tions when other fluids are also present in the cosmos there are three disconnected 
families of solutions, open, flat and closed. Within each family there are many 
variations in the way that the cosmic scale factor can change with time depending 
on the particular mixture of substances filling the cosmos. Against any assumed 
background metric for the Universe the Universe’s content of ordinary matter can 
be modelled through the formation of structures using conventional physics, see 
e.g. Peebles’ textbook [2].

The present epoch of the Universe is characterised by a non-uniform distribu-
tion of matter and a simple Friedmann solution is not possible because Einstein’s 
Equation is non-linear and the procedures of solving and smoothing must be 
carried out in that order, they do not commute (see e.g. page 452 in Padmanabhan’s 
book [3]). When the wrong order of procedures is used the source distribution does 
not properly represent the natural distribution so that the solution to Einstein’s 
Equation is that for a non-existing situation, it must be nonsense in the context 
of representing nature. The Dark Sector cosmologies which are currently widely 
used incorporate this mathematical misdemeanour, the cosmology becomes the 
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solution to a problem where its dust component has to be in two places at once, both 
in galaxy clusters and simultaneously everywhere else, this property of the dust 
material defies relativity. Being aware of these difficulties suggests questioning all 
the conjectures which form the essential starting point for Dark Sector models.

The study described here has two themes, one is the blunt rejection of the Dark 
Energy models, the second theme is a proposal using only well established physi-
cal concepts that an open cosmology is highly probable and should be examined 
further by groups with the appropriate knowledge, skills and computing resources.

In Section 3 the essential physical knowledge and observations which provide 
a common basis of knowledge for both the new and the Dark Sector models is 
described, this knowledge is used to make clear those situations where an addi-
tional conjecture is necessary to make further progress. All of the science used is 
well described in many textbooks, the ones quoted here are Padmanahaban’s [3] 
and Peebles’ [2]. The notation commonly used in applying such basic knowledge 
to the formation of cosmological models is introduced by describing the uniform 
radiation era. Section 4 will introduce the proposed new method using probability 
density distributions using a simple description of the present epoch, the resulting 
model is an open cosmology. Section 5 describes how the new method may also be 
used to describe the whole of the evolution of the cosmic background metric from 
the radiation era to the present day. Section 6 indicates many of the conjectures 
which have to be made to construct the Dark Sector models. Section 7 concludes by 
advocating development of the open model and lists some questions which have to 
be addressed and answered before continuing to use the Dark Sector models.

3. Basic knowledge common to all models

The symmetry described by the cosmological principle implies that the cosmos 
has a background space–time metric of the FLRW type. The three families of these 
metrics are distinguished by their space sections being either open, closed or flat, 
the cosmic scale factor of these metrics will be increasing with time to describe the 
expansion. The 3D curvature of the space of each time slice is determined by the 
geometry of the FLRW metric, the flat space section family have infinite radius of 
curvature whereas the open and closed families have a radius of curvature equal to 
the scale factor, see e.g. Padmanabhan [3]. This mathematical fact is currently being 
widely ignored in fitting procedures such as that of the Planck collaboration [4] 
where small deviations from “flatness” are being interpreted as indicating non flat 
space sections. Such small curvatures would indicate departures from the cosmo-
logical principle which is the most essential assumption of the entire conception of 
modelling background space-times.

Observations and laboratory experiments confirm that the only directly observ-
able substances in the Universe are made from components of the Standard Model 
of Particle Physics (SMPP). If in addition to the cosmological principle the contents 
of the universe are also uniform across each time slice then Einstein’s Equation of 
General Relativity can be used to determine the way in which the cosmic scale factor 
changes with time. There are two types of fluid which can be made from the particles 
of the SMPP, particles which are moving with relativistic speed make a radiation 
fluid with significant pressure whereas particles moving slowly make a dust fluid 
with zero pressure. The equation of state relation between the energy density and 
pressure influences the rate of change of the cosmic scale factor through Friedmann’s 
Equations which combine General Relativity and FLRW metrics.

The energy density and pressure of particulate fluids are thermodynamic inten-
sive quantities and will be fluctuating, they should correctly be described using 
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the statistical methods of physics and probability distributions. The convention 
for pressure and temperature introduced by Boltzmann but now used throughout 
physics for fluctuating quantities is to use the most probable value as the value to 
represent overall behaviour with the fluctuations being assumed relative to that 
value. If electromagnetic signalling is used as an example then two situations must 
be considered, when many particles are involved the fluctuations are thermal 
noise, symmetrical around the mode of the distribution which equals the average, 
but when only very small numbers are involved the fluctuations are shot noise 
with the mode being zero and with fluctuations in just one direction. Probability 
distributions where the most probable value is zero will be used in this study when 
considering non-uniformity such as the matter density in the Universe in the pres-
ent epoch.

Through the second half of the twentieth century it became apparent that 
the early universe could be modelled using a radiation fluid uniformly filling an 
expanding cosmos, the radiation era of the Big-Bang. The cosmic density of light 
elements predicted by Big-Bang nucleosynthesis verifies both the expansion rate 
as being that of a radiation era and that the density of SMPP matter is close to the 
value estimated from observations of astronomical objects. The importance of the 
Cosmic Microwave Background Radiation (CMBR) to cosmology cannot be exag-
gerated, it is the most reliable demonstration of the cosmological principle whilst 
simultaneously justifying the assumption that before its emission at the recombina-
tion temperature for atomic Hydrogen the density distribution was uniform. The 
fluctuations in the CMBR imply that the cosmological principle must be used in a 
form where the density probability distribution is the same at every spacial point in 
a particular time slice.

The CMBR is an important boundary in the development of cosmic expan-
sion, before that time uniformity was ensured by radiation mixing throughout the 
ionised plasma. The emission of the CMBR signals the end of ionisation and the 
cessation of the mixing, the universe becomes non-uniform. That the universe is 
non-uniform is obvious in the present epoch, the cosmos is populated by many 
galaxies in complex structures, the way in which these can form from the minute 
fluctuations in the CMBR can be explained using ordinary physics [2].

Towards the end of the uniform era the dominating fluid of SMPP particles fill-
ing the universe changes in character from the earliest relativistic radiation fluid to a 
non-relativistic dust fluid with zero pressure. Using the normal Friedmann descrip-
tion the equation showing the relationship between Hubble’s constant H(t) and the 
cosmic scale factor a(t) adjusted so that these take the values Ho and ao(t) = 1 at the 
present time is

 ( )o R BMH H a a kc H a −− − = Ω +Ω − 
22 2 4 3 2

0  (1)

The ΩR and ΩBM are cosmic densities of radiation and baryonic matter nor-
malised in the usual way to that of the flat Friedmann matter only cosmological 
model. The curvature term where k equals −1, 0 or + 1 has a different character, 
it is part of the FLRW geometry and represents the relation between the absolute 
value of the cosmic scale factor and the spacial curvature of the particular chosen 
geometry, it has nothing to do with Einstein’s Equation but stems only from the 
symmetry of the Cosmological Principle [3].

At early times in the expanding universe when the cosmic scale factor is smallest 
the radiation density ΩR term dominates but when the baryonic matter density ΩBM 
deduced from the Big-Bang nucleosynthesis is used the non-relativistic matter term 
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will have just become relevant at the emission of the CMBR and a simple Friedmann 
matter only model suggests an open cosmos. The curvature term will always be 
insignificant during the uniform era which is therefore insensitive to its value and 
whether k is −1, 0 or + 1 can not be deduced from observations of the uniform era.

4. The present epoch and the open model

Observations of the local environment have shown that it is characterised by 
an array of galaxies arranged in structures which are separating according to the 
Hubble flow. At each point in space Einstein’s Equation ensures that it is only the 
local density of matter which will control the rate of change of volume of a small 
element of space around that point, the local matter density changes the local scale 
factor. Remote massive objects will distort the space element as they approach but 
will return it to its original state after they have passed, not affecting the local scale 
factor. The matter density probability distribution at each point can be estimated 
by considering the density distribution over space, it is peaked strongly at zero. The 
vast majority of points have zero density which means that the local scale factor 
will be expanding progressively faster than anywhere where the matter density is 
positive. It is this mechanism where dense regions expand more slowly than empty 
regions which is essential to trigger the formation of structure. However the main 
consequence in the context of the local cosmology is that emptiness is becoming 
ever more frequent. Using a maximum probability algorithm that the best estimate 
of the cosmic scale factor must be the most frequent local scale factor sets the 
cosmic scale factor as that for emptiness.

The FLRW metric for empty space is Friedmann’s well known empty universe 
solution, a useful demonstration of this is given by Vishwakarma [5], he also shows 
that this metric and a Dark Sector model metric have equally good fits to SNe 1a 
redshift data. The empty universe solution has a metric like that of the cosmology 
proposed by Milne [6] in 1935, open and expanding with its cosmic scale factor 
being the product of the velocity of light and the age of the universe. The galaxies 
are in free fall and simply drift apart making the Hubble flow. At any time Hubble’s 
constant is the inverse of the age of the universe and its present value is the only 
parameter of this cosmology. The obvious conclusion must be that Milne’s metric, 
a good solution of Einstein’s Equation of General Relativity and the Cosmological 
Principle, is the best metric with which to approximately model the present 
day epoch.

In this argument for the present epoch it is assumed that Einstein’s Equations 
have been exactly solved by Nature before smoothing the solution is attempted, it is 
then completely free from the commutation misdemeanour inherent in every dark 
energy model. The resulting model, Milne’s metric, is just a normal FLRW model of 
a smooth universe neglecting blemishes such as the contamination by many massive 
galaxies, a situation which also occurs for all other models. Einstein’s Equation is 
fully respected in this open model, both in the scale factor solution and in the next 
weak curvature approximation which has to be made to describe the interrelated 
motions of all the massive objects through the use of Newton’s Laws of Motion.

5. The open model from the radiation era to the present day

If the mode of the density probability distribution rather than the average is 
used for the uniform era then modelling the scale factor using Eq. 1 is unaffected 
because the uniformity ensures only a narrow distribution of densities and the 
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mode of the density distribution will be almost identical to the mean in this case. 
After the emission of the CMBR the density distribution becomes non-uniform and 
changing with time. Using the mode of the density distribution for the non-uniform 
era produces a model where the cosmic scale factor responds to the formation of 
structure by modifying the Friedmann equation as time evolves.

The model is generated by imagining a stepwise numerical time integration 
technique where the cosmic scale factor change through a step will be calculated 
using Friedmann’s Equation with the density mode from the start of the step while 
the changes to the density distribution function during the step are calculated 
non relativistically in the usual way. At the end of the step the density mode will 
be different so the Friedmann’s Equation which should be used in the next step 
to compute the scale factor will be different. In this way the initial conditions for 
each step match the solution and the nearness of the approximation to a continu-
ous integration with smoothing following solution will increase as the step size 
decreases. An idiotically simple example of using the wrong order of procedures in 
a non-linear problem and then applying such an integration procedure to evade its 
effects is given as an appendix.

In this stepwise process the Friedmann equation to be used is shown below 
including explicitly the curvature term for an open cosmology (where Ha = c)

 ( ) ( )o R BMC oH H a t a c H a −− − = Ω +Ω + 
22 2 4 3 2  (2)

The term ΩBMC(t) represents that Baryonic Matter Component which affects 
the cosmic scale factor at each time, this term changes from its full value ΩBM 
at the CMBR time to zero for the present day the details depending on how the 
mode of the matter distribution function evolves with time. Because ΩR and 
ΩBMC(t) are small for the present epoch the curvature term c2(Hoa)−2 for the 
Milne metric dominates. In any fitting procedure for the CMBR and structure 
formation the only parameters will be the properties of the CMBR fluctuation 
distribution, the Hubble constant Ho and the baryonic matter content ΩBM, all 
parameters having clear physical meaning in relation to the SMPP and General 
Relativity and related to observations.

If the early value for Hubble’s constant predicted from the CMBR does not 
match the late value determined by the SNe 1a data then the value for the matter 
term required to fit the data may be larger than ΩBM, perhaps dark matter such as 
that suspected from studies of the Bullet cluster [7] will have to be included. This 
dark matter must behave in the same way as SMPP matter according to the rules of 
General Relativity and should not be considered in any way as being similar to the 
cosmic dust component of Dark Energy models.

A qualitative description of what happens as the Cosmic Baryonic Matter term 
reduces to zero is simply that isolated discrete lumps of matter are unable to influ-
ence the scale factor of the whole of a time slice at once, it should be obvious that 
such an influence violates relativity principles. As stars and galaxies form they 
remove the matter from its cosmic role leaving the smaller curvature term to finally 
take over control of the expansion.

6. The problems of the concordance model

The simplest Dark Energy models introduce four conjectures into their model 
for the cosmic scale factor, flat space sections, cosmological Dark Matter (DM), 
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Dark Energy (Λ) and weird properties for the dust component. The Friedmann 
equation on which all these models are based is shown here with a zero a−2 curva-
ture term because of the flatness assumption

 ( )o R BM DM WDH H a a− −
Λ = Ω + Ω +Ω +Ω 

2 2 4 3  (3)

In this equation both matter terms, baryonic ΩBM and dark ΩDM, have been 
bracketed together because the physical properties for this Weird Dust (WD) are 
very strange. The Weird Dust appears to have two different density distributions 
across a time slice, the modeller chooses to use one or the other depending on con-
text, a smooth distribution to compute the cosmic scale factor evolution but then 
a non-uniform one to compute structure formation. This inconsistency within the 
model makes it bad science due to the illogicality where the premise of uniformity 
for the matter content does not match the outcome of the model calculations which 
predict the destruction of uniformity.

Another way of describing the situation is that in addition to the normal physi-
cal properties of an isolated concentrated lump of dust these models conjecture 
an extra weird property for that isolated concentrated lump of dust, that of being 
able to instantly affect the universe’s cosmic scale factor uniformly throughout the 
universe. Such behaviour is not allowed by General Relativity which respects the 
restrictions of a finite velocity of light.

Each of the conjectured Dark components comes with a quantity of substance 
and an equation of state all of which are artefacts of the model. These two quanti-
ties and two functions provide enough flexibility in the fitting procedures for 
the solution to respond to the attraction towards flatness imposed on the models 
by using a zero cosmic curvature term in the Friedmann equation. The quantity 
‘Ωk’ = (1 - ΩM - ΩΛ) which is seen for example in the fitting procedures for Planck 
data [4] cannot represent curvature in a FLRW metric, its value is generally found 
to be near zero which must simply be a measure of the accuracy within which the fit 
has approached flatness.

One more conjecture is made in Dark Energy models because the horizon intro-
duced by the flatness means that Inflation must also be conjectured to ensure the 
cosmological principle is present through both the uniform and non-uniform eras.

7. Summary and conclusion

A new technique to find an approximate solution to Einstein’s Equation for the 
cosmic scale factor in a non uniform universe has been found by going back to basic 
physics, SMPP plus General Relativity, and following Boltzmann’s use of maximum 
probability concepts in physics. This technique causes the cosmic scale factor to be 
affected by the formation of structures in the universe. The resulting open cosmo-
logical model is very different from conventional cosmologies, its simplest predic-
tions are that evolution from the early radiation era to the present epoch produces 
an empty cosmos with a small contamination of massive galaxies drifting apart 
in accordance with the observed SN1a redshift data. There appears to be no obvi-
ous contradictory observational data to this new cosmological model. This open 
cosmology has a lower density than flat models, the expansion through the CMBR 
epoch and the structure forming era will be slower giving extra time for the forma-
tion of early astrophysical objects. Detailed structure calculations to see how this 
open model fits the CMBR and the Baryonic Acoustic Oscillation data are required 
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to validate it further, computations which can be justified by the simplicity of all the 
physical concepts required to establish it.

The empty universe’s expanding cosmic scale factor can only be modelled by 
an open cosmology implying that the cosmos has always been open and causally 
connected. A causally connected model of the universe does not require inflation to 
establish the uniformity of the cosmological principle. Such a model implies little 
about the most primordial universe, it must be open, contain the SMPP and a radia-
tion spectrum to match the details of the CMBR.

Examination of Dark Energy models of the cosmos suggests several questions 
about the conjectures used in the models which should be answered successfully 
before proceeding to further investigations. The main objection to the Dark Energy 
models must be the mathematical commutation of procedures misdemeanour, that 
this is a problem has not gone unacknowledged but the problem has not been con-
fronted directly, it has only been circumvented by additional conjectures which do 
not eliminate the misdemeanour (see [8] and references therein). Apart from this 
misdemeanour but perhaps in consequence of the misdemeanour a list of questions 
requiring answers are:-.

• Why select a flat FLRW metric, what model independent observation supports 
such a choice?

• There may be dark matter such as that which might be concentrated in objects 
such as the Bullet Cluster but what is the conjectured uniformly distributed 
cosmic dark matter?

• What is the meaning of the strangely weird conjectured properties of the dust 
component in the concordance model Friedmann equation?

• Where does the eternal supply of energy for the conjectured dark energy 
come from?

Appendix on solving and smoothing in non-linear systems

The Dark Energy models for the cosmic scale factor average the source term in 
Einstein’s Field Equations before solving, but that problem is non-linear meaning 
that a mathematical misdemeanour has been included right at the beginning of the 
modelling, the wrong initial conditions have been used to solve the problem and 
the answer must be wrong. A peculiar feature of this problem is that the equations 
are correct and nature provides the correct solution, a consequence is that the Dark 
Energy models introduce artefacts to correct the wrong solution towards the correct 
solution, these are Dark Matter and Dark Energy. The following idiotically simple 
problem is given here to illustrate how this has been done.

Consider a problem where the answer is known from other considerations to be 
1/3, the question is:-.

“What is the average value of y where y = x2 over the range -1 < x < +1?”
Averaging then solving gives the answer as zero, wrong because solving and 

averaging are performed in the wrong order. The initial conditions have been 
altered from the correct situation to an incorrect one. It is possible to adjust this 
answer by conjecturing an arbitrary parameter which can be adjusted to match 
the known answer. This arbitrary parameter will be adjusted to the value 1/3, this 
parameter is an artefact of the method used to solve the problem but has no real 
meaning.
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Now split the range up into small segments, averaging first for each segment 
then solving, a final averaging of all the intermediate steps gives an answer quite 
close to the previously known correct value. By responding to the changing situa-
tion as the value of x increases the error has been vastly reduced and no arbitrary 
constant is required. The error will depend linearly on the step size enabling its size 
and effect to be detected.

In modelling the development of structure in cosmology the solution is too 
complicated for normal integration but essentially Dark Energy models do the 
whole problem without acknowledging the changing situation. The models have 
to introduce artefacts such as extra dust and Dark Energy, with arbitrary constants 
and functions, in order to fit observations. The new method using the mode of the 
matter probability distribution leading to the open cosmology will have reduced the 
effect of the mathematical misdemeanour by responding to the changing situation, 
the smaller the step size the smaller the error. No extra artefacts will have to be 
introduced.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 5

Black Holes as Possible Dark
Matter
Aloke Kumar Sinha

Abstract

Black holes and Dark matter are two fascinating things that are known very
little. They may have non gravitational interactions, but those are definitely
extremely feeble in comparison to their gravitational interactions. Nowadays some
people think that one may contain the other. In this chapter we will see that some
black holes may contain the dark matter. These black holes decay under Hawking
radiation, but do not vanish completely. They produce stable end states due to both
quantum gravitational effects and thermodynamic reasons. These end states are the
replicas of what we call dark matter. We will develop the complete theory for decay
of such black holes, starting from some scheme independent assumptions for the
quantum mechanical nature of the black holes. We will then consider explicit
examples of some black holes to show that they indeed produce replicas of dark
matter at their end states. Thus this chapter is going to be a manuscript for theoret-
ical development of black hole decay from a quantum mechanical perspective and
its consequences for producing replicas of dark matter.

Keywords: Quasi thermal stability, Thermal black holes, Black hole phase
transition, Quantum gravity, Dark matter

1. Introduction

Einstein had first shown, with the help of his classical field equations of general
theory of relativity, that black holes accreted everything surrounding them [1, 2].
Hence they are expected to grow in size in an unbounded manner. His theory was
entirely classical. But Hawking later invoked quantum mechanics in the context of
black hole [3], to study its interaction with matters surrounding it. He proved
explicitly that black holes could radiate and as a consequence they decayed away.
Thus a black hole radiates along with simultaneous accretion.

Hawking considered only matters as quantum entities, but spacetime was still
classical in his theory. Hence in his theory, black holes were still classical. Thus this
theory was semi classical as matters were treated differently in comparison to black
holes. We had resolved this issue in our earlier works [4, 5]. Semiclassical analysis
claimed the thermal instability of asymptotically flat, non extremal black holes under
Hawking radiation. They are unstable as their specific heat is negative [6, 7] and have
been deduced from semiclassical facts based on their classical metric. Their tempera-
ture increases as they lose mass, indicating a complete thermal run away process. It is
to be noted that semiclassical analysis explicitly depends on the classical metric of a
black hole. Hence it is inherently a ‘case-by-case’ analysis. This shortcoming implies
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that such semiclassical analysis cannot give general results about the thermal stability
of generic black holes under Hawking radiation. Semiclassical analysis predicted the
thermal instability of asymptotically flat black holes from the negativity of their
specific heat, defined semi classically from their metric. But this result does not say
anything in general about an arbitrary black hole. It is of course true that gravity is yet
to be quantized fully. But we realistically expect certain symmetries for that theory
[4]. These symmetries are sufficient for us to construct the grand canonical partition
function of a generic black hole, if we assume the black hole to be in contact with the
rest of the universe, that acts as a heat bath. We derived the criteria for thermal
stability of a generic black hole with arbitrary number of parameters in any dimen-
sional spacetime, based on the convergence of the grand canonical partition function
[5]. These criteria appeared as a series of inequalities, connecting second order deriv-
atives of black hole mass with respect to its parameters.

These criteria imply that AdS black holes with fixed cosmological constant are
stable under Hawking radiation for a certain range of their parameters [4]. We have
also noticed that asymptotically flat rotating charged black holes satisfy some of the
stability criteria, but not all together, in certain regimes of spacetime [4, 5]. Thus
although these black holes decay, they are different from unstable black holes, like
asymptotically flat Schwarzschild black holes. These black holes are named as
“Quasi Stable” black holes. We will later see that AdS black holes with varying
cosmological constant are also quasi stable under Hawking radiation.

We had calculated the fluctuations for the parameters of a stable black hole and
they were expectedly turned out to be very small [8]. These tiny fluctuations are
actually the indications of the stability for a black hole. We did the same for quasi
stable black holes and it resulted in tiny fluctuations for some parameters [9],
like stable black holes, in a certain regime of parameter space. This is as quasi stable
black holes satisfy some of the stability criteria. This makes them slow down their
decay rate in certain regimes of their parameter space [9].

Black holes, like ordinary thermodynamic systems, also have different phases.
Stable and unstable black holes respectively possess stable and unstable phases in
possible allowed regimes of their parameter spaces. The respective examples are AdS
black holes with fixed cosmological constant and asymptotically flat Schwarzschild
black holes. Unstable black holes remain in the same phase during their decay. Stable
black holes likewise stay in a stable phase, maintaining equilibrium with their sur-
roundings and hence they do not decay under Hawking radiation. But things are
changed entirely for quasi stable black holes. We had already shown that quasi stable
black holes also have various different phases. The quasi stable black holes undergo
phase transitions among these phases during their decay process. The nature of
fluctuations change from one phase to another phase. In this way quasi stable black
holes decay under Hawking radiation. But at the end states, most of these black holes
become tiny balls of the order of Planck size. They settle down to these tiny size balls
due to quantum gravity effects. On the other hand, some other parameters of certain
quasi stable black holes settle down to their macroscopic values at the end states. Thus
we see that these black holes become thermodynamically stable, preventing further
decay under Hawking radiation. Hence they stop interacting with the rest of the
universe, except gravitational interaction. Thus these black holes seem to behave like
dark matter (the way we call it). In fact some of these black holes may have electric
charge as well. Hence it may correspond to charged dark matter. But some unknown
mechanism must be there to prevent it from interacting with the universe through
known electrical interaction.

This chapter is organized as follows: A detailed discussion on thermal stability of
black holes is done in Section 2. In the next section, we have discussed quasi stability
and phase transitions of quasi stable black holes. In the following section, we have
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considered some examples of quasi stable black holes and have discussed their quasi
stability and hence the possible connection with dark matter. We finished in the
next chapter with a special note.

2. Thermodynamic stability criteria for black holes

A rotating, electrically charged black hole is represented classically by four
parameters M,Q, J,Að Þ, where M,Q, J,A are respectively the mass, electric charge,
angular momentum and horizon area of the black hole. These four quantities are
related by a relation on the horizon. Thus these parameters are expected to be
promoted as operators if black hole can be treated as a quantum system. Three out
of these four parameters are independent and the remaining one depends on the
other three. It is certainly not possible to have charged rotating black hole without
any mass and horizon area. Thus Q̂ and Ĵ have to play the status of primary

operators i.e. role of fundamental observables. We choose Â, Q̂, Ĵ
� �

to be the

primary operators and bM to be the secondary operator. Hence bM as an operator

becomes bM ¼ bM Â, Q̂, Ĵ
� �

. Now horizon area, like electric charge, is invariant under

SO(3) rotations beside its invariance under U(1) gauge transformation. SO 3ð Þ
generates angular momentum while global gauge group U 1ð Þ generates electric
charge. These give the following commutation relations,

Â, Ĵ
h i

¼ Â, Q̂
h i

¼ Q̂, Ĵ
h i

¼ 0 (1)

Since bM is a quantum operator of secondary observable (M A, J,Qð Þ), Eq. (1) can
be extended as,

Â, Ĵ
h i

¼ Â, Q̂
h i

¼ Â, bM
h i

¼ Q̂, Ĵ
h i

¼ bM, Q̂
h i

¼ Ĵ, bM
h i

¼ 0 (2)

Thus Q̂, Ĵ, Â can have simultaneous eigenstates. Hence definite values of electric
charge, angular momentum and horizon area can be assigned to a black hole up to
quantum and thermodynamic fluctuations. The eigenvalues of Q̂, Ĵ and Â are
precisely the parameters used in the classical metric of a black hole to express its
mass (M) as a function of them. We consider the isolated horizon to be the
boundary of the black hole.

2.1 Quantum geometry

The boundary degrees of freedom and their dynamics of a classical spacetime is
determined by the boundary conditions. For a quantum spacetime, fluctuations of
the boundary degrees of freedom have a ‘life’ of their own [10, 11]. Hence the
Hilbert space of a quantum spacetime with boundary has the tensor product
structure H ¼ Hb ⊗Hv, where b vð Þ denotes the boundary (bulk) component.

So a generic quantum state(∣Ψi) is expandable as,

∣Ψi ¼
X
b, v

Cb,v∣χbi⊗ ∣ψvi (3)

where, ∣χbi and ∣ψvi are respectively the boundary and bulk component of the
full quantum state.
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The total Hamiltonian operator(Ĥ) is given as,

bH � cHb ⊗ Iv þ Ib ⊗cHv

� �
(4)

where, respectively, cHb cHv

� �
are the Hamiltonian operators on Hb Hvð Þ and

Ib Ivð Þ are the identity operators on Hb Hvð Þ.
In presence of rotation and electric charge, ∣ψvi is be the composite bulk state

and consequently it is annihilated by the full bulk Hamiltonian i.e.

cHv∣ψvi ¼ 0 (5)

This is the quantum analouge of the classical Hamiltonian constraint [12].
The charge operator (Q̂) is defined as,

Q̂ � Q̂b ⊗ Îv þ Îb ⊗ Q̂v

� �
(6)

where, Q̂b and Q̂v are respectively the charge operators for the boundary(∣χbi)
and the bulk states (∣ψvi).

Electric charge is defined on the horizon of a classical black hole (e.g.
Einstein-Maxwell or Einstein-Yang-Mills theories in [13]) and hence bulk does not
carry anything i.e. Qv≈0, the Gauss law constraint for electrodynamics. Hence, its
quantum version takes the form,

Q̂v∣ψvi ¼ 0 (7)

Similarly angular momentum operator (̂J) is defined as,

Ĵ � Ĵb ⊗ Îv þ Îb ⊗ Ĵv
� �

(8)

where Ĵb and Ĵv are respectively the angular momentum operators for the
boundary (∣χbi) and the bulk state(∣ψvi).

Local spacetime rotation, as a part of local Lorentz invariance, leaves quantum
bulk Hilbert space invariant. Hence angular momentum operator, being the gener-
ator of spacetime rotation, annihilate the bulk states i.e.

Ĵv∣ψvi ¼ 0 (9)

So Eqs. (5), (7) and (9) together imply,

cHv � βΦcQv � βΩbJv
h i

∣ψvi ¼ 0 (10)

where, Φ, β and Ω are arbitrary functions at this stage.

2.2 Grand Canonical partition function

We will now consider a grand canonical ensemble of quantum spacetimes with
horizons as boundaries, in contact with a heat bath, at some (inverse) temperature β.
We will assume that this grand canonical ensemble of massive rotating charged black
holes can exchange energy, angular momentum and electric charge with the heat
bath. Therefore the grand canonical partition function becomes,
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ZG ¼ Tr exp �βĤ þ βΦQ̂ þ βΩĴ
� �� �

(11)

where the trace is taken over all states. Φ and Ω are respectively electrostatic
potential and angular velocity of the black hole on the horizon.

Hence Eqs. (3), (4), (6), (8), (10) and (11) together yield

ZG ¼
X
b, v

Cb,vj j2 ψvj⊗ χbj exp �βĤ þ βΦQ̂ þ βΩĴ
� �

jχb
D E

⊗ jψv

D E

¼
X
b

Cbj j2 χbj exp �βĤb þ βΦQ̂b þ βΩĴb
� �

jχb
D E (12)

assuming that the boundary states can be normalized through the squared normP
v cvbj j2 ψvjψvh i ¼ Cbj j2. This is analogous to the canonical ensemble scenario

described in [14].
The partition function thus turns out to be completely determined by the

boundary states (ZGb), i.e.,

ZG ¼ ZGb ¼ Trb exp �βĤb þ βΦQ̂b þ βΩĴb
� �

(13)

The spectrum of the boundary Hamiltonian operator is assumed to be a function
of the discrete electric charge and angular momentum spectrum associated with the
horizon1. The total electric charge of a black hole is proportional to some funda-
mental charge from a quantum mechanical point of view and hence the electric
charge spectrum is considered to be equispaced [16–20]. In fact the angular
momentum spectrum can also be considered as equispaced in the macroscopic
spectrum limit of the black hole [21], in which we are ultimately interested.

It has already been seen that electric charge, horizon area and angular momen-
tum operators of a black hole commute among them and hence they can be diago-
nalized simultaneously. Therefore working in such diagonalized basis, the partition
function (13) becomes

ZG ¼
X
k, l,m

g k, l,mð Þ exp �β E Ak,Ql, Jmð Þ �ΦQl �ΩJmð Þð Þ (14)

where g k, l,mð Þ is the degeneracy factor. k, l,m are respectively the quantum
numbers corresponding to eigenvalues of horizon area, electric charge and angular
momentum. In the macroscopic spectra limit of quantum isolated horizons i.e.
regime of the large area, electric charge and angular momentum eigenvalues
k≫ 1, l≫ 1,m≫ 1ð Þ, the Poisson resummation formula [22] implies

ZG ¼
ð
dxdydzg A xð Þ,Q yð Þ, J zð Þð Þ exp �β E A xð Þ,Q yð Þ, J zð Þð Þ �ΦQ yð Þ � ΩJ zð Þð Þð Þ

(15)

where x, y, z are respectively the continuum limit of k, l,m respectively.

1 Actually this second assumption follows from [13, 15] for spacetimes admitting weakly isolated

horizons where there exists a mass function determined by the area and electric charge associated with

the horizon. This is an extension of that assumption to the quantum domain.
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Now, A, Q and J are respectively, functions of x, y and z alone. Therefore we
have,

dx ¼ dA
Ax

, dy ¼ dQ
Qy

, dz ¼ dJ
Jz

where, Ax � dA
dx and so on.

So, the partition function, in terms of area, electric charge and angular momen-
tum as free variables, can be written as follows

ZG ¼
ð
dAdQ dJ exp S Að Þ � β E A,Q, Jð Þ �ΦQ �ΩJð Þ½ �, (16)

where, following [23], the microcanonical entropy of the horizon is defined by
exp S Að Þ � g A xð Þ,Q yð Þ, J zð Þð Þ

dA
dx

dQ
dy

dJ
dz

and is a function of horizon area(A) alone [10, 11, 24].

2.3 Stability against Gaussian fluctuations

2.3.1 Saddle point approximation

The equilibrium of a black hole is given by the saddle point (A,Q, J) in the space
of integration over horizon area, electric charge and angular momentum. It is now
to study the grand canonical partition function for fluctuations a ¼ A� A

� �
, q ¼

Q � Q
� �

, j ¼ J � J
� �

around the saddle point to determine the stability of the black
hole under Hawking radiation. We as usual restrict ourselves only up to Gaussian
fluctuations, in order to extremize the free energy for the most probable configura-
tion. Taylor expanding Eq. (16) about the saddle point, gives

ZG ¼ exp S A
� �� βM A,Q, J

� �þ βΦQ þ βΩJ
� �

�
ð
da dq dj exp

(
� β

2

"
MAA � SAA

β

� �
a2 þ MQQ

� �
q2 þ 2MAQ

� �
aq

þ MJJ
� �

j2 þ 2MAJ
� �

ajþ 2MQJ
� �

qj

#)
,

(17)

where M A,Q, J
� �

is the mass of the isolated horizon at equilibrium. Here

MAQ � ∂
2M

∂A∂Q

���
A,Q,Jð Þ etc. and they are evaluated on the horizon. We will take the

entropy of a black hole as linear in horizon area and hence SAA equals to zero.
Now, in the saddle point approximation the coefficients of terms linear in a, q, j

vanish by definition of the saddle point. These imply that

β ¼ SA
MA

,Φ ¼ MQ ,Ω ¼ MJ (18)

Of course these derivatives are evaluated at the saddle point.

2.3.2 Criteria

Convergence of the integral (17) implies that the Hessian matrix (H) has to be
positive definite, where
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H ¼
βMAA βMAQ βMAJ

βMAQ βMQQ βMJQ

βMAJ βMJQ βMJJ

0
B@

1
CA (19)

The necessary and sufficient conditions for a real symmetric square matrix to be
positive definite are: determinants of all principal square submatrices, and the
determinant of the full matrix, are positive [25]. This condition leads to the
following ‘stability criteria’:

MAA >0 (20)

MQQ >0 (21)

MJJ >0 (22)

MQQMJJ � MJQ
� �2� �

>0 (23)

MJJMAA � MAJ
� �2� �

>0 (24)

MQQMAA � MAQ
� �2� �

>0 (25)
h
MAA MQQMJJ � MJQ

� �2� �
�MAQ MAQMJJ �MJQMAJ

� �

þMAJ MAQMJQ �MQQMAJ
� �i

>0
(26)

Of course, (inverse) temperature β is assumed to be positive for a stable
configuration.

Now, the temperature is defined as, T � 1
β ¼ MA

SA
(From Eq. (18)).

The relation T ¼ MA
SA

implies that,

dT
dA

¼ βMAMAA

SAð Þ2 (27)

Hence positivity of MAA implies that a stable black hole becomes hotter as it
grows in size. Schwarzschild black hole, violating this, invites its own thermal
instability and decays under Hawking radiation [22].

It is obvious from Eq. (18) that,MQQ ¼ dΦ
dQ andMJJ ¼ dΩ

dJ . Hence positivity ofMQQ

implies that accumulation of charge increases the electric potential of the black hole,
whereas positivity ofMJJ implies that accumulation of angular momentummakes the
black hole to rotate faster. These are the features of a stable black hole (22).

The conditions for the convergence of grand partition function under Gaussian
fluctuation imply the convexity of entropy [22, 23, 26]. Thus the above inequalities
are correctly the conditions for thermal stability of a charged rotating black hole.
Eqs. (20) and (27) together correctly reproduce that positivity of specific heat is the
only criteria for thermal stability of an electrically neutral non rotating black hole
[14]. Actually both mass and temperature of such black holes are functions of the
horizon area (A) only and hence specific heat(C) is given as,

C � dM
dT

¼ SAð Þ2
βMAA

(28)

Eqs. (20), (21) and (25) together describe the thermal stability of a non rotating
electrically charged black hole, while (20), (22) and (24) together describe the same
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for rotating electrically neutral black holes [27]. Thus we find that positivity of
specific heat cannot be the only criteria for thermal stability of an electrically
charged rotating black hole, unlike Schwarzschild black hole, but the charge and the
angular momentum play vital roles as well.

So far we have considered only the quantum version of a classical charged
rotating black hole. But a quantum black hole may have other types of quantum
charges as well. Hence we will consider all the charges of a quantum black hole in
the same footing including angular momentum and electric charge. We consider a
quantum black hole with n charges C1, … ,Cn. Now following exactly the same
prescription for constructing grand canonical partition function from operator
algebra, we get the partition function here as,

ZG ¼ exp S A
� �� βM A,C

1
, … ,C

n
� �

þ βPiC
i

h i

�
ð
dA

Yn
i¼1

ð
dCi

 !
exp

(
� 1
2

" 
MAAa2 þ 2

Xn
i¼1

βMACiaci

þ
Xn
i¼1

Xn
j¼1

βMCiC j cic j
#)

,

(29)

where M A,C
1
, … ,C

n
� �

is the mass of equilibrium isolated horizon and

MACi � ∂
2M=∂A∂Ci

��
A,C

1
,… ,C

n
� � etc., are evaluated on the horizon.

Convergence of the above integral (29) implies that the Hessian matrix (H) has
to be positive definite, where

H ¼

βMAA βMAC1 βMAC2 … … … βMACn

βMAC1 βMC1C1 βMC1C2 … … … βMC1Cn

βMAC2 βMC2C1 βMC2C2 … … … βMC2Cn

:… … :… … … … … … … :… …

βMACn βMCnC1 βMCnC2 … … … βMCnCn

0
BBBBBBBB@

1
CCCCCCCCA

(30)

Here, all the derivatives are calculated at the saddle point. Hence the stability
criteria i.e. the criteria for positive definiteness of Hessian matrix are given as:

D1 >0,D2 >0, :… ,Dnþ1 >0 (31)

where,

D1 ¼ βMAA, D2 ¼
βMAA βMAC1

βMAC1 βMC1C1

�����

�����,

D3 ¼
βMAA βMAC1 βMAC2

βMAC1 βMC1C1 βMC1C2

βMAC2 βMC2C1 βMC2C2

��������

��������
, ::… ,Dnþ1 ¼ Hj j

(32)

where, ∣H∣ ¼ determinant of the Hessian matrix H.
The inverse temperature β is expectantly assumed to be positive for a stable

black hole. We again find that temperature must increase with horizon area, inher-
ent in the positivity of MAA. 0n0 equals two for a charged rotating black hole and
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hence according to (32) there should be three stability criteria, not seven (20)–(26).
It is to note that those seven conditions are not all independent, actually only three
of them are independent.

3. Quasi stability, thermal fluctuations and phase transitions of black
holes

Some black holes may not satisfy all the stability criteria together everywhere in
their parameter spaces. Such regimes are regions of quasi stability for that black
hole and the black hole is quasi stable in that regime. Thus quasi stability of a black
hole depends entirely on the regime of parameter space where the black hole is. Of
course certain stability criteria may not hold anywhere in parameter space for some
black holes and they are completely quasi stable. We will see the relationship
between quasi stability and thermal fluctuation in this section.

We found for stable black holes that the grand canonical partition function is
converging. We can hence define fluctuation of their parameters. The standard
deviation of the statistical distribution of a quantity measures the expectation value
of its fluctuation. This knowledge along with the grand canonical partition function
implies the standard deviation of charge(Q) as,

ΔQð Þ2 ¼
Ð
da dq dj q2 exp � β

2 MAA � SAA
β

� �
a2 þ MQQ

� �
q2 þ 2MAQ

� �
aqþ MJJ

� �
j2 þ 2MAJ

� �
ajþ 2MQJ

� �
qj

h in o

Ð
da dq dj exp � β

2 MAA � SAA
β

� �
a2 þ MQQ

� �
q2 þ 2MAQ

� �
aqþ MJJ

� �
j2 þ 2MAJ

� �
ajþ 2MQJ

� �
qj

h in o

(33)

where, ΔQ is the standard deviation for the electric charge of the black hole.
Similarly, ΔJ and ΔA are respectively the same for angular momentum and horizon
area of the black hole.

Both the numerator and denominator are converging and turns out to be,

ΔQð Þ2 ¼ � 2
β
� 1
ZG

� ∂ZG

∂MQQ
¼ 1

∣H∣
� ∂∣H∣
∂ βMQQ
� � (34)

where, ∣H∣ ¼ determinant of Hessian matrix(H).
The above said process is invalid for quasi stable black holes as their grand

canonical partition functions diverge. Hence necessary rearrangements are required
to express their grand canonical partition function in the diagonal basis of their
Hessian matrices and then to look for stable modes. Fortunately fluctuations of
these stable modes are calculable and finite, although their grand partition functions
diverge.

We can now rewrite the grand canonical partition function (ZG) in the diagonal
basis of the Hessian matrix as,

ZG ¼
Ynþ1

j¼1

ð
dc j

 !
exp � 1

2
D1 c1
� �2 þD2

D1
c2
� �2 þ … þDnþ1

Dn
cnþ1� �2� �� �

(35)

where the expressions of D1,D2, ,Dnþ1 are the same as given in (20). The new
variables (c1, , cnþ1) are related to the old variables (a, c1, , cn) by some linear trans-
formation. The linear transformation matrix is a nþ 1ð Þ dimensional upper trian-
gular square matrix and hence it has unit determinant. The elements of this
transformation matrix are functions of the elements of the Hessian matrix H. Thus
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it is obvious that exactly one of the c j is equal to C j, but that identification is not
unique. This actually helps us to calculate the fluctuation of any parameter of quasi
stable black hole that we want. If at least one of D1, D2

D1
, … , Dnþ1

Dn
is negative, then ZG

blows up.
We can now define fluctuations for quasi stable black holes in the same way as

we did for stable black holes. If D1 is positive then the fluctuation of c1 Δ c1ð Þ2
� �

is

finite and equals to 1
2D1

, otherwise it blows up. Similarly Δ c2ð Þ2, Δ c3ð Þ2, … ., Δ cnþ1ð Þ2
can be defined and equal to D1

2D2
, D2
2D3

, … ., Dn
2Dnþ1

respectively only if these ratios of the
coefficients are positive.

A stable black hole with n charges possesses nþ 1ð Þ independent thermal stabil-
ity conditions [5]. But it was already shown that an electrically charged, rotating
stable black hole possessed seven conditions for thermal stability [4]. But only three
of them are independent, the rest depend on those three conditions. But this con-
clusion holds only for stable black holes, not for quasi stable black holes. Thus one
has to check the positivity of determinants of all 2nþ1 � 1

� �
submatrices of Hessian

matrix H (including itself) to ensure the quasi stability of a black hole.
Thus we see that stability of a black hole is determined by the signs of the

functions, appeared in the stability criteria. There will be nþ 1ð Þ no. of fluctuations
for a black hole having 0n0 no. of charges. These fluctuations are individually related,
to be shown later, with some physical quantities of the black hole. Signs of each of
these physical quantities designate one distinguished phase. Thus a quasi stable
black hole with 0n0 charges can at most have 2nþ1 number of phases. Any of these
physical quantities can possess the same sign in different regimes of parameter
space and hence the black hole can enter in the same phase once again. So a
decaying black hole may be lucky enough to enjoy the phases of its younger age
once more. These interesting reoccurrence of phase transitions are completely
absent in both stable or unstable black holes. The relationship among the boundary
degrees of freedom determines these phases in a quasi stable black hole.

Finite, bounded fluctuations of the parameters of both stable and quasi stable
black holes are directly connected with their respective stability criteria [8, 9].
These fluctuations will be shown to be related with some physically measurable
quantities of the black hole. Flipping of their signs indicate phase transitions, gen-
eralization of Hawking’s old idea for asymptotically flat Schwarzschild black hole
(AFSBH) [6] but in case of quasi stable black holes. Hawking showed that negative
specific heat made AFSBH thermally unstable. Divergence in ΔA2 made it happen
for AFSBH [8]. But quasi stable black holes possess too many parameters, other
than horizon area. Hence fluctuations of other parameters are similarly expected to
be related with other physical quantities of the black hole. We will see soon that this
expectation is actually the reality.

We will now use the summation formalism of partition function to build up
various physical quantities in connection with quasi stable black holes.

In this formalism, grand canonical partition function is given as [4],
ZG ¼P

r
exp �β Er �ΦQr �ΩJrð Þð Þ; here summation is taken over eigenstates.

The various symbolic terms like Φ, Ω etc. are as before.
Define, Φ � βΦ and Ω � βΩ. Φ and Ω respectively determines the electrical and

rotational equilibrium between two connected systems [28].
Hence the grand canonical partition function becomes,

ZG ¼
X
r

exp �βEr þΦQr þΩJr
� �

:
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Thus, average value of angular momentum can be defined as,

J �
P
r
Jr � exp �βEr þΦQr þ ΩJr

� �

ZG
¼ ∂ ln ZGð Þð Þ=∂Ω

Similarly we can calculate J
2
and is given as,

J
2 �

P
r
J2r � exp �βEr þΦQr þΩJr

� �

ZG

We can calculate fluctuation of angular momentum and this turns out to be

Δ Jð Þ2 �
P
r

Jr � J
� �2 � exp �βEr þΦQr þΩJr

� �

ZG
¼ J

2 � J
� �2 ¼ ∂

2 ln ZGð Þð Þ=∂Ω2

The convergence of fluctuation for angular momentum is mandatory for the
above calculation. Most importantly the above partial derivatives are taken at the
constant values of β and Φ. Likewise partial derivatives with respect to Φ can be
taken at constant values of β, Ω and so on.

The rotational inertia of a black hole (SJ) is defined as,
SJ � β � ∂J=∂Ω and is equals to β � Δ Jð Þ2.
It is important to note the following issue:
The quantities β, Φ and Ω are functions of independent variables A, Q and J and

hence consequently A, Q and J are the inverse functions of β, Φ and Ω. Hence
partial derivatives for example with respect to Ω, at constant β, Φ, can be evaluated
and so on. So SJ and Δ Jð Þ2 are independently calculable. They are related only when
fluctuation in angular momentum is bounded and finite. Δ Jð Þ2 approaches zero and
then suddenly blows up at the point of phase transition. But SJ vanishes there and
flips its sign afterwards. It starts to disrespect the above equality afterwards.

Electric capacitance of a black hole(SQ) is defined as,
SQ � β � ∂Q=∂Φ and is equal to β � Δ Qð Þ2, only when Δ Qð Þ2 is finite and bounded.
SQ and Δ Qð Þ2 respectively are in same footings as that of SJ and Δ Jð Þ2 regarding

their relationship and behavior at the point of phase transition. Hence flipping in
signs of electric capacitance and rotational inertia separately mark two different
phase transitions.

4. Decay of quasi stable black holes and possible identification with
dark matter

4.1 Asymptotically flat Reissner-Nordstrom black hole

The mass(M) of asymptotically flat Reissner-Nordstrom black hole (AFRNBH)
depends on its parameters as [29],

M ¼
ffiffiffiffi
A

p

4
ffiffiffi
π

p þ
ffiffiffi
π

p
Q2

ffiffiffiffi
A

p (36)
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We can now calculate the temperature of AFRNBH and it will be function of its
electric charge(Q) and horizon area(A). On calculation, it turns out that tempera-

ture (∝MA) is positive only if Q2

A < 1
4π. This restricts the parameter space.

We can calculate various second derivatives of the black hole mass (M) with
respect to its parameters from the above relation. On calculation, this turns out that.

MQQ ¼ 2
ffiffiffi
π

p
ffiffiffiffi
A

p ,MAQ ¼ �
ffiffiffi
π

p
Q

A3=2 ,MAA

¼ � 1

16
ffiffiffi
π

p
A3=2 þ

3
ffiffiffi
π

p
Q2

4A5=2 , MQQMAA � MAQ
� �2� �

¼ � 1
8A2 þ

πQ2

2A3

� �

Thus MQQMAA � MAQ
� �2� �

is positive only if Q2

A > 1
4π. But this region of param-

eter space is not accessible to any real AFRNBH as it is excluded due to negativity of

temperature. Hence MQQMAA � MAQ
� �2� �

is negative throughout its physically

accessible regime of parameter space. Now, MQQ is always positive while MAA is

negative if Q2

A < 1
12π. Thus AFRNBH can never be thermally stable as it never satisfies

any of the above two stability criteria completely. So AFRNBH is actually a quasi
stable black hole [9].

Now, MQQMAA � MAQ
� �2� �

is always negative for AFRNBH. Keeping this in

mind, We can conclude that,

1.Δ Að Þ2 always blows up as MQQ is always positive.

2.Δ Qð Þ2 converges and equals to the MAA

2β MQQMAA� MAQð Þ2
� � only ifMAA <0 i.e. Q

2

A < 1
12π.

AFRNBH gradually becomes smaller in size due to unbounded area fluctuation

and hence ultimately decays. Thus Q2

A , even if it is less than 1
12π at the beginning,

increases as area(A) decreases. But it cannot go beyond 1
4π. In the regime

1
4π >

Q2

A > 1
12π, electric charge(Q) of this black hole fluctuates appreciably enough to

reduce the value of Q. Thus this ratio becomes lower than the bench mark value 1
12π.

Hence we see that this toggling keeps on going around the value 1
12π. In this process

the black hole will continue to lose its electric charge and horizon area and conse-
quently moves forward to its end state with a certain minimum area [30], having
almost no electric charge. At this point, the black hole will not decay any further
and becomes thermodynamically isolated. Only gravitational interaction remains
active. This is quite similar to the nature of dark matter. This correspondence is
possible only if we are ready to accept that what we think of as dark matter is
actually some region of the spacetime of our universe. Thus this region pretends to
be neutral Planck dark matter as the size of black hole is now of the order of Planck
length.

4.2 Asymptotically flat Kerr-Newman black hole

The mass(M) of this black hole depends on its parameters as [31],

M2 ¼ A
16π

þ π

A
4J2 þ Q4� �þ Q2

2
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So the parameter space is restricted by the inequality 4J2 þQ4� �
< A2

16π2 as tem-
perature(∝MA) of a non extremal black hole is always positive. Hence both electric
charge and angular momentum are bounded for a given horizon area of the black
hole. ∣H∣ can be shown to be always negative and hence this black hole would decay
under Hawking radiation. It will consequently lose its area. Hence charge and
angular momentum have to adjust them respectively through their fluctuations to
maintain the above bound. This bounded region is shown in the Figure 1.

Now, it can be easily shown that MQQ βMAA � SAAð Þ � β MAQ
� �2� �

is negative in

the upper portion of the shaded region of the above figure. Thus this is the region
for bounded fluctuation of angular momentum. So, the higher values of J

A make the
fluctuation of angular momentum large. As the area of this black hole always
decreases, the ratio J

A increases. Thus the fluctuation of angular momentum
becomes appreciably large and hence angular momentum is reduced to maintain the
non extremality bound. So, J

A ratio again comes to the regime where J does not
fluctuate much. But area(A) as usual decreases continuously and consequently J

A
ratio again becomes large enough such that J starts to fluctuate appreciably again.
Thus this flipping of J

A ratio from larger to smaller value and vice versa keeps on
going. Hence angular momentum gradually decreases and consequently KN black
hole proceeds to transform into a non rotating black hole.

On the other hand, it can be easily shown that MJJ βMAA � SAAð Þ � β MAJ
� �2� �

is

negative in the lower portion of the shaded region of the above figure. Thus this is

the region for bounded fluctuation of charge. So, higher values of Q2

A make the
fluctuation of charge bounded only if the ratio J

A is sufficiently high. But we have

just seen that J
A ratio cannot always be high, along with the fact that the ratio Q2

A is
itself bounded. Thus Q reduces gradually as the area of the black hole decreases. So,

the ratio Q2

A oscillates between higher and lower values, exactly in the same manner
as J

A ratio does the same and gradually discharges all its charges. Consequently it
proceeds to transform into a chargeless, non rotating black hole. Thus it resembles
neutral Planck dark matter due to the fact explained in the last section. The differ-
ence between this sort of dark matter and the earlier one is only that their origins
are different.

Figure 1.
Pictorial representation of region of positivity of temperature.
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4.3 Asymptotically flat Kerr-Sen black hole

The mass(M) of this black hole depends on its parameters as [32],

M2 ¼ A
16π

þQ2

2
þ 4πJ2

A

The parameter space here is restricted by the inequality J
A < 1

8π as temperature
(∝MA) of a non extremal black hole is always positive. It is important to notice that
the electric charge of this black hole, unlike AFKNBH, is not bounded by the non
extremality of this black hole. We will see its interesting consequences soon. The

quantity MQQ βMAA � SAAð Þ � β MAQ
� �2� �

is negative in the regime J
A < 0:4

8π , but

βMAA � SAAð ÞMJJ � β MJA
� �2� �

is always negative. Hence both Δ Jð Þ2 and Δ Qð Þ2 are
bounded in the regime J

A < 0:4
8π for KS black Hole, maintaining a perfect balance

between the incoming and outgoing quanta of angular momentum and electric
charge respectively. But this balance is lost only for angular momentum in the
regime 0:4

8π < J
A < 1

8π, whereas the same for electric charge is maintained everywhere
in the parameter space. But the KS black hole ultimately decays due to unbounded
nature of Δ Að Þ2.

Suppose the angular momentum(J) is such that J
A < 0:4

8π and hence J does not
fluctuate much as its fluctuation is bounded in this region. But area(A) as usual
decreases and hence the ratio J

A increases and becomes greater than 0:4
8π . Once this

ratio crosses that value, J starts to fluctuate rapidly. But this ratio, due to non
extremality, cannot be greater than 1

8π with decreasing area(A). Thus J ultimately
reduces and hence the ratio J

A becomes lesser than 0:4
8π . This process will go on. This

means that KS black hole tries to reduce the angular momentum, in order to satisfy
its extremality bound, during the Hawking decay. Hence the black hole gradually
loses its area and angular momentum, keeping the charge unchanged. Thus it
proceeds to transform into a black hole with charge only. This transformation is
purely thermodynamical in nature. Thus we find the difference between KS and KN
black hole in terms of their end states.

It is important to note that KS black hole, unlike KN black hole, hardly dis-
charges throughout its life. One has to go back to the construction of grand canon-
ical partition to understand this. We in this analysis have assumed the mass of a
rotating charged black hole as a function of its area, charge and angular momentum.
It is a fact in any theory of quantum gravity that area, charge and angular momen-
tum are good self-adjoint operators. But mass is not a good primary operator. We
still can represent it as a secondary operator in terms of other primary operators.
Hence we here consider fluctuations of area, charge and angular momentum only.
In semiclassical analyses, one gets various restrictions on the parameter space from
the condition of avoiding the naked singularity. We, in thermodynamical analysis,
equivalently obtain various restrictions on the parameter space from the condition
of avoiding the absolute zero temperature. Semi classically, it had been shown [33]
that a charged rotating KN black hole should lose its charge and angular momen-
tum, just from the condition of various restrictions on the parameter space. We also
obtain similar results for KN black holes, just from the condition of various restric-
tions on the parameter space imposed by positivity of the temperature. But this
analysis is a bit interesting for KS black hole. Positivity of temperature does not put
any bound on its electric charge. Close to the end state, this black hole loses almost
all its angular momentum. The area also becomes comparable with the Planck area
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[30]. Hence mass of the black hole is approximated given there as, M2≈ Q2

2 . This is
very much similar to stable extremal black holes with magnetic monopoles. Of
course the last example is the outcome of semiclassical analysis, where the mass of
this black hole in the limiting case is given as, M2≈P2, P is magnetic charge. We
compare this thermodynamical analysis with well known semiclassical analyses not
to establish our analysis, but to show the simplicity as well as superiority of this
analysis. B.carter, through his semi classical analysis [34], had shown that charged
black hole with initial mass of order of 1015 kg does negligibly discharge throughout
its life. This, if translated for KS black hole, implies KS black hole almost does not
discharge if its initial charge is roughly one mole of electrons. In fact charged black
holes with sufficient initial mass, under certain idealized conditions, had been
shown semi classically [35] not to discharge. This again supports our conclusion
regarding stability of electric charge for decaying KS black hole.

The end state of this black hole can now be identified as charged Planck dark
matter. Thus we get a possible scenario for obtaining a charged black hole through
our line of thoughts.

4.4 (2 + 1) dimensional charged BTZ black hole

The mass(M) of 2þ 1ð Þ dimensional charged BTZ black hole (Λ3BTZBH)
depends on its parameters as [36],

M ¼ r2

8l2
�Q2

16
ln r=lð Þ:

Here l is known as cosmic length and is related with Λ as Λ ¼ 1=l2. r is the radius
of the circular horizon. Hence area of it, which is actually its perimeter, is given as
A ¼ 2πr. So the mass(M) of Λ3BTZBH can be expressed in terms of Λ and A as,

M ¼ A2Λ
32π2

� Q2

32
ln

A2Λ
4π2

� �
(37)

We can now calculate the temperature of Λ3BTZBH from above relationship
and it becomes a function of its charge(Q), area(A) and Λ. On calculation, it turns
out that temperature(¼ MA) is positive if A2 > π2Q2=Λ. This restricts the parameter
space.

We can calculate various second order derivatives of the black hole mass(M)
with respect to its parameters from the above relationship. On calculation, this
turns out that.

MQQ ¼ � 1
16

ln
A2Λ
4π2

� �
,MAQ ¼ � Q

8A
,MQΛ ¼ � Q

16Λ
,MΛΛ ¼ Q2

32Λ2 ,MΛA

¼ A
16π2

,MAA ¼ Λ
16π2

þ Q2

16A2

� �

We, with the help of the above six second order derivatives ofM, can show that.

1. MΛΛMAA � MAΛð Þ2
� �

¼ A2

256π4
π2Q2

2ΛA2 þ π4Q4

2Λ2A4 � π2
� �

. Now positivity of

temperature implies A2 > π2Q2=Λ. Hence MΛΛMAA � MAΛð Þ2
� �

is always

negative.
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2. ∣H∣ ¼ ln A2Λ
4π2

� �
� A2

256�32π4 � 2� π2Q2

2ΛA2 � π4Q4

2Λ2A4

� �
þ 6Q2

265�32π2Λ 1� π2Q2

A2Λ

� �
. Now again the

positivity of temperature fixes the sign of ∣H∣, but here it is positive.

Thus we explicitly see that MΛΛMAA � MAΛð Þ2
� �

is always negative for

Λ3BTZBH, whereas ∣H∣ is always positive for it. Hence Λ3BTZBH is actually quasi
stable under Hawking radiation. The most interesting point to note that ∣H∣ is
always positive here, unlike other quasi stable black holes [9, 28, 37].

We have earlier shown that [9, 37] quasi stable black holes possess tiny fluctua-
tions for some of their parameters in certain regions of parameter space. So, the
same is expected in case of Λ3BTZBH. We already knew [9] how fluctuations were
related to stability criteria. In fact we also knew [9] how to calculate fluctuations in
case of quasi stable black holes. Now, ∣H∣ is always positive. Keeping this in mind,
we can conclude2 that,

1.Δ Að Þ2 is bounded only if MQQMΛΛ � MΛQ
� �2� �

is positive. On calculation it

turns out that, MQQMΛΛ � MΛQ
� �2� �

¼ � Q2

256Λ2 1þ 1
2 � ln A2Λ

4π2

� �� �
and is

positive if A2Λ< 4π2
e2 .

2.Δ Qð Þ2 is always unbounded as MΛΛMAA � MAΛð Þ2
� �

, has already been shown,

is always negative.

3.Δ Λð Þ2 is bounded only if MQQMAA � MAQ
� �2� �

is positive. On calculation it

turns out that, MQQMAA � MAQ
� �2� �

¼ � 1
16 ln A2Λ

4π2

� �
Λ

16π2 þ Q2

16A2

� �
þ Q2

4A2

� �
and

is positive if ln A2Λ
4π2

� �
< � 4

1þ AΛ
π2Q2

. Now positivity of temperature gives

A2 > π2Q2=Λ and consequently this implies � 4
1þ AΛ

π2Q2

� �
is greater than �2. Thus

A2Λ< 4π2
e2 is the region for positivity of MQQMAA � MAQ

� �2� �
. In fact this

upper limit is greater than the estimated value as A2Λ
π2Q2 is greater than unity. So,

π2Q2 <A2Λ< 4π2
e2 is a legitimate regime in parameter space, where ΔΛ2 is

bounded.

We have just seen that charge always fluctuates with large magnitude. Now,
suppose area(A) is initially so large that it satisfies both the inequalities π2Q2 <A2Λ
and A2Λ> 4π2

e2 by far. In this regime of parameter space all the parameters charge
(Q), area (A) and cosmological constant(Λ) together fluctuate appreciably. Area
gradually decreases due to Hawking radiation. Cosmological constant also gradually
decreases due to bubble emission [38]. Hence charge has to decrease sufficiently
fast to maintain the positivity of temperature, as otherwise zero temperature would

2 Δ Λð Þ2 measures the fluctuation of cosmological constant from its equilibrium value and is

mathematically expressed as [8, 9], Δ Λð Þ2 ¼
Ð
da dq dλ λ2f a, λð ÞÐ

da dq dλ
, where f a, λð Þ ¼

exp � β
2 MAA � SAA

β

� �
a2 þ MQQ

� �
q2 þ MΛΛð Þλ2 þ 2MAQ

� �
aqþ 2MAΛð Þaλþ 2MQΛ

� �
qλ

h i� �
. Similarly,

Δ Að Þ2 and Δ Qð Þ2 are defined.
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cause the thermodynamic death of the black hole. Thus the black hole would once

cross the curve A2Λ ¼ 4π2
e2 , making the term MQQMΛΛ � MΛQ

� �2� �
positive. Hence

Δ Að Þ2 becomes bounded, suppressing its large unbounded magnitude exponen-

tially. In fact MQQMAA � MAQ
� �2� �

becomes positive even before A2Λ becomes

equal to 4π2
e2 . This consequently makes Δ Λð Þ2 bounded, like Δ Að Þ2, suppressing its

large unbounded magnitude exponentially. Thus we find that in the regime
π2Q2 <A2Λ< 4π2

e2 , both area and cosmological constant do not fluctuate appreciably.
But charge gradually decreases as before and hence the last inequality holds good.
Thus once the black hole loses almost all its charge, it transforms into a stable
chargeless BTZ black hole, having negative cosmological constant. This end state of
Λ3BTZBH, as we have seen, is different from other AdS black holes as their horizon
areas become close to the Planck area in their end states [39]. Thus we now get a
non Planck sized dark matter from our line of thoughts.

5. Note

The readers may wonder how this chapter can be something about dark matter?
We have hardly used the word “dark matter” so far, at most have used it on a few
occasions. But theoretically the connection, which is discussed here, between black
holes and dark matter is extremely appealing. There are some experimental evi-
dences that mostly rule out the possibility of connection between dark matter and
black hole [40], that we have described. On the other hand the recent observations
of LIGO and VIRGO now suggest that black holes are much more common than
once imagined and hence they could very well be the missing dark matter [41].
Anyway this chapter is written with the belief that dark matter is the possible end
state of the quasi stable black holes. Many more future experiments are required to
conclude definitively about the validity of our predictions.
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Chapter 6

Non-Keplerian Orbits
in Dark Matter
Peter D. Morley

Abstract

This paper is concerned with the mathematical description of orbits that do not
have a constant central gravitating mass. Instead, the attracting mass is a diffuse
condensate, a situation which classical orbital dynamics has never encountered
before. The famous Coma Cluster of Galaxies is embedded in Dark Matter. Con-
densed Neutrino Objects (CNO), which are stable assemblages of neutrinos and
anti-neutrinos, are candidates for the Dark Matter. A CNO solution has been
attained previously for the Coma Cluster, which allows mathematical modeling of
galaxy orbital mechanics within Dark Matter, first reported here. For non-zero
eccentricity galaxy orbits, each point along the trajectory sees a different gravitating
central mass, akin to satellite orbits inside Earth. Mathematically, the galaxy orbits
are non-Keplerian, spirographs.

Keywords: dark matter, coma cluster, condensed neutrino object, orbital
dynamics, galaxy cluster

1. Introduction

There are two seminal observations that bracket the existence of Dark Matter,
giving essential physics clues. The first is Zwicky [1] who noticed that the luminous
matter in the Coma Galaxy Cluster is too small in mass to gravitationally bind the
cluster. Quanitatively, the fastest bound galaxy has speed relative to the Coma
center-of-mass of about 3000 km/s [2]. From the Coma Galaxy Cluster we learn:

1.The amount of (unseen) Dark Matter in the Coma Cluster vastly ‘outweighs’
the luminous matter.

2.We can see right through the Coma Cluster to image galaxies on the other side
of the Universe, which means light is not scattered by Dark Matter:
astonishingly, Dark Matter is transparent to light.

3.The gravitational potential of Dark Matter is of the same size as the Coma
Galaxy Cluster dimensions.

The second seminal observation is Rubin [3] who showed that the rotational
speeds of stars in spiral galaxies are too high for gravitational binding with the
amount of luminous spiral galaxy mass observed. Unfortunately, here the story
takes a tragic diversion, because Rubin assumed that the missing spiral Dark Matter
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must be in the halo of the measured galaxy itself. This mistake could be attributable
to the lack of mathematical sophistication, but it has misled researchers for years.
Let us discuss the situation of a spiral galaxy embedded in a Coma-like Galaxy
Cluster Dark Matter potential and see the complexity of the resulting gravitational
potential. The Dark Matter gravitational potential at position r inside the Dark
Object is (G is the gravitational constant)

Φ rð Þ ¼ �G
ð
ρB r0ð Þ
∣r� r0∣

d3r0 (1)

where ρB is the Dark Matter mass density. For Coma-like Dark Matter, this
density is spherically symmetric: ρB r0ð Þ ¼ ρB r0ð Þ so Eq. (1) becomes

Φ rc þ að Þ ¼ �G
ð∣rcþa∣

0

dMB r0ð Þ
r0

(2)

where dMB r0ð Þ ¼ ρB r0ð Þ4πr02dr0, rc is the radius from the origin of the Dark
Matter Object to the spiral galaxy center of mass and a is the spiral arm vector. The
embedded spiral galaxy is shown in Figure 1. We’re interested in the difference of
gravitational potential between a spiral arm and its galaxy’s center of mass, Φ að Þ ¼
Φ rc þ að Þ �Φ rcð Þ.

Φ að Þ ¼ �G
ð∣rcþa∣

∣rc∣

dMB r0ð Þ
r0

(3)

Consider now letting a move along a spiral arm, going around 360 degrees,
where this angle becomes the spiral galaxy’s azimuthal angle ϕ. If the spin axis is
tilted with respect to a radial, then Eq. (3) has both positive and negative values: for
some ϕ: ∣rc þ a∣> ∣rc∣ and for 180 degrees further in ϕ: ∣rc þ a∣< ∣rc∣. Circumlocution
means a rotating star with a fixed distance from the spiral galaxy’s center will go up

Figure 1.
Embedded spiral galaxy in a coma-like dark matter object with rc the vector from object center to spiral center
and a the spiral arm’s position vector. The tilt of the spin vector s with respect to the dark matter radius vector rc
is the origin of the complex spiral arm star rotation speeds.
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a potential hill for half its revolution and lose rotational speed. The other half of the
rotation it will go down a potential hill and gain speed; the spiral arm rotational
speeds become azimuthal angle dependent, Eq. (3). If however, the spin axis is
parallel or antiparallel to a Dark Matter Object radial, then ∣rc þ a∣ = constant > ∣rc∣,
and rotation speeds (for constant distance from center) are no longer azimuthally
dependent from the Dark Matter gravitational potential. In the interesting other
case that a ! 0, very short distant scales (� 1 Kpc), then there is no change in the
Dark Matter potential (Φ að Þ ! 0) and the star speeds are the same near each other.
This geometric dependence of the large Coma-like Dark Matter is a significant
source of confusion when the Dark Matter is attributable to a galactic halo and has
led to bogus science claims [4] of satellite galaxies having enormous amounts of
Dark Matter.

2. Dark matter particles as fermions

Large astronomical assemblages of matter have gravitational self-energies that
will cause them to collapse. They are only stable if there is an internal pressure
source. Observations of Dark Matter embedding galactic clusters reveal no Dark
Matter energy generation. The Lamda-Cold-Dark-Matter cosmological model pos-
tulates that Dark Matter is cold. Therefore Maxwellian statistics are not present.
Dark Matter particles are described by quantum statistics, which are either the
Fermi-Dirac or Bose-Einstein distributions. However, boson stars do not exist in
Nature because bosons will occupy the lowest energy state in cold matter. We come
to the conclusion that Dark Matter is made up of Fermions that are in equilibrium
due to degeneracy pressure. Recognizing that White Dwarfs are stable due to
electron degeneracy, Neutron Stars are stable due to neutron degeneracy, we see
that the size of the stable assemblage is inversely proportional to the Fermion mass.
Zwicky’s discovery that the Coma Cluster of galaxies is embedded in Dark Matter
means that the Dark Matter Fermion particle must be incredibly small in mass, even
compared to the small electron’s mass.

3. Condensation of cosmological neutrinos

The additional requirement that the Dark Matter particles be the most abundent
particles in the Universe identifies the condensation of cosmological neutrinos from
the Big Bang as a very attractive candidate for Dark Matter. Reference [5] is the first
publication that correctly evaluated the equation of state for degenerate neutrino
matter, where the neutrinos and anti-neutrinos condense into stable assemblages
called ‘condensed neutrino objects’ (CNO). Reference [6] derived the CNO mass-
radius relationship

M Rð Þ≃ 1:97462� 1015M⊙

R3m8
ν

(4)

where M Rð Þ is the mass of the stable CNO having radius R in units of Mpc and
mν, neutrino mass scale (neutrinos are almost a perfect mass symmetry from
neutrino mixing), is in units eV/c2. Oncemν is determined by the KATRIN terrestial
experiment [7], Eq. (4) completely describes Dark Matter. Here, we take the
opportunity to model galaxy orbital dynamics in the Coma Galaxy Cluster, using an
estimated value for mν from reference [8].
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The interesting physics of CNO is that there is no central mass. Instead, galaxies
having non-zero eccentricities see a different gravitating mass at each point along
their orbit. Human beings have never seen this astronomical phenomena before. It
would be akin to having satellite orbits inside the Earth and it leads to non-
Keplerian orbits.

4. Coma galaxy cluster CNO

When galaxies self-assemble inside CNO, they may have negligible velocities
with respect to the Dark Matter or non-negligible velocities. Those galaxies having
negligible velocities fall to the center of the CNO and execute simple harmonic
motion (SHM), reference [5]. These galaxies then obtain their fastest speed at the
center of the CNO, and when there, are the fastest galaxies embedded in the CNO
that are gravitationally bound. On the other hand, galaxies which self-assemble with
non-negligible velocities with respect to the CNO center of mass, execute orbital
dynamics. Conservation of angular momentum prevents their appearance in the
CNO center, and they never appear in the fast velocity histograms. If astronomical
data is available for individual galaxies of a galaxy cluster, then picking out the
fastest bound galaxy will place its location at or near the CNO center. In Ref. [8] this
analysis was done to identify the CNO parameter, the neutrino Fermi Momentum
(pF) at the CNO center, associated with the Coma Cluster. The Fermi Momentum
enters in the equation of hydrostatic equilibrium as x ¼ pF=mνc (called the reduced
Fermi Momentum), where c is the speed of light. The different CNO in Eq. (4) have
different boundary condition xjR¼0, which we denote by x 0ð Þ, after the neutrino
mass scale is determined.

The Coma Galaxy Cluster CNO has solution [8] x 0ð Þ ¼ 0:010 1. This Coma
Cluster solution has mass M010 and radius R010

Figure 2.
Spatial variation of the reduced Fermi momentum x for the CNO having boundary value x 0ð Þ ¼ 0:010. The
units of length are 46128.98 pc/ m2

ν with mν in units of eV/c2. The figure is from reference [8] and is the result
of solving the equation of static equilibrium for degenerate matter.

1 This shows just how non-relativistic these stable CNO are.
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M010 ¼ 9:809� 1014

m2
ν

M⊙ (5)

R010 ¼ 1:2625
m2

ν

Mpc (6)

Figure 3.
CNO mass density for x 0ð Þ ¼ 0:010 CNO. The units of mass density are 1:76307� 10�20m4

ν gm/cm3 with mν

in units of eV/c2 the figure is from reference [8]. Notice that the density is finite at the origin, which means there
is no singularity present.

Figure 4.
Approximate location of the CNO center using fastest galaxy GMP = 3176, which has offsets R.a. +0.0579 arc-
minutes and Dec �13.465 arc-minutes. The figure background is taken from reference [2], which shows the
actual coma galaxy cluster and X-ray contour lines. At a distance of 101.3 Mpc, the 2.191 Mpc CNO radius
translates to 74.35 arc-minutes. The composite figure is from reference [8].
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where mν is in units of eV/c2. In Figure 2, The Coma Galaxy Cluster CNO
reduced Fermi momentum is plotted as a function of radial coordinate, while in
Figure 3, the mass density is plotted.

In Ref. [8], mν ¼ 0:759 eV=c2 was used. The center of the CNO embedding the
Coma Galaxy Cluster was determined to be close to galaxy GMP [2] = 3176. The
CNO Coma Galaxy Cluster solution is shown in Figure 4.

5. Galaxy cluster embedded in a CNO

Observationally, most or all galaxy clusters are embedded in Dark Matter,
because the observable luminous matter does not produce a strong enough gravita-
tional well to confine the experimentally observed galaxy velocities. This was the
original Zwicky observation. Theoretical studies of galaxy cluster dynamical evolu-
tions that did not understand the physics of Dark Matter reached the following
conclusion (exemplified by reference [9]): galaxies collapse toward the center and
virialize with Dark Matter to attain a steady-state distribution. For CNO Dark
Matter, the galaxies revolve in a frictionless condensate and do not viralize with the
Dark Matter at all.

5.1 Coma galaxy cluster dynamics

For the relevant neutrino mass scale of mν ¼ 0:759 eV=c2, the Coma Dark
Matter has mass 1.7 �1015 M ⊙ with radius 2.191 Mpc. We will use this CNO to
demonstrate how to mathematically compute orbits in CNO, using examples. These
will be galaxies that have self-assembled with non-negligible velocities with respect
to the CNO center-of-mass. The computation of the Dark Matter mass profile will
allow for detailed simulations of galaxy cluster dynamics: formation of galaxies and
their subsequent orbital evolution. In the section Future Work, it will be described
how a simulation should be able to reproduce present measured kinetic velocity
distributions.

5.2 Coma galaxy cluster orbits

The galaxies will execute orbits on a plane defined by their initial (birth) velocity
components. On this 2-Dimensional plane are the r and θ polar coordinates. The
radial and tangential force equations for a galaxy embedded in a CNO are (G is
Newton’s gravitational constant)

€r� rθ2 ¼ �GMCNO rð Þ
r2

r€θ þ 2_r _θ ¼ 1
r

d
dt

r2 _θ
� � ¼ 0 (7)

where MCNO rð Þ is the Dark Matter mass enclosed within radial cordinate r. For
the Coma Galaxy Cluster solution of x 0ð Þ ¼ 0:010 with mν ¼ 0:759 eV=c2, this has
the expression

MCNO rð Þ ¼ 5:5773407 � 1017M⊙I sð Þ (8)

where s ¼ r=rCNO, s≤ 1, with rCNO = 2.1915 Mpc and I sð Þ has a polynomial
expansion
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I sð Þ ¼ �0:00001983278760836819 � sþ 0:0005712130866206088 � s2
þ0:012326181706900396 � s3 þ 0:030069987017380402 � s4
�0:12115460629704124 � s5 þ 0:13430437610312457 � s6
�0:06587537476021942 � s7 þ 0:01283085557464332 � s8

(9)

The numerical function I sð Þ is displayed in Figure 5. In Figure 6, we show the
orbital velocity components of a galaxy embedded in a CNO.

As already discussed, the reason why orbital dynamics of galaxies embedded in a
CNO are different and unusual is because there is no central mass situated at the
center of a CNO (see Figure 5). This is the first time we see non-Keplerian orbits
from classical gravity. We now solve the system of Eq. (7) for interesting initial

Figure 5.
Numerical evaluation of the function I sð Þ.

Figure 6.
2-dimensional (planar) velocity components for orbit dynamics of a galaxy embedded in dark matter CNO.
The reference system is the center-of-mass of the CNO. The axis can be any perpendicular coordinates.
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conditions. We will do two examples that illustrate the orbital dynamics of galaxies
embedded in Dark Matter CNO.

The last equation of array Eq. (7) shows that the angular momentum per unit
mass h ¼ r2 _θ is a conserved quantity (a constant). Changing variables r ! ~s ¼ rM

r
where, for simplicity of notation, we put rCNO � rM, one can show that the system
Eq. (7) becomes

d2~s
dθ2

þ~s ¼ rMGMCNO 1=~sð Þ
h2

(10)

5.3 Case 1 example

The Coma Galaxy Cluster has a measured (in Coma center-of-mass frame)
Gaussian distribution of speeds [2] that extends up to 3000 km/s. For our first
example, we will use a small value for the initial speed of a galaxy: V0 = 100 km/s
with a velocity angle 75 degrees, starting at θ ¼ 0 degrees and located at rinitial ¼
:2rM. This gives the initial velocity condition (see Figure 6)

_rjinitial ¼ V0 cos 75° ¼ 25:8819… km=s (11)

r _θ
� ���

initial ¼ V0 sin 75° ¼ 96:5925… km=s (12)

For rinitial ¼ :2rM ! ~sjinitial ¼ 5, so we have the first initial condition. We next use
the chain rule of calculus

_r ¼ dr
dθ

_θ ¼ h
r2

dr
dθ

(13)

Since ~s ¼ rM=r, we have using Eq. (13)

d~s
dθ

¼ � rM
r2

dr
dθ

¼ � rM
h

_r (14)

This gives the last initial condition

d~s
dθ

����
initial

¼ � rM
h

_rinitial (15)

Evaluating Eq. (15) gives

d~s
dθ

����
initial

¼ �1:339745962 (16)

Designating the right hand side of Eq. (10) as α, we get

α ¼ rMGMCNO

h2
¼ 2932920:356 � I 1=~sð Þ (17)

Finally, the problem to be numerically solved is reduced to

d2~s
dθ2

¼ �~sþ 2932920:356 � I 1=~sð Þ (18)

~sjinitial ¼ 5 (19)
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d~s
dθ

����
initial

¼ �1:339745962 (20)

In Figure 7 we give the polar graph of 4 revolutions showing that the orbit
precesses without any relativistic corrections or perturbations. This is non-
Keplerian behavior: a spiralgraph. If we look closely at the starting location
rjinitial ¼ :2rM with θ ¼ 0, we see that the galaxy does NOT extend beyond its inital
radius, with the next step in polar angle showing that it is closer to the CNO center.
The reason for this behavior is that the starting speed of 100 km/s at rjinital ¼ :2rM is
too small for the galaxy to extend its orbit for the next discrete angle value. When
we do the second example, where we change the starting speed from 100 km/s !
1000 km/s, we will see that the galaxy expands beyond rjinitial. Another aspect of
Figure 7: it alludes to the fact that galaxies which assemble with negligible velocities
undergo simple harmonic motion [5].

We now compute the period for this case. In order to do this, we have to arrange
the variables such that

dθ
dt

¼ f θð Þ (21)

so the period τ is

τ ¼
ð2π
0

dθ
f θð Þ (22)

This is done using h = constant = r2 dθ
dt. Working this out

dθ
dt

¼ f θð Þ ¼ ~s2 2:856813144� 10�19� �
s�1 (23)

This gives

τ Case1 ¼
ð2π
0

dθ
~s2 θð Þ 110:9970809ð Þ Gyr (24)

Figure 7.
Orbital mechanics for small velocity coma cluster galaxy.
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Doing this final integration numerically reveals

τ Case1 ¼ 3:2502 Gyr (25)

In Figure 8, the speed is plotted against rotation angle, showing the near SHM of
small birth velocities. Starting at 100 km/s at 0 degrees, it reaches a high� 870 km/s
at closest approach to the center and then back again to 100 km/s on the other side,
for one-half revolution.

5.4 Case 2 example

The only change from the prior case is the initial speed V0: 100 km/s !
1000 km/s. One can show that the problem to solve becomes

d2~s
dθ2

¼ �~sþ 29329:20356 � I 1=~sð Þ (26)

~sjinitial ¼ 5 (27)

d~s
dθ

����
initial

¼ �1:339745962 (28)

In Figure 9, we give 4 revolutions for this case, again showing non-Keplerian
behavior. Note that the starting initial conditions permit the galaxy to expand
beyond rjinitial ¼ :2rM.

For the period of this case, one can show that the numerical integration is

τ Case2 ¼
ð2π
0

dθ
~s2 θð Þ 11:09970809ð Þ Gyr (29)

Doing this final integration numerically finds

τ Case2 ¼ 3:1765 Gyr (30)

Figure 8.
The speed of the small velocity galaxy for one revolution, showing the near SHM for small initial birth velocities.
See text for explanation.
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6. Conclusion

The KATRIN neutrino mass experiment [7] can prove Dark Matter is the con-
densation of cosmological neutrinos and anti-neutrinos by obtaining a mass signal
for the electron-anti-neutrino. The Planck Satellite Consortium assumes no con-
densation of cosmological neutrinos in their analysis of the cosmological microwave
background and predicts neutrino masses too small for KATRIN to measure [8].
The identification of CNO as the Dark Matter allows mathematical modeling of
embedded galaxy orbits, first reported here, using the Coma Cluster of galaxies.

7. Future work

Galaxies inside the CNO Dark Matter self-aggregate with a probability distribu-

tion at locations between r! and r! þ d
!
r and with initial velocities between v! and

v! þ d
!
v. For example, if the probability of assemblage between r and rþ dr is the

fractional volume of available space in the CNO, then the average initial radius
distance would be :75 � rCNO. The cluster galaxies then perform orbits, or collapsing
toward the center. There is no equilibrium with respect to the Dark Matter, as the
baryons move through a frictionless condensate. The periods have units Gyr, so a
present snapshot is good for a long time.

The next step is to do a simulation of N-number of self-aggregating galaxies over
an initial period of time and time-advance it to the present day. The ‘birth’ distri-
bution in velocities will give rise to a predicted later time-evolved velocity distribu-
tion that can be compared to the present-day astronomically measured velocity
distribution.

Because of the huge CNO Dark Matter mass, individual galaxy collisions are a
small perturbation of cluster dynamics. The probability that you have cluster evap-
oration from many-body interactions is near zero and completely negligible: bary-
onic matter situated in a CNO gravitational well stays in the CNO gravitational well.
For our numerical examples here, we used two galaxies at the same initial radial
distance. However, the orbital planes of both galaxies could have been in any

Figure 9.
Orbital mechanics for large velocity coma cluster galaxy.
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3-dimensional orientation in 3-space, hence even the same initial radial orbits have
a negligible chance of interacting.
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Abbreviations and notation

CNO condensed neutrino object, stable assemblage of neutrinos and anti-
neutrinos.

G Newton’s gravitational constant.
Φ rð Þ Dark Matter gravitational potential (potential energy per unit

mass) at location r, Eq. (1).
rc Spiral galaxy center-of-mass position inside the Dark Matter

Object.
a spiral arm vector in spiral galaxy center of mass.
M Rð Þ mass of CNO, Eq. (4)
mν neutrino mass scale, to be measured by [7].
R radius of CNO, Eq. (4)
SHM simple harmonic motion.
x ¼ pF=mνc reduced Fermi momentum, where c is the speed of light.
M010, R010 modeled mass and radius of the Coma Galaxy cluster CNO, Eqs. (5)

and (6).
Mpc mega-par-sec.
M⊙ mass of the Sun.
MCNO rð Þ enclosed CNO mass at radius r, Eq. (8).
~s ¼ rM=r, where rM � rCNO is the radius of the Coma CNO.
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Chapter 7

Cosmology and Cosmic Rays
Propagation in the Relativity with
a Preferred Frame
Georgy I. Burde

Abstract

In this chapter, cosmological models and the processes accompanying the
propagation of the cosmic rays on cosmological scales are considered based on
particle dynamics, electrodynamics and general relativity (GR) developed from the
basic concepts of the ‘relativity with a preferred frame’. The ‘relativity with a
preferred frame’, designed to reconcile the relativity principle with the existence of
the cosmological preferred frame, incorporates the preferred frame at the funda-
mental level of special relativity (SR) while retaining the fundamental space-time
symmetry which, in the standard SR, manifests itself as Lorentz invariance. The
cosmological models based on the modified GR of the ‘relativity with a preferred
frame’ allow us to explain the SNIa observational data without introducing the dark
energy and also fit other observational data, in particular, the BAO data. Applying
the theory to the photo pion-production and pair-production processes, accompa-
nying the propagation of the Ultra-High Energy Cosmic Rays (UHECR) and gamma
rays through the universal diffuse background radiation, shows that the modified
particle dynamics, electrodynamics and GR lead to measurable signatures in the
observed cosmic rays spectra which can provide an interpretation of some puzzling
features found in the observational data. Other possible observational consequences
of the theory, such as the birefringence of light propagating in vacuo and disper-
sion, are discussed.

Keywords: general relativity, FRW models, late-time cosmic acceleration, dark
energy, UHECR, gamma rays, photo pion-production, pair-production

1. Introduction

Lorentz symmetry is arguably the most fundamental symmetry of physics, at
least in its modern conception. Physical laws are Lorentz-covariant among inertial
frames; namely, the form of a physical law is invariant under the Lorentz group of
space-time transformations. Therefore, the Lorentz symmetry sets a fundamental
constraint for physical theories. Nevertheless, modifications of special relativity
(SR) and possible violations of Lorentz invariance have recently obtained increased
attention. Although, the success of general relativity (GR) to describe all observed
gravitational phenomena proves the fundamental importance of Lorentz invariance
in our current understanding of gravitation, some of the modern theories (unifica-
tion theories, extensions of the standard model and so on) suggest a violation of
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special relativity. The aim of most of the Lorentz violating theories is to modify a
Lorentz invariant theory by introducing small phenomenological Lorentz-violating
terms into the basic relations of the theory (Lagrangian density, dispersion relation
and so on) and predict what can be expected from it. Reviews of the most popular
approaches [1–26] to parameterizing Lorentz violating physics in the context of
their relation to the ‘relativity with a preferred frame’ can be found in [27, 28].
Some of those studies are discussed in the following sections about the results
obtained in the present paper.

The theory termed ‘relativity with a preferred frame’ developed in [27–29]
represents a very special type of a Lorentz violating theory that is conceptually
different from others found in the literature. It is not even a preferred frame that
makes a difference—all violations of Lorentz invariance, made by distorting
Lorentz-invariant relations of the theory, imply the existence of a preferred frame
for the formulation of the physical laws, the one in which all the calculations need to
be carried out, since breaking relativistic invariance also invalidates the transfor-
mations that allow us to change reference frame. The first major difference of the
present analysis from the above-mentioned studies is that the Lorentz violation is
not introduced into the theory but it is a result of using freedom in formulation one
of two basic principles of special relativity, the principle of universality of the speed
of light. In other terms, Lorentz’s violation is ingrained into the framework of the
theory at some fundamental level. The second major difference is that the relativis-
tic invariance, in the sense that the form of a physical law is invariant under the
space-time transformations between inertial frames, is not violated—it is a Lorentz
violation without violation of relativistic invariance.

To outline the framework of the theory named ‘relativity with a preferred frame’
one has to start from the definition of the preferred frame. In the ‘relativity with a
preferred frame’, the preferred frame is defined as the only frame where propaga-
tion of light is isotropic, while it is anisotropic in all other frames moving relative to
the preferred one (it is a common definition in the studies investigating the funda-
mentals of special relativity and its potential breaking).‡ Discussing the anisotropy
of propagation of light one has to distinguish between the two-way speed of light,
i.e. the average speed from source to observer and back, and the one-way speed
which is a speed of light in one direction—either from source to observer or back. In
the ‘relativity with a preferred frame’, it is the one-way speed of light that is
assumed to be anisotropic in all the frames except the preferred frame, while the
two-way speed of light is isotropic and equal to c in all inertial frames.§ The analysis
is based on the invariance of the equation of (anisotropic) light propagation for the
space-time transformations between inertial frames and the group structure of the
transformations plays a central role in the analysis. Although, the existence of the
preferred frame seems to be in contradiction both with the basic principles of
special relativity and with the group property of the transformations, in the frame-
work of the ‘relativity with a preferred frame’, those principles are retained. The
crucial element, which allows retaining the relativistic invariance and the group

‡ It is worth noting that, although the anisotropy of speed of light is one of the central features of the

present analysis, this theory stands apart from the ample literature on the conventionality of simultaneity

and clock synchronization. A discussion of those issues in the context of the ‘relativity with a preferred

frame’ can be found in [29, 30].
§ In the modern versions of the experiments designed to test special relativity and the so-named ‘test

theories’ (e.g., [31, 32], see a discussion in [27, 29, 30]), the tests are meant to detect the anisotropy of the

two-way speed of light.
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property of the space-time transformations, is that the anisotropy parameter k,
figuring in the equation of the anisotropic light propagation, is treated as a variable
that takes part in the group transformations (for more details, see Section 2). Then
the preferred frame, in which k ¼ 0, enters the analysis on equal footing with other
frames since nothing distinguishes the transformations to/from that frame from the
transformations between two frames with k 6¼ 0. The space-time symmetry under-
lying the group of transformations between inertial frames, which in the standard
SR is expressed by the existence of the combination invariant under the transfor-
mations (interval), in the ‘relativity with a preferred frame’, reveals itself also in the
form of the invariant combination, a counterpart of the interval of the standard SR.
Such a ‘modified space-time symmetry’ paves the way to extensions of the kine-
matics of the ‘relativity with a preferred frame’ to free-particle dynamics, general
relativity and electromagnetic field theory.

The above-described generalization of special relativity cannot be validated by
experiments measuring the speed of light since only the two-way speed of light, the
same in all the frames, can be measured. For creating a physical theory, predictions
of which can be compared with observational data, it is needed to identify the
preferred frame of the present analysis, which is defined by the property of isotropy
of the one-way speed of light, with a frame possessing the property that velocity of
any other frame relative to it can be measured using some physical phenomena. In
the present analysis, that preferred frame is a comoving frame of cosmology or the
CMB frame (note that identifying the preferred frame with the CMB frame is a
common feature of practically all Lorentz-violating theories). It is the only frame
possessing the property, that motion of any other frame relative to it is distinguish-
able, and, in addition, this frame, like the preferred frame of the present analysis, is
defined based on the isotropy property. As a result of specifying the preferred
frame, all the relations of the ‘relativity with a preferred frame’, as well as of its
extensions, contain only one universal constant b which is a parameter to be
adjusted for fitting the results of the theory to observational data.

Identifying the preferred frame with the cosmological comoving frame implies
that the theory should be applied to phenomena on cosmological scales. Studying
different phenomena requires extensions of the modified SR kinematics to different
areas of physics. The purpose of this chapter is to present a unified view of the
extensions and their applications based on the concept of the modified space-time
symmetry. This includes extension to general relativity (Section 4.1) and
constructing cosmological models based on the modified general relativity (Section
4.2); extension to the dynamics of the free particles (Section 3.1) and its application
to the processes accompanying the Ultra High Energy Cosmic Rays (UHECR) and
the gamma-rays propagation (Sections 5.1 and 5.2); extension to electromagnetic
field (Section 3.2) and studying electromagnetic waves based on the modified
electrodynamics (Section 3.3) with application to the gamma-rays propagation
(Section 5.3).

2. Special relativity kinematics

Kinematics of the ‘relativity with a preferred frame’ will be only outlined in this
section, for a detailed presentation see [27–29].

The transformations between two arbitrary inertial reference frames S and S0,
with the coordinate systems X,Y,Z,Tf g and x, y, z, tf g in the standard configura-
tion (with the y- and z-axes parallel to the Y- and Z-axes and S0 moving relative to S
with the velocity v in the positive direction of the common x-axis), are considered.
In the subsequent analysis, the group property of the space-time transformations is
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used as a primary tool. Groups of transformations are sought using the condition of
invariance of the equation of anisotropic light propagation [30]

ds2 ¼ c2dt2 � 2kc dtdx� 1� k2
� �

dx2 � dy2 � dz2 ¼ 0 (1)

where k is the anisotropy parameter such that speeds of light in the positive and
negative x -directions are

c þð Þ ¼ c
1þ k

, c �ð Þ ¼ c
1� k

(2)

Eq. (1) incorporates both the anisotropy of the one-way speed of light as equa-
tion (2) shows and the universality of the two-way speed of light in the sense that it
is equal to c in all inertial frames (see, e.g., [33, 34]).║ The transformations involve
both the space and time coordinates x, y, z, tð Þ and the anisotropy parameter k so
that the equations of light propagation in the frames S and S0 are

c2dT2 � 2Kc dTdX � 1� K2� �
dX2 � dY2 � dZ2 ¼ 0, (3)

c2dt2 � 2kc dtdx� 1� k2
� �

dx2 � dy2 � dz2 ¼ 0 (4)

where K and k are the values of the anisotropy parameter in the frames S and S0

respectively. The one-parameter (a) group of transformations of variables from
X,Y,Z,T,Kf g to x, y, z, t, kf g, which converts (3) into (4), is sought in the form

x ¼ f X,T,K; að Þ, t ¼ q X,T,K; að Þ;
y ¼ g Y,Z,K; að Þ, z ¼ h Y,Z,K; að Þ; k ¼ p K; að Þ (5)

where, based on the symmetry arguments, it is assumed that the transforma-
tions of the variables x and t do not involve the variables y and z and vice versa.
According to the Lie group method (see, e.g., [35, 36])., the infinitesimal
transformations corresponding to (5) are introduced, as follows

x≈ X þ ξ X,T,Kð Þa, t≈ T þ τ X,T,Kð Þa,
y≈ Y þ η Y,Z,Kð Þa, z≈ Z þ ζ Y,Z,Kð Þa, k≈ K þ κ Kð Þa (6)

Proceeding by the usual Lie group technique (see [27–29] for details) one can
define the form of the transformations in x, y, z, t, kð Þ variables. Calculating invari-
ants of the group one can define a combination (a counterpart of the interval of the
standard relativity) that is invariant under the transformations, namely

des2 ¼ 1

λ kð Þ2 c2dt2 � 2kc dtdx� 1� k2
� �

dx2 � dy2 � dz2
� �

(7)

║ Although the form (1) seems to be attributed to the one-dimensional formulation, in the three-

dimensional case, the equation has the same form if the anisotropy vector k is directed along the x-axis
[30]. In the present analysis, the x-axis defines also the line of relative motion of the two frames but it

does not lead to any ambiguity. The assumption, that the anisotropy vector k is along the direction of

relative motion of the frames S0 and S, is justified by that one of the frames in a set of frames with

different values of k is a preferred frame. Since the anisotropy is attributed to the motion with respect to

the preferred frame, it is expected that the axis of anisotropy is either in the direction of motion or

opposite to it.
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where

λ kð Þ ¼ exp �
ðk
0

p
κ pð Þ dp

� �
(8)

with κ kð Þ being the group generator for the variable k að Þ, see equation (6).
Furthermore, introducing the new variables

et ¼ 1
cλ kð Þ ct� kxð Þ, ex ¼ 1

λ kð Þ x, ey ¼ 1
λ kð Þ y, ez ¼ 1

λ kð Þ z (9)

converts the invariant combination (7) into the Minkowski interval

des2 ¼ c2det2 � dex2 � dey2 � dez2 (10)

while the transformations take the form of rotations in the ex,et� �
space (Lorentz

transformations). However, in the calculation of physical effects, the ‘true’ time and
space intervals in the ‘physical’ variables t, x, y, zð Þ, obtained from et,ex,ey,ez� �

by the
transformation inverse to (9), are to be used.

The expression (7) for the modified interval and the transformations (9) contain
the function λ kð Þ which depends on the unspecified function κ kð Þ, the infinitesimal
group generator for the variable k. This uncertainty reflects the fact that, within the
above-developed framework, there is no possibility to determine the value of the
anisotropy parameter k or, in other terms, to determine which frame is the pre-
ferred one, since only the two-way speed of light, equal to c in all the frames, can be
measured. To specify the theory, such that its predictions could be compared with
observations, there should exist a possibility to measure the frame velocity relative
to a preferred frame using some other physical phenomena. Under the assumption
that it is possible, the argument, that anisotropy of the one-way speed of light in an
arbitrary inertial frame is due to its motion for a preferred frame, combined with
group properties of the transformations, leads to the conclusion that the anisotropy
parameter k in a frame moving relative to a preferred frame with velocity β ¼ �v=c
should be given by some universal function of that velocity, as follows

k ¼ F �βð Þ or �β ¼ f kð Þ (11)

where �β ¼ f kð Þ is a function inverse to F �βð Þ. Then the group generator κ kð Þ is
calculated by (see [27–29] for details)

κ kð Þ ¼ 1� f 2 kð Þ
f 0 kð Þ (12)

which allows to calculate the factor λ kð Þ from (8). Next, with the expression (11)
for k introduced into (8), the factor λ kð Þ becomes a function B �βð Þ of the frame
velocity �β relative to a preferred frame, as follows

λðk �βð Þ ) B �βð Þ ¼ exp �
ð�β
0

F mð Þ
1�m2 dm

" #
(13)

In the subsequent analysis, those general relations are specified using an
approximation for F �βð Þ based on the following argument. An expansion of the
function F �βð Þ in series in �β should not contain even powers of �β since it is expected
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that a direction of the anisotropy vector changes to the opposite if a direction of
motion for a preferred frame is reversed: F �βð Þ ¼ �F ��βð Þ. Thus, with accuracy up to
the third order in �β, the dependence of the anisotropy parameter on the velocity for
a preferred frame can be approximated by

k ¼ F �βð Þ≈ b�β, �β ¼ f kð Þ≈ k=b (14)

With this approximation, the group generator κ kð Þ calculated using (12) takes
the form

κ kð Þ ¼ b� k2

b
(15)

and, correspondingly, the factors λ kð Þ and B �βð Þ calculated from equations (8)
and (13) become

λ kð Þ ¼ 1� k2

b2

 !b=2

(16)

B �βð Þ ¼ 1� �β
2

� �b=2
(17)

Thus, after the specification, all the equations contain only one undefined
parameter, a universal constant b. It is worth reminding that, even though the
specified law (14) is linear in β, it does include the second-order term which is
identically zero. Therefore describing the anisotropy effects, which are of the order
of β2, by the above equations, is legitimate. In particular, the expression (17) for
B �βð Þ is valid up to the second-order in β and, with the same order of approximation,
it can be represented as

B �βð Þ ¼ 1� b
2
�β
2 (18)

3. Extensions to other areas of physics

3.1 Free particle dynamics

In this section, the free particle dynamics of the ‘relativity with a preferred
frame’ developed in [28] is presented in a shortened form. The modified dynamics
is developed based on the existence of the invariant combination des (a counterpart
of the interval of the standard SR) defined by equation (7). Then the action integral
for a free material particle is [37]

S ¼ �mc
ðb
a
d~s ¼

ðtb
ta
Ldt (19)

where the integral is along the world line between two given world points and L
represents the Lagrange function. The invariant des defined by (7) can be
represented in the form

des ¼ cdtQ k, βx, βð Þ
λ kð Þ (20)
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where

Q k, βx:βð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� kβxð Þ2 � β2

q
; βx ¼

vx
c
, β2 ¼ v2x þ v2y þ v2z

c2
(21)

and

vx ¼ dx
dt

, vy ¼ dy
dt

, vz ¼ dz
dt

(22)

are components of the velocity vector. Then the Lagrange function is defined by

L ¼ �mc2
Q k, βx:βð Þ

λ kð Þ (23)

which is used to obtain expressions for the momentum P and energy E of a
particle, as follows

Px ¼ 1
c
∂L
∂βx

¼ mc
kþ βx 1� k2

� �
λ kð ÞQ k, βx:βð Þ , Py ¼ 1

c
∂L
∂βy

¼ mc
βy

λ kð ÞQ k, βx:βð Þ ,

Pz ¼ 1
c
∂L
∂βz

¼ mc
βz

λ kð ÞQ k, βx:βð Þ

(24)

and

E ¼¼ Pxvx þ Pyvy þ Pzvz � L ¼ mc2
1� kβx

λ kð ÞQ k, βx:βð Þ (25)

Proceeding with the four-dimensional formulation, we will use the variables
et,ex,ey,ez� �

defined by (9) which allows converting the invariant combination (7) into
the form (10) of the Minkowski interval. Introducing the four-dimensional
contrainvariant radius vector by

x0, x1, x2, x3
� � ¼ c~t, ~x,~y,~zð Þ ¼ 1

λ kð Þ ct� kx, x, y, zð Þ (26)

we define the contrainvariant four-velocity vector as

ui ¼ dxi

d~s
(27)

where the superscript i runs from 0 to 3. Using (26) and (20) in (27) yields

u0, u1, u2, u3
� � ¼ 1

Q k, βx:βð Þ 1� kβx, βx, βy, βz
� �

(28)

where Q k, βx:βð Þ is defined by (21). Correspondingly, covariant four-
dimensional radius-vector and velocity vector are defined by

x0, x1, x2, x3ð Þ ¼ c~t,�~x,�~y,�~zð Þ, (29)

u0, u1, u2, u3ð Þ ¼ 1
Q k, βx:βð Þ 1� kβx,�βx,�βy,�βz

� �
(30)
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and the following relations hold

dxidxi ¼ d~s2 (31)

uiui ¼ 1 (32)

where a common rule of summation over repeated indexes is assumed.
Next, recalling that the momentum four-vector is defined by

pi ¼ � ∂S
∂xi

(33)

and using the principle of the least action [37] we find (see [28] for details) that

pi ¼ mcui (34)

while the contravariant components of the four-momentum vector are

pi ¼ mcui (35)

Then from the identity (32) we get

pip
i ¼ m2c2 (36)

Recalling that

Px ¼ ∂S
∂x

, Py ¼ ∂S
∂y

, Pz ¼ ∂S
∂z

, E ¼ � ∂S
∂t

(37)

with allowance for (26) and (33), we have

Px ¼ 1
λ kð Þ

∂S
∂x1

� k
∂S
∂x0

� �
¼ kp0 � p1

λ kð Þ , Py ¼ 1
λ kð Þ

∂S
∂x2

¼ � p2
λ kð Þ ,

Pz ¼ 1
λ kð Þ

∂S
∂x3

¼ � p3
λ kð Þ , E ¼ � c

λ kð Þ
∂S
∂x0

¼ cp0
λ kð Þ

(38)

which, upon using (34) and (30), yields the relations (24) and (25) for the
three-momentum and energy. Solving equations (38) for the components of the
four-momentum vector we get

p0 ¼ Eλ kð Þ
c

, p1 ¼ λ kð Þ kE
c
� Px

� �
, p2 ¼ �λ kð ÞPy, p3 ¼ �λ kð ÞPz (39)

Then using (39) in (36) yields a dispersion relation for a free particle which can
be represented in the form

E
c þð Þ � Px

� �
E
c �ð Þ þ Px

� �
¼ P2

y þ P2
z þ

m2c2

λ kð Þ2 (40)

where the speeds of light c þð Þ and c �ð Þ in the positive and negative x -directions
are defined by equation (2). It follows from (40) that for massless particles moving
along the x -axis in the positive x direction
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Px ¼ E
c þð Þ ¼

E 1þ kð Þ
c

(41)

while for massless particles moving in the negative x direction

Px ¼ � E
c �ð Þ ¼ �E 1� kð Þ

c
(42)

3.2 Electromagnetic field equations

The invariant action integral for a charged material particle in the electromag-
netic field is made up of two parts: the action for the free particle defined by (19)
and a term describing the interaction of the particle with the field. The invariance is
provided by using the combinations that are invariant in the Minkowskian variables
(26) so that the action integral takes the form [37]

S ¼
ðb
a

�mcd~s� e
c
Aidxi

� �
(43)

where the coordinates xi are related to physical coordinates t, x, y, zð Þ by (26)
and Ai are components of the (covariant) four-potential vector expressed through
the contravariant components Ai by

A0,A1,A2,A3ð Þ ¼ A0,�A1,�A2,�A3� �
(44)

Upon representing the four-potential as

A0,A1,A2,A3� � ¼ ~ϕ, eA
� �

¼ eϕ, eAx, eAy, eAz

� �
(45)

where A0 ¼ eϕ is a scalar potential and the three-dimensional vector eA is the
vector potential of the field, the electromagnetic part of the action integral can be
written in the form

S ¼
ð~t2
~t1

e
c
~A � ~v� e~ϕ

� �
d~t (46)

Here and in what follows, ‘tilde’ indicates that variables and operations are in
Minkowskian space-time variables (26). Note that, while scalars and components of
three-dimensional vectors in the Minkowskian formulation appear with ‘tilde’,
four-dimensional Minkowskian variables are not supplied with ‘tilde’. It does not
lead to any confusion since the four-dimensional notation does not applicable to the
formulation in physical variables.

In the electrodynamics of the standard special relativity (which, in our case, is
electrodynamics in Minkowskian variables), the electric and magnetic field intensi-
ties are defined based on equations of motion of a charged particle obtained from
the Lagrange equations.

d
d~t

∂~L
∂~v

� �
¼ ∂~L

∂~r
(47)

where, in the Lagrange function ~L, a part related to the electromagnetic field is
given by the integrand of (46). Then the electric and magnetic field intensities eE
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and eH are introduced by separating the right-hand side of the vector equation of
motion (the force) into two parts, one of which does not depend on the velocity of
the particle and the second depends on the velocity, being proportional to the
velocity and perpendicular to it, as follows.

d~p
det ¼ eeEþ e

c
~v� eH (48)

where ep is the momentum vector. The electric and magnetic field intensities are
related to the potentials by

eE ¼ � 1
c
∂eA
∂~t

� ggrad ~ϕ; eH ¼ gcurl eA (49)

The same line of arguments is used to derive equations describing the electro-
magnetic field in physical variables t, x, y, zð Þ. The action integral is represented in
the form

S ¼
ðtb
ta
Ldt (50)

where t is the ‘physical’ time related to the Minkowskian variables via (26) and L
is the Lagrangian in physical variables. The free particle part of L is defined by
Eqs. (21)–(23). To obtain the electromagnetic field part of the Lagrangian, the right-
hand side of (46) is transformed to physical space-time variables and then the new
variables ϕ,Ax,Ay,Az

� �
(modified potentials) are introduced by the relations

A0 ¼ eϕ ¼ λ kð Þϕ, A1 ¼ eAx ¼ λ kð Þ Ax � kϕð Þ,
A2 ¼ eAy ¼ λ kð ÞAy, A3 ¼ eAz ¼ λ kð ÞAz

(51)

As the result, the Lagrangian function L in the action integral (50) takes the
form

L ¼ Lp þ e
c
vxAx þ vyAy þ vzAz
� �� eϕ (52)

where Lp is the free particle part of L defined by Eqs. (21)–(23). Substituting
(52) into the Lagrange equations

d
dt

∂L
∂v

� �
¼ ∂L

∂r
(53)

yields

dp
dt

¼ � e
c
∂A
∂t

� e grad ϕþ e
c
v� curl A (54)

Thus, upon using the modified potentials, equations of motion in physical variables
have the same form as in the standard relativity and the physical electric and magnetic
field intensities are expressed through the modified potentials by the relations

E ¼ � 1
c
∂A
∂t

� grad ϕ; H ¼ curl A (55)
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of the same form (49) as in the standard relativity.
It is evident that the first pair of the Maxwell equations in physical variables,

which is derived from Eq. (55), have the same form as in the standard relativity

curl E ¼ � 1
c
∂H
∂t

; div H ¼ 0 (56)

To obtain the second pair of Maxwell equations in physical variables let us
calculate the components of the electromagnetic field tensor Fik defined by

Fik ¼ ∂Ak

∂xi
� ∂Ai

∂xk
(57)

Expressing Ai in the right-hand side of (57) through the modified potentials by
(51) and then transforming the result to physical space-time variables using (26),
with subsequent use of Eq. (55), yields the expressions for the components Fik of the
electromagnetic field tensor in terms of physical electric and magnetic field inten-
sities. The result can be written as a matrix in which the index i ¼ 0, 1, 2, 3 labels the
rows, and the index k the columns, as follows

Fik ¼ λ kð Þ2
0 Ex Ey Ez

�Ex 0 �Hz þ kEy Hy þ kEz

�Ey Hz � kEy 0 �Hx

�Ez �Hy � kEz Hx 0

0
BBBB@

1
CCCCA

(58)

while

Fik ¼ λ kð Þ2
0 �Ex �Ey �Ez

Ex 0 �Hz þ kEy Hy þ kEz

Ey Hz � kEy 0 �Hx

Ez �Hy � kEz Hx 0

0
BBB@

1
CCCA (59)

Note that the terms with k in the expressions (58) and (59) spoil the property,
that Fik ! Fik when E ! �E, of the standard relativity electrodynamics.

The electromagnetic field equations are obtained with the aid of the principle of
least action [37] in the form

∂Fik

∂xk
¼ 0 (60)

(only fields in a vacuum, that are relevant to the subject of this paper, are
considered). Substituting (59) into (60) and transforming the equations to physical
space-time variables, upon combining equations with different ‘i’ and using the first
pair of the Maxwell Eq. (56), yields the second pair of the Maxwell equations in the
three-dimensional form

div E ¼ � k
c
∂Ex

∂t
; curl H ¼ 1� k2

� � 1
c
∂E
∂t

� 2k
∂E
∂x

þ k grad Ex (61)

An important feature of Eq (61) is their linearity in E andH and hence in Ai. The
Lorentz-violating terms thereby avoid the complications of nonlinear modifications
to the Maxwell equations, which are known to occur in some physical situations
such as nonlinear optics or when vacuum polarization effects are included. Another
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feature is that the extra Lorentz-violating terms involve only the electric field, as
well as its derivatives.

Note the existence of an alternative way of the derivation of the modified
Maxwell Eqs. (56) and (61). Based on Eqs. (49), (51), and (55), the electric and
magnetic field intensities eE and eH in Minkowskian formulation can be related to the
physical electric and magnetic field intensities E and H, as follows

fEx ¼ λ kð Þ2Ex, eEy ¼ λ kð Þ2Ey, eEz ¼ λ kð Þ2Ez,
fHx ¼ λ kð Þ2Hx, fHy ¼ λ kð Þ2 Hy þ kEz

� �
, fHz ¼ λ kð Þ2 Hz � kEy

� � (62)

The same relations are seen in the expressions (58) for the components of the
electromagnetic field tensor. It is readily verified that substituting the relations (62)
into the Maxwell equations of the standard relativity

gcurl eE ¼ � 1
c
∂eH
∂et ,

fdiv eH ¼ 0, gcurl eH ¼ 1
c
∂eE
∂et ,

fdiv eE ¼ 0 (63)

as

fEx ~t, ~x,~y,~zð Þ ¼ λ kð Þ2Ex t ~t, ~xð Þ, x ~xð Þ, y ~yð Þ, z ~zð Þð Þ, … (64)

where

t ~t, ~xð Þ ¼ λ kð Þ ~tþ k
c
~x

� �
, x ~xð Þ ¼ λ kð Þ~x:, y ~yð Þ ¼ λ kð Þ~y, z ~zð Þ ¼ λ kð Þ~z (65)

yields the modified Maxwell Eqs. (56) and (61).

3.3 Electromagnetic waves

Like the electromagnetic wave equation of the standard relativity electrody-
namics, the equation describing electromagnetic waves in the electrodynamics of
the relativity with a preferred frame can be derived straight from the modified
Maxwell equations (reproduced below for convenience)

div H ¼ 0, curl E ¼ � 1
c
∂H
∂t

(66)

div E ¼ � k
c
∂Ex

∂t
; curl H ¼ 1� k2

� � 1
c
∂E
∂t

� 2k
∂E
∂x

þ k grad Ex (67)

EliminatingH by taking ‘curl’ from the second equation of (66) and substituting
curl H from the second equation of (67), with the subsequent use of differential conse-
quences of the first equation of (67) for eliminatingmixed space derivatives, yields

∂
2f

∂x2
þ ∂

2f
∂y2

þ ∂
2f
∂z2

� 1� k2
� � 1

c2
∂
2f
∂t2

þ 2k
1
c

∂
2f

∂t ∂x
¼ 0 (68)

where f t, x, y, zð Þ stands for any component of E. It is readily verified that the
wave equation for H obtained from the modified Maxwell equations in a similar
way has the same form (68).

Alternatively, the wave Eq. (68) can be derived from (60) expressed in terms of
the potentials using (57) while imposing the Lorentz gauge condition
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∂Ak

∂xk
¼ 0 (69)

Converting the derivatives in the resulting equation

∂
2Ak

∂xk ∂xk
¼ 0 (70)

into derivatives in physical space-time variables yields equations of the form
(68) with f being any component of Ak. Given the fact, that equations (51) and (55)
relating Ak to the modified potentials ϕ,Að Þ and then to E and H are linear, it is
evident that any of those variables obeys Eq. (68).

Much of the propagation behavior of the electromagnetic wave is encoded in its
dispersion relation, which provides spectral information for the modes. To find the
dispersion relation the ansatz in the form of monochromatic plane waves is used, as
follows

f t, x, y, zð Þ ¼ f a ω, q
� �Þ exp i qxxþ qyyþ qzz� ωt

� �h i
(71)

where ω and q ¼ qx, qy, qz
� �

can be regarded as the frequency and wave vector

of the mode or as the associated energy and momentum (taking the real part is
understood, as usual). Substituting (71) into (68) yields the dispersion relation

c2q2 � 2ckqxω� 1� k2
� �

ω2 ¼ 0 where q2 ¼ q2x þ q2y þ q2z (72)

The dispersion relation (72) can be also represented in the form

ω

c þð Þ � qx

� �
ω

c �ð Þ þ qx

� �
¼ q2y þ q2z (73)

where c þð Þ and c �ð Þ are defined by (2). The form (73) adheres to the dispersion
relation (40) for free massless particles with E and P replaced by ω and q. In the
standard relativity, the polynomial (72) determining ω reduces to one with two
quadruply degenerate roots ω ¼ �cqwhich correspond to the opposite directions of
the group velocity. In the modified electrodynamics, the polynomial also has two
roots

ω ¼ c
�kqx þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2
� �

q2 þ k2q2x
q

1� k2
, ω ¼ c

�kqx �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2
� �

q2 þ k2q2x
q

1� k2
(74)

Like as in the standard relativity case, the two roots (74) are obtained from each
other by changing the sign of ω but, in the case of k 6¼ 0, it is accompanied by a
change of sign of the anisotropy parameter k.

More insight about the wave motion implied by Eq. (68) can be gained from the
modified Maxwell Eqs. (66) and (67). Eq. (66), which are unaffected by the mod-
ifications, reduce with the ansatz (71) to

q �H ¼ 0, ω H ¼ �q� E (75)

The first of these equations shows that the magnetic field remains transverse to q
despite the Lorentz violation. The second equation shows that the magnetic field H
is perpendicular to the electric field E. The first equation of (67) reduces to
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q � E ¼ ω
k
c
Ex (76)

Eq. (76) implies the existence of two modes.
The first one corresponds to the electric field with Ex ¼ 0. Then it follows from

(76) that the electric field is perpendicular to q. Further, the condition Ex ¼ 0
implies that the vector E lies in the plane y, zð Þ and so the vector q is directed along
the x -axis (the direction of the anisotropy vector k). Therefore Hx ¼ 0 and also,
based on rotational symmetry in the plane y, zð Þ, it can be set Hz ¼ 0 which implies
Ey ¼ 0. In such a case, the first equation of (66) shows that qy ¼ 0 and the first
equation of (66) shows that qz ¼ 0. Then the second equation of (66) and the
second equation of (67) reduce to the system of equations for the two nonzero
components of the electric and magnetic field intensities Ez and Hy while the
requirement of vanishing the determinant of the system yields the dispersion rela-
tion (72). Thus, the mode with Ex ¼ 0 represents a usual electromagnetic plane
wave with the magnetic and electric fields transverse to the direction of propagation
of the wave q and perpendicular to each other, which propagates along the direction
of the anisotropy vector (but with the modified dispersion relation).

The second mode corresponds to the case Ex 6¼ 0. Then it follows from (76) that
the electric field vector is not normal to q. Since, according to the second equation
of (75), H is normal to the plane of E and q, one can choose, without loosing
generality, the direction of H to be along the y -axis and the plane of the vectors q
and E to be the x, zð Þ -plane. Then the first equation of (75) gives qy ¼ 0 and it is
readily verified that the remaining equations of (66) and (67) can be satisfied only
if qz 6¼ 0 with ω, qx and qz obeying the dispersion relation (72) where it is set qy ¼ 0.
Note the particular case, when E is directed along the x -axis (Ez ¼ 0), in which the
dispersion relation degenerates to

ω ¼ cqx
k

, qz ¼ � qx
k

(77)

Thus, the second mode represents electromagnetic wave, in which the magnetic
field H is transverse to direction of propagation q and perpendicular to the electric
field E, like as in the regular wave, but, as distinct from the regular wave, the
electric field is not normal to q. Another characteristic feature of such a wave, that
distinguishes it from the first mode, is that the direction of propagation is not along
the anisotropy vector k and so not along with the velocity of relative motion of the
source and the observer. It implies that in the case when the relative motion velocity
is only the cosmological recession velocity, such a wave propagates not along a line
of sight.

It is worthwhile to note a distinguishing feature of the above analysis as com-
pared with other studies of electromagnetic waves in the presence of the Lorentz
violation. Typically, different modes arising due to the Lorentz violation correspond
to different roots of the modified dispersion relation (see, e.g., [6, 38–40]). The
present analysis provides an unusual example when two different modes corre-
spond to the same root of the dispersion relation (for the waves propagating to the
observer. it is the second root of (74)). The existence of two modes is revealed only
when one studies the corresponding solutions of the modified Maxwell equations. It
is worth also noting that the present analysis is performed solely in terms of field
intensities E and H while most studies of electromagnetic waves in the presence of
the Lorentz violation involve also the electromagnetic field potentials Ak which are
accompanied by extensive discussions of different gauge choices and their influence
on the results.
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4. Cosmology

4.1 General relativity

The basic principle of general relativity, the Equivalence Principle (see, e.g.
[41]), which asserts that at each point of spacetime it is possible to choose a ‘locally
inertial’ coordinate system where objects obey Newton’s first law, is valid indepen-
dently of the law of propagation of light assumed. In other terms, it can be applied
when the processes in the locally inertial frame are governed by the laws of ‘rela-
tivity with a preferred frame’. Based on that there exists the invariant combination
(7), which by the change of variables (9) is converted into the Minkowski interval,
one can state that the general relativity equations in arbitrary coordinates
x0, x1, x2, x3ð Þ are valid if the locally inertial coordinates ξ0, ξ1, ξ2, ξ3

� �
are

ξ0 ¼ c~t, ξ1 ¼ ~x, ξ2 ¼ ~y, ξ3 ¼ ~z (78)

where ~t, ~x, ~y and ~z are defined by (9). In these variables, the invariant spacetime
distance squared ds2 ¼ gikdx

idxk is equal to des2 ¼ ηikdξ
idξk (the notation ηik is used

for the Minkowski metric and the rule of summation over repeated indices is
implied). Thus, the apparatus of general relativity is applied in the coordinates
x0, x1, x2, x3ð Þ while, in the calculation of the ‘true’ time and space intervals, the
‘physical’ variables t ∗ , x ∗ , y ∗ , z ∗ð Þ (it is the new notation for what was before
t, x, y, zð Þ) are to be used. Eq. (9) relating the physical coordinates to the ‘locally
inertial’ coordinates, rewritten with allowance for (78) and (9), are

t ∗ ¼ 1
c
λ kð Þ ξ0 þ kξ1

� �
, x ∗ ¼ λ kð Þξ1, y ∗ ¼ λ kð Þξ2, z ∗ ¼ λ kð Þξ3 (79)

The ‘true’ time and space intervals can be determined using a procedure similar
to that described in [37]. Applying that procedure (see [27] for details) yields the
following relations for the ‘true’ proper time interval dt ∗ and the element dl ∗ of
‘the true’ spatial distance:

dt ∗ ¼ 1
c
λ kð Þ ffiffiffiffiffiffiffi

g00
p

dx0 (80)

dl ∗ ¼ λ kð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γαβdxαdxβ

q
, γαβ ¼ �gαβ þ

g0αg0β
g00

(81)

where gik (i, k ¼ 0, 1, 2, 3) are components of the space-time metrical tensor and
γαβ (α, β ¼ 1, 2, 3) are components of the space metrical tensor. It is important to note,
that the expression for the proper velocity of a particle v ¼ dl ∗ =dt ∗ is not modified,
since the time and the distance intervals are modified by the same factor λ kð Þ.

4.2 Cosmological models

Modern cosmological models assume that, at each point of the universe, the
‘typical’ (freely falling) observer can define the (preferred) Lorentzian frame in
which the universe appears isotropic. The metric derived based on isotropy and
homogeneity (the Robertson-Walker metric) has the form [41, 42]

ds2 ¼ dt2 � a2 tð Þ dr2

1� Kcr2
þ r2dΩ

 !
, dΩ ¼ dθ2 þ sin 2θdϕ2 (82)
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where a comoving reference system, moving at each point of space along with
the matter located at that point, is used. This implies that the coordinates r, θ,ϕð Þ
are unchanged for each typical observer. In (82), and further throughout this
section, the system of units in which the speed of light is equal to unity, is used. The
time coordinate x0 ¼ t is the synchronous proper time at each point of space. The
constant Kc (this notation is used, instead of common k or K, to avoid confusion
with the symbols for the anisotropy parameter) by a suitable choice of units for r
can be chosen to have the value þ1, 0, or �1.

Introducing, instead of r, the radial coordinate χ by the relation r ¼ S χð Þ with

S χð Þ ¼
sin χ for Kc ¼ 1

sinh χ for Kc ¼ �1

χ for Kc ¼ 0

8><
>:

(83)

and replacing the time t by the conformal time η defined by

dt ¼ a tð Þdη (84)

converts (82) into the form

ds2 ¼ a2 ηð Þ dη2 � dχ2 � S2 χð Þ dΩ� �
(85)

The information about the scale factor a tð Þ in the Robertson-Walker metric can
be obtained from observations of shifts in the frequency of light emitted by distant
sources. The frequency shift can be calculated by considering the propagation of a
light ray in isotropic space with the metric (85) adopting a coordinate system in
which we are at the center of coordinates χ ¼ 0 and the source is at the point with a
coordinate χ ¼ χ1. A light ray propagating along the radial direction obeys the
equation dη2 � dχ2 ¼ 0. For a light ray coming toward the origin from the source,
that equation gives

χ1 ¼ �η1 þ η0 (86)

where η1 corresponds to the moment of emission t1 and η0 corresponds to the
moment of observation t0. The red-shift parameter z is defined by

z ¼ ν1
ν0

� 1 (87)

where ν0 is the observed frequency and ν1 is the frequency of the emitted light
which coincides with the frequency of a spectral line observed in terrestrial labora-
tories. Calculations within the framework of the relativity with a preferred frame
(see details in [27]) lead to the relation

z ¼ a η0ð Þ
a η0 � χ1ð ÞB �β1ð Þ � 1 (88)

The relation expressing the Luminosity Distance dL of a cosmological source in
terms of its redshift z is one of the fundamental relations in cosmology. It has been
exploited to get information about the time evolution of the expansion rate. In a
matter-dominated cosmological model of the universe (Friedman-Robertson-
Walker model) based on the standard GR, solving the gravitational field equations
yields the luminosity distance-redshift relation of the form
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dL ¼ H�1
0 zþ 1

2
1� q Dð Þ

0

� �
z2 þ⋯

� �
(89)

where the deceleration parameter q Dð Þ
0 is positive for all three possible values of the

curvature parameter Kc which means that, in that model, the expansion of the
universe is decelerating. However, recent observations of Type Ia supernovae (SNIa),
fitted into the luminosity distance versus redshift relation of the form (89),
corresponding to the deceleration parameter q Dð Þ

0 <0 which indicates that the expan-
sion of the universe is accelerating. This result is interpreted as that the time evolution
of the expansion rate cannot be described by a matter-dominated cosmological model.
To explain the discrepancy within the context of general relativity and fit the theory to
the SNIa data, the dark energy, a new component of the energy density with strongly
negative pressure that makes the universe accelerate, is introduced (see, e.g., [42]).

In the relativity with a preferred frame, solving the modified GR equations for a
matter-dominated model lead to the luminosity distance-redshift relation of the
form, which allows fitting the results of observations with supernovae so that the
acceleration problem can be naturally resolved—there is no acceleration and so no
need in introducing the dark energy. Below, the calculations leading to the modified
luminosity distance-redshift relation are outlined (for more details see [27]).

In the relativity with a preferred frame, the expression for dL is obtained in the
form [27]

dL ¼ a η0ð Þ 1þ zð ÞS χ1ð Þ (90)

which coincides with a common form of the relation for dL [37, 42]. Neverthe-
less, even though it does not contain the factor B �β1ð Þ, the dependence of dL on z
obtained by eliminating χ1 from Eqs. (90) and (88) will differ from the common
one since the relation (88) for z does contain the factor B �β1ð Þ. To derive the
dependence dL zð Þ in a closed-form using Eqs. (90) and (88), the function a ηð Þ
determining the dynamics of the cosmological expansion it to be defined by solving
the gravitational field equations of Einstein which requires to make some tentative
assumptions about the cosmic energy density ρ and the form of equation of state
giving the pressure p as a function of the energy density. The energy density ρ tð Þ is
usually assumed to be a mixture of non-relativistic matter with equation of state
p ¼ 0 and dark energy with equation of state p ¼ wρ while ignoring the relativistic
matter (radiation). In the commonly accepted ΛCDM model, the dark energy obeys
the equation of state with w ¼ �1 (vacuum) which is equivalent to introducing into
Einstein’s equation a cosmological constant Λ. Then the fundamental Friedmann
equation, which is obtained as a consequence of the Einstein field equations, can be
written in the form (see, e.g., [42])

x0ð Þ2 ¼ H2
0x

2 ΩΛ þΩMx�3 þΩKx�2� �
(91)

where

x tð Þ ¼ a tð Þ
a0

, a0 ¼ a t0ð Þ (92)

and the parameters ΩΛ, ΩM and ΩK are defined by

ΩΛ ¼ ρV0

ρc
, ΩM ¼ ρM0

ρc
; ρc ¼

3H2
0

8πG
, ΩK ¼ � Kc

a20H
2
0

(93)
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where G is Newton’s gravitational constant, ρV0 and ρM0 are the present energy
densities in the vacuum and non-relativistic matter and ρc is the critical energy
density. Being evaluated at t ¼ t0 Eq. (91) becomes

ΩΛ þΩM þΩK ¼ 1 (94)

The Friedmann Eq. (91) allows us to calculate the radial coordinate χ1 of an
object of a given redshift z. Eq. (86) defining χ1 can be represented in the form

χ1 ¼ η0 � η1 ¼
ðη0
η1

dη ¼
ðt0
t1

dt
a tð Þ ¼

1
a0

ð1
x1

dx
x0x

(95)

where x0 is a function of x defined by the Friedmann Eq. (91) and x1 ¼ a t1ð Þ=a0.
Then using Eq. (91) in (95) yields

χ1 ¼
ð1
x1

dx
a0H0x2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛ þΩMx�3 þΩKx�2

p (96)

In the standard cosmology, Eq. (88) (with B �β1ð Þ ¼ 1) provides a simple relation

x1 ¼ 1
1þ z

(97)

so that (96) becomes a closed-form relation for χ1 zð Þ. For a ‘concordance’model,
which is the flat space ΛCDM model, ΩK ¼ 0 and ΩΛ ¼ 1�ΩM, Eq. (96) can be
represented in the form

χc1m z1ð Þ ¼
ðz1
0

dzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ΩM þΩM 1þ zð Þ3

q , χc1m ¼ χc1a0H0 (98)

Here and in what follows, quantities with a superscript “c” refer to the concor-
dance model, with the original notation secured for the corresponding quantities of
the present model. Then the luminosity distance is calculated as

dcL z1ð Þ ¼ 1
H0

1þ z1ð Þχc1m z1ð Þ (99)

In the framework of the present analysis, expressing χ1 as a function of z1 by
combining Eqs. (96) and (88) becomes more complicated in view of the fact that �β1,
and so the factor B �β1ð Þ, depend on χ1. We will outline the calculations for the case of
a flat universe, ΩK ¼ 0, which is also the assumption of the concordance model.¶

With that assumption and the presumption, that in the cosmology based on the
relativity with a preferred frame there is no need in introducing dark energy,

¶ In the present model, this assumption is not obligatory. It is worthwhile to note that, despite what is

frequently claimed, a flatness of the universe is not stated in modern cosmology. Given the fact, that

there is no direct measurement procedure of the curvature of space independent of the cosmological

model assumed, the flatness of the space is the result valid only within the framework of the ΛCDM

model.
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ΩΛ ¼ 0, the relation χ1 x1ð Þ is obtained from (96) in an analytical form, which allows
finding the dependence x1 χ1ð Þ by inverting the result, as follows

χ1m ¼ 2 1� ffiffiffiffiffi
x1

pð Þ ) x1 ¼ 1
4

χ1m � 2ð Þ2, χ1m ¼ a0H0χ1 (100)

The dependence B χ1ð Þ, with the accuracy up to third order in χ1, is given by [27]

B �β1 χ1ð Þð Þ ¼ 1� b
2

χ21m þΩMχ
3
1m

� �
(101)

Substituting (101) and (100) into (88) reduces the problem to a transcendental
equation for χ1m z1ð Þ, as follows

1
4

χ1m z1ð Þ � 2ð Þ2 z1 þ 1ð Þ 1� b
2

χ1m z1ð Þ2 þ χ1m z1ð Þ3
� �� �

¼ 1 (102)

Representing the solution of (102) as a series in z1 yields

χ1m z1ð Þ ¼ z1 þ 1
4

�3� 2bð Þz21 þ
1
8

5þ 4bþ 4b2
� �

z31 (103)

Then the relation dL z1ð Þ, calculated from (90) with S χ1ð Þ ¼ χ1, is

dL z1ð Þ ¼ 1
H0

z1 þ 1
4

1� 2bð Þz21 þ
1
8

4b2 � 1
� �

z31

� �
(104)

To compare the results produced by the model with those, obtained from an
analysis of type Ia supernova (SNIa) observations, one needs some fitting formulas
for the dependence dL zð Þ derived from the observational data. It is now common, in
an analysis of the SNIa data, to fit the Hubble diagram of supernovae measurements
to the ΛCDMmodel (mostly, to the concordance model) and represent the results as
constraints on the model parameters (see, e.g. [43]). Therefore, in what follows, a
comparison of the results with the SNIa data is made by comparing the dependence
dL zð Þ produced by the present model with dcL zð Þ for the concordance model while
using constraints on the parameter Ωc

M from the SNIa data analysis. It is found that,
for every value of Ωc

M from the interval, defined by fitting the SNIa data to the
concordance model, the parameter b can be chosen such that the dependence dL zð Þ
coincided with dcL zð Þ with a quite high accuracy (were graphically undistin-
guishable). An example is given in Figure 1 where the dependence dL zð Þ for ΩM ¼ 1
(flat universe), defined by Eq. (104), is plotted for three different values of b
together with dcL zð Þ of the concordance model. It demonstrates that there exists a
value of b (in the present case it is b ¼ 0:672) for which the deviation is negligible.
As it was mentioned above, in the present model the assumption of the flat universe
is not obligatory. Calculations for other values of ΩM (remind that ΩK ¼ 1�ΩM)
show that for every value of ΩM >0 there exists the value of b, for which the
deviation dL zð Þ from dcL zð Þ is negligible. It is worth clarifying again that the above is
intended to be a comparison of the dependence dL zð Þ yielded by the present model
with that derived from the SNIa observations so that the dependence dcL zð Þ for the
‘concordance’ model plays a role of a fitting formula for the SNIa data.

The Baryon Acoustic Oscillations (BAO) data are commonly considered as
confirming the accelerated expansion and imposing constraints on the dark energy
parameters. Applying the cosmological models based on the ‘relativity with a pre-
ferred frame’ to the interpretation of the BAO data provides an alternative view on
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the role of the BAO observations in cosmology. Comparing the predictions of the
present model with the recently released galaxy clustering data set of the Baryon
Oscillation Spectroscopic Survey (BOSS), part of the Sloan Digital Sky Survey III
(SDSS III), shows that the BAO data can be well fit to the present cosmological
model. The BAO data include two independent sets of data: the BAO scales in
transverse and line-of-sight directions which can be interpreted to yield the
comoving angular diameter distance DM zð Þ and the Hubble parameter H zð Þ respec-
tively. In [44], the results of several studies studying the sample provided by the
BOSS data with a variety of methods are combined into a set of the final consensus
constraints on DM zð Þ and H zð Þ that optimally capture all of the information. It is
found (see [27] for details) that the results yielded by the present model are consis-
tent with the consensus constraints of [44] on both DM zð Þ and H zð Þ. The two
regions in the plane ΩM, bð Þ defined by constraints on these two sets are overlapped
such that the overlapping area corresponds to the values of the model parameters
for which the results on H zð Þ and DM zð Þ are consistent both with the BAO data and
with each other. And what can be considered as a very convincing proof of the
robustness of the present model is that a line in the plane ΩM:bð Þ, on which the
results produced by the present model fit also the SNIa observational data, passes
inside that quite narrow overlapping region defined by the BAO data. Thus, the
results produced by the present model fit three different sets of data by adjusting
(together with the matter density parameter ΩM) only one universal parameter b. It
is worth noting again that, as distinct from the concordance model to which the
SNIa and BAO data are commonly fitted by adjusting the dark energy parameters,
the present model fits well all the data without introducing dark energy.

5. Propagation of cosmic rays

5.1 Attenuation of the UHECR due to the pion photoproduction process

In this section, the application of the theory to the description of the effects due to
the interactions of the Ultra-High Energy Cosmic Rays (UHECR) with universal
diffuse background radiation in the course of the propagation of cosmic rays from
their sources to Earth over long distances (see, e.g., review articles [45–47]) is con-
sidered. The interactions of the UHECR with the CMB photons are characterized by a

Figure 1.
Dependence of the luminosity distance dL on the red-shift z: thin solid line for the concordance model with
Ωc

M ¼ 0:31; short-dashed for the present model with ΩM ¼ 1, b ¼ �1:2; long-dashed for the present model
with ΩM ¼ 1, b ¼ �0:672; thick solid for the present model with ΩM ¼ 1, b ¼ �0:2.
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well-defined energy threshold for the energy suppression due to pion
photoproduction by UHECR protons—the Greisen-Zatsepin-Kuzmin (GZK) cutoff
[48, 49]. The fluxes of cosmic ray protons with energies above this threshold would
be strongly attenuated over distances of a few tens of Mpc so that the cosmic ray
protons from the sources at a larger distance, even if they were accelerated to energies
higher than the threshold, would not be able to survive the propagation. The energy
position of the GZK cutoff can be predicted based on special relativity as a theoretical
upper limit (‘GZK limit’) on the energy of UHECR set by pion photoproduction in
the interactions of cosmic ray particles with the microwave background radiation.
Calculating the GZK limit based on the particle dynamics of the special relativity with
a preferred frame developed in Section 3.1 (see [28] for details) yields

Eth
Est

¼ 1� z2
� ��b

; Est ¼ επ 2εp þ επ
� �

4E γð Þ (105)

where Eth is the threshold value of the UHECR protons energy calculated using
equations of the relativity with a preferred frame, Est is the standard value of the
GZK threshold calculated using equations of the standard relativity, εp ¼ mpc2 and
επ ¼ mπc2 are the proton and pion rest energies and E γð Þ is the CMB photon energy.

It is seen that the expression (105) for the threshold energy of the proton differs

from the common one by the factor 1� z2ð Þ�b. The universal constant b is negative,
both as it is expected from intuitive arguments and as it is found by fitting the
cosmological model developed in the framework of the ‘relativity with a preferred
frame’ to the observational data (Section 4.2). Therefore the threshold energy
decreases as the distance to the source of the particles (the redshift z) increases
(Figure 2, left panel).

This effect may contribute to the interpretation of the data on the mass compo-
sition of UHECR which is a key observable in the context of the physics of UHECR
as it fixes few fundamental characteristics of the sources. The mass composition of
UHECR became a matter of active debate after that the Pierre Auger Collaboration
(Auger) reported on its recent observations [50, 51]. The observations of Auger, far
the largest experiment set-up devoted to the detection of UHECR, have shown that
the UHECR mass composition is dominated by protons only at energies around and
below 1018 eV and then the fraction of protons is progressively decreasing up to

Figure 2.
Left panel: dependence of the correction factor to the GZK threshold on the source redshift z for different values
of the parameter b: shot-dashed for b ¼ �0:4; long-dashed for b ¼ �0:7; solid for b ¼ �1. Right panel:
Number of sources ns (in arbitrary units), that may contribute to the observed flux of protons at the energy Ep,
versus Ep

Est, where Est is the standard GZK threshold value, for different values of b: shot-dashed for b ¼ �0:4;
long-dashed for b ¼ �0:7; solid for b ¼ �1.
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energies of 1019:6 eV. It seemed to be not consistent with the general consensus, that
UHECRs are mostly protons and that sources should accelerate them to > 1020 eV.
At the same time, the Telescope Array (TA) experiment, even if with 1/10 of the
Auger statistics, collected data seemed to confirm the pre-Auger scenario [52]. A
common effort of the Auger and TA collaborations allowed to reconcile the inter-
pretations of the Auger and TA observations so that the evidence for a composition
becoming gradually heavier towards higher energies is now considered to be well
established. It implies that the primary UHECR flux at the sources includes both
protons and heavy nuclei which are to be accelerated with very high maximum
injection energies. This imposes severe constraints on the parameters of the accel-
eration models and has served as a stimulus to build new acceleration models or
reanimate the previously developed models that can potentially explain the phe-
nomenology of the UHECR mass composition data. The models are characterized
by a complex scenario and/or include some exotic assumptions.

The complexity of the scenario and the severe constraints on themodel parameters,
required in the case of a compositionwith heavy nuclei, are not present in the case if the
UHECRmass composition is dominated by protons. In the latter case, the scenario is
much simpler, only protons are accelerated with very high maximum injection ener-
gies. The view that theUHECR aremostly protons is, theoretically, a natural possibility.
Proton is themost abundant element in the universe and several different astrophysical
objects, at present and past cosmological epochs could provide efficient acceleration
even if it requires very high luminosities andmaximum acceleration energies. The
models of interaction of UHECRwith the astrophysical background are also much
simpler if the UHECR are mostly protons. In this case, the only relevant astrophysical
background is the CMB [53, 54]. This fact makes the propagation of UHE protons free
from the uncertainties related to the background, being the CMB exactly known as a
pure black body spectrum that evolves with red-shift through its temperature.

The results of the present study allow reconciling (at least, partially) the view, that,
the primary UHECR flux at the sources is dominated by protons accelerated with very
high maximum injection energies, with the observational evidence that the fraction of
protons in the UHECR is decreasing towards higher energies. The apparent contradic-
tion can be resolved by taking into account the effect, predicted by the present
analysis, that the number of sources, which may contribute to the observed flux of
protons at a given energy, is progressively decreasing with the energy increases. This
effect is a consequence of the threshold condition (105) which implies that, among
protons produced by a source at some z, only those having the energies lower than the
threshold energy for that z, can reach the Earth. In other terms, for a given value Ep of
the proton energy, there exists a value zth of the redshift (distance Dth) such that, for
the UHECR sources with D>Dth, the GZK threshold Eth is less than Ep and so the
protons with the energy Ep injected by the sources at the distances D>Dth cannot
reach the Earth. Thus, the sources, that may contribute to the observed flux at the
energy Ep, are confined within the sphere of the radiusDth, with Dth decreasing when
the proton energy Ep is increasing. If the distribution of the sources in space is more or
less uniform, the number of sourcesNs, that may contribute to the observed flux at the
energy Ep, decreases with Ep (Figure 2, right panel). Thus, reducing the fraction of
protons in the observed UHECR flux towards the higher energies can be considered as
the result of reducing the number of sources contributing to the flux.

5.2 Attenuation due to the pair-production process

Gamma rays (γ) propagating from distant sources to Earth interact with the
photons of the extragalactic background light (γb) being able to produce eþe�

through the process of pair production
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γ þ γb ! eþ þ e� (106)

which has the effect of a significant energy attenuation in the flux of high-
energy gamma rays. Such interaction takes place for gamma rays with energies (Eγ)
above the threshold of pair production. The existence of a threshold can be also
expressed as the minimum energy (Eth

γb
) that a γb needs to produce a eþe�.

The following assumptions should be made if we intend to calculate the thresh-
old value of the energy of the gamma-rays photons:

i. It is needed to take the lowest energy the high-energy photon can have to
react with the background photon to yield the two particles which
correspond to the situation when they both are produced at rest in their
center of mass frame after the collision.

ii. To maximize the energy available from the collision, the initial momenta of
the two particles in the lab frame should be pointing in opposite directions.

Let us equate the square of the total 4—momentum p Lð Þ ¼ p γð Þ þ p γbð Þ in the lab
frame before the collision with the square of the total 4—the momentum of the
outgoing particles p CMð Þ ¼ p þð Þ þ p �ð Þ in their center of mass frame after the
collision

p γð Þ þ p γbð Þ
� �2

¼ p þð Þ þ p �ð Þ
� �2

(107)

The right-hand side of (107) is calculated, as follows

p þð Þ þ pðÞ
� �2

¼ p þð Þ
0 þ p �ð Þ

0

� �2
� p þð Þ

1 þ p �ð Þ
1

� �2
� p þð Þ

2 þ p
ðÞ
2

� �2
� p þð Þ

3 þ p �ð Þ
3

� �2

(108)

where Eq. (39) are to be substituted into (108), with the three-momentum and
energy defined by equations (24), (25) and (21) in which it is set βx ¼ βy ¼ βz ¼ 0
for both particles. As the result, we obtain the following expression for the square of
the total 4—momentum of outgoing particles

p þð Þ þ p �ð Þ
� �2

¼ c2 me þmeð Þ2 (109)

Note that, although Px does not vanish for βx ¼ βy ¼ βz ¼ 0, the component p1
of the four-momentum does vanish since, in the expression (39) for p1, the first
term compensates the non-vanishing part of Px.

The left-hand side of Eq. (107) is to be expressed in terms of the high-energy and
background photons energies using the relations between the particle’s momentum
and energies obtained from the dispersion relation (40). The high-energy photons
move to the observer, in the direction opposite to the direction the velocity of the lab
frame relative to the observer (relative to the preferred frame) which is chosen to be
a positive direction of the x-axis. So, the high-energy photon moves along the x-axis
in the negative x direction while the background photon moves, according to the
threshold assumption (ii), in the positive x direction. Thus, the momenta of the
photons are related to their energies using Eq. (41), as follows

P γð Þ
x ¼ �Eγ 1� kð Þ

c
, P γbð Þ

x ¼ Eγb 1þ kð Þ
c

(110)
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where k is the anisotropy parameter in the lab frame. Then the left-hand side of
(107) is calculated as follows (head-on collision)

p γð Þ þ p γbð Þ
� �2

¼ p γð Þ
0 þ p γbð Þ

0

� �2
� p γð Þ

1 þ p γbð Þ
1

� �2

¼ Eγλ kð Þ
c

þ Eγbλ kð Þ
c

� �2

� λ kð Þ kEγ

c
� P γð Þ

x

� �
þ λ kð Þ kEγb

c
� P γbð Þ

x

� �� �2

(111)

Substituting (110) for P γð Þ
x and P γbð Þ

x into (111) yields

p γð Þ þ p γbð Þ
� �2

¼ 4λ kð Þ2 EγEγb

c2
(112)

Then using Eqs. (112) and (109) in (107) and solving the resulting equation for
Eγ one obtains the expression for the threshold energy of the high-energy photon

Eth
γ ¼ m2

e c
4

λ kð Þ2Eγb

(113)

or the expression for the threshold energy of the background photon (minimum
energy to produce eþe�)

Eth
γb
¼ m2

e c
4

λ kð Þ2Eγ

(114)

The factor λ kð Þ can be represented as a function B �βð Þ of the frame velocity �β

relative to a preferred frame which, with an accuracy up to �βð Þ3, is given by the
expression (see (17))

B �βð Þ ¼ 1� �β
2

� �b=2
(115)

In a cosmological context, where �β is a recession velocity of a source, �β depends
on the cosmological redshift of an object z. Although the expansion of �β zð Þ in series,
besides the leading term z, includes terms of the order z2 and higher, they do not
contribute to the expression for �β2 up to the terms of the order z3 and so, with the
accuracy of the expression (115), �β2 can be replaced by z2. Then the threshold
equation takes the form

Eth
γb

ESth
γb

¼ 1� z2
� ��b

; ESth
γb

¼ m2
e c

4

Eγ
(116)

where Eth
γb
is the modified value of the threshold and ESth

γb
is the standard value of

the threshold. It is seen that the expression (116) for the threshold energy of the

background photon differs from the standard one by the factor 1� z2ð Þ�b. The
universal constant b is negative, both as it is expected from intuitive arguments and
as it is found by fitting the cosmological model developed in the framework of the
‘relativity with a preferred frame’ to the observational data [27]. Thus, the threshold
energy of the background photon decreases with the distance to the source (the
redshift z).
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Attenuation of gamma rays with the energy Eγ from the source at redshift zs due
to the pair production process is characterized by the optical depth τγ Eγ, zs

� �
. For zs

not too large one typically has τγ E0, zsð Þ< 1 so that the Universe is optically thin
along the line of sight of the source and if it happens that τγ E0, zsð Þ> 1 the Universe
becomes optically thick at some point along the line of sight. The value zh such that
τγ E0, zsð Þ ¼ 1 defines the γ-ray horizon for a given E0, and sources beyond the
horizon tend to become progressively invisible as zs further increases. The optical
depth is evaluated by

τγ Eγ, zs
� � ¼

ðls zsð Þ

0
dl Kγγb Eγ, l zð Þ� �

(117)

where Kγγb Eγ, l zð Þ� �
is the γ-ray absorption coefficient, which represents the

probability per unit path length, l, that a γ-ray will be destroyed by the pair-
production process. The absorption coefficient is calculated by convolving the
spectral number density nb Eγb , z

� �
of background photons at a redshift z with the

cross section of the pair production process σ Eγ,Eγb , θ, z
� ��

(θ is the angle between
the direction of propagation of both photons) for fixed values of Eγb and θ and next
integrating over these variables [55], as follows

Kγγb Eγ, z
� � ¼

ð1
�1
d cos θð Þ 1� cos θ

2

ð∞
Eth
γb

dEγb nb Eγb , z
� �

σ Eγ,Eγb , θ, z
� ��

(118)

Then the integral over distance l in (117) is represented as an integral over z to
arrive at the expression for the optical depth in the form

τγ Eγ, zs
� � ¼

ðzs
0
dz

dl zð Þ
dz

Kγγb Eγ, z
� �

(119)

The threshold energy of background photons Eth
γb
taking part in the expressions

(118) and (119) is corrected according to (116) such that Eth
γb
decreases with the

distance to the source (the redshift z). The cumulative outcome of this phenomenon
may result in measurable variations in the expected attenuation of the gamma rays
flux reducing the expected flux.

The preferred frame effects may influence the optical depth also via the cosmo-
logical part of the expression (119). In the Robertson-Walker metric (82) (or (85)),
the distance element dl is defined as dl ¼ a tð Þdχ where a tð Þ is the scale factor and χ
is the radial distance element defined by (83). These quantities are calculated based
on the GR equations (more specifically, Friedman equations) which leads to the
expression (96) for the radial distance χ where the parameters are to be specified
according to the cosmological model accepted. Commonly the quantity dl zð Þ

dz is
calculated within the standard ‘concordance’ ΛCDM cosmological model, where the
expression (96) is specified to ΩK ¼ 0, ΩΛ ¼ 1�ΩM and x1 given by (97), which
yields

dl zð Þ
dz

¼ 1
H0

1

zþ 1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ΩM þΩM 1þ zð Þ3

q (120)

In the cosmology of the relativity with a preferred frame, ΩΛ ¼ 0 and ΩK ¼
1�ΩM and, upon using these values in (96), one has for dl zð Þ

dz the following
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dl zð Þ
dz

¼ 1
H0

a tð Þ
a t0ð Þ

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ΩM þΩM 1þ zð Þp (121)

where the quantity a tð Þ
a t0ð Þ is to be calculated using several other equations as it is

done (for the particular case ΩM ¼ 1) in equations from (100) to (104). Similar
calculations for the general case ΩM 6¼ 1 lead to the expression for dl zð Þ

dz represented
as series in z, as follows

dl zð Þ
dz

¼ 1
H0

1þ �2� b�ΩM

2

� �
zþ 3þ 3bþ 3b2

2
þΩM þ 3Ω2

M

8

 !
z2

 

þ �3� 4b� 5b2

2
�ΩM � 3Ω2

M

8

 !
z3
! (122)

In the concordance model relation (120), the value ΩM ¼ 0:31. obtained from
the observational data (see [27] for references), is used. In the present model, there
is an interval of allowed values of ΩM and the corresponding values of b, within
which the results fit both the SNIa and BAO data [27]. The curvature Kc in the
present model is not obligatory zero but the value of ΩM ¼ 1 corresponding to the
flat universe is within the interval of allowed values of ΩM. Although Eqs. (120) and
(122) defining dependence dl zð Þ

dz on z in the concordance model and in the present
model look completely different, the corresponding dependencies practically coin-
cide as it is seen from Figure 3. Thus, the preferred frame effects influence τγ Eγ, zs

� �

only via the threshold value Eth
γb
in (118), like in other Lorentz-violating theories

(see, e.g., [56–58]).

5.3 Astrophysical tests for vacuum dispersion and vacuum birefringence

In the literature on Lorentz violation, as major features of the behavior of
electromagnetic waves in vacuum in the presence of Lorentz violation, vacuum
dispersion and vacuum birefringence are considered. Astrophysical tests for vac-
uum dispersion of light from astrophysical sources seek differences in the velocity
of light at different wavelengths due to Lorentz violation which should result in
observed arrival-time differences. For differences in the arrival times of different
wavelengths to be interpreted as caused by differences in the light velocities,
explosive or pulsed sources of radiation that produce light over a wide range of
wavelengths in a short period, such as gamma-ray bursts, pulsars, or blazars, are to
be used. All those are point sources, which have the disadvantage (to impose
constraints on Lorentz violation) that a single line of sight is involved, which pro-
vides sensitivity to only a restricted portion of space for free coefficients of the
Lorentz violating models.

The same is valid for the present theory leading to the dispersion relation (72). In
the case of the waves propagating along the x-axis (aligned with the anisotropy
vector k), when qy ¼ qz ¼ 0 and qx ¼ q, the two routes (74) become

ω ¼ � c
1� k

q (123)

which corresponds to the waves propagating in the opposite directions. For a
wave propagating to the observer from a cosmological source, with the x-axis
directed from the observer to the source, the group velocity is
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∂ω

∂q
¼ � c

1� k
(124)

It does not depend on q and so there is no place for vacuum dispersion.
Another test, that is commonly used for setting constraints on the parameters of

the Lorentz-violating theories in electrodynamics, is the vacuum birefringence test.
In birefringent scenarios, the two eigenmodes propagate at slightly different veloc-
ities. This implies that the superposition of the modes is altered as light propagates
in free space. Since the two modes differ in polarization, the change in superposi-
tion causes a change in the net polarization of the radiation. However, it does not
apply to the present theory leading to the dispersion relation (72). The two roots
of the dispersion relation correspond to the waves propagating in different
directions. Thus, no two eigenmodes are propagating in the same direction and so
there is no possibility for vacuum birefringence. Thus, neither tests for vacuum
dispersion nor tests for vacuum birefringence can impose restrictions, additional
to those imposed by cosmological data, on the values of the only parameter of the
theory b.

The vacuum birefringence and vacuum dispersion are widely discussed in the
literature as astrophysical tests of Lorentz violation in the pure photon sector of the
standard-model extension (e.g., [6, 38, 59–62]). Therefore it is of interest, in that
context, to compare the Lorentz-violating terms, appearing in the Lagrangian due
to the preferred frame effects in the present study, with those introduced as a
formal SME extension. Extracted from the SME, the Lorentz-violating electrody-
namics can be written in terms of the usual field strength Fik defined by (57) and the
potentials Ak, as follows

L ¼ � 1
4
FikFik � 1

4
kFð ÞnmikF

nmFik þ 1
2

kAFð ÞnεnmikAmFik (125)

In what follows, we calculate the Lagrangian of the electrodynamics with a
preferred frame and compare the Lorentz violating terms in that Lagrangian with
those in (125). Calculating L ¼ � 1

4 FikFik using equations (58) and (59) yields

Figure 3.
The dependence of dl zð Þ

dz (multiplied by H0) on z for the concordance model with ΩM ¼ 0:31 (solid) and for the
cosmological model, based on ‘relativity with a preferred frame’ [27], with ΩM ¼ 1, b ¼ �0:672 (dashed) and
ΩM ¼ 0:5, b ¼ �0:495 (dotted) where the values of the parameters ΩM and b are chosen from those consistent
with both the SNIa and BAO data (see [27]).
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L ¼ λ kð Þ4 1
2

E2 �H2� �þ k EyHz � EzHy
� �� k2

1
2

E2
y þ E2

z

� �� �
(126)

It is seen that the form (126) is in a sense more general than (125) because of the

Lorentz violating multiplier λ kð Þ4
� �

. However, since the multiplier does not depend

on the field variables and so does not influence the form of the field equations, it
can be disregarded. Then the Lorentz-violating terms in (126) can be written based
on (59) in terms of the field strength, as follows

Ladd ¼ k F02F12 þ F13F03� �� 1
2
k2 F02F02 þ F03F03� �

(127)

which fits the form (125) with the coefficients

kFð Þ0212 ¼ �4k, kFð Þ0313 ¼ �4k, kFð Þ0202 ¼ 2k2, kFð Þ0303 ¼ 2k2 (128)

while other kFð Þnmik as well as all kAF are zeros. The second term on the right-
hand side of (125), not contributing to the Lagrangian of the present theory, could
be disregarded from the beginning because it has theoretical difficulties associated
with negative contributions to the energy [6, 38]. The Lagrangian defined by (127)
(or (128)) provides an example of the Lorentz-violating SME (in a pure photon
sector) which leads to equations of the electromagnetic wave propagation not
exhibiting the vacuum birefringence and vacuum dispersion effects.

6. Discussion

The ‘relativity with a preferred frame’ incorporates the existence of the cosmo-
logical preferred frame into the framework of the theory while preserving funda-
mental principles of the SR: the principle of relativity and the principle of
universality of the light propagation. The relativistic invariance is preserved in the
sense, that the physical laws are covariant (their form does not change) under the
group of transformations between inertial frames, and the relativistic symmetry is
preserved (although modified) in the sense that there exists a combination, a
counterpart of the interval of the standard relativity theory, which is invariant
under the transformations. The existence of the modified symmetry provides an
extension of the theory to general relativity such that the general covariance is also
preserved. Thus, the ‘relativity with a preferred frame’ is a relativity theory, both in
the special relativity and in the general relativity parts. Except for identifying the
preferred frame with a comoving frame of cosmology, the theory does not include
any assumptions. No approximations are involved besides approximating the uni-
versal function k ¼ F �βð Þ, defining dependence of the anisotropy parameter on the
frame velocity relative to the preferred frame, by the expression F �βð Þ ¼ b�β valid up
to the third order in �β. As the result, all the relations of the theory include only one
universal parameter b.

The problem of defining allowed values of b is to be considered in the context of
verification of the theory by observations since nothing in the theory itself imposes
constraints on the values of b. Discussing the results of the application of the theory
to natural phenomena, one can separate the conceptual and quantitative aspects. In
the conceptual aspect, the cosmological models, developed using the modified gen-
eral relativity, are of the most importance. First, it is related to the interpretation of
the luminosity distance versus redshift relation deduced from the SNIa data, which
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has played a revolutionary role in the development of modern cosmology concepts.
That relation, corresponding to the negative deceleration parameter, cannot be
explained using cosmological matter-dominated models (Friedman-Robertson-
Walker models) based on the standard general relativity. To explain the data, in
modern cosmology, dark energy, a new type of energy with a peculiar equation of
state corresponding to negative pressure, is introduced. In the cosmology of the
‘relativity with a preferred frame’, the luminosity distance versus redshift relation
for the matter-dominated cosmological model contains corrections, such that the
effective deceleration parameter can be negative. As the result, neither the acceler-
ation of the universe expansion nor the dark energy providing the acceleration is
needed. The consistency of the cosmological models, based on the ‘relativity with a
preferred frame’, is supported by that, for any reasonable value of the parameter
ΩM, there exists a value of b such that the luminosity distance versus redshift
relation fits with high accuracy the SNIa data.

In the applications of the theory to the BAO data, the conceptual and quantitative
aspects go together. The BAO observations provide two different sets of data: BAO
scales in transverse and line-of-sight directions. Measurements of the angular distri-
bution of galaxies yield the quantity DM zð Þ which is the comoving angular diameter
distance. Measurements of the redshift distribution of galaxies yield the value of the
Hubble parameter H zð Þ. The fact that the two regions in the plane ΩM, bð Þ, within
which the predictions of the present theory fit the DM data and the H zð Þ data, are
overlapped, both provides a support for the theory and places quite tight constraints
on the values of the parametersΩM and b since they should be confined within a quite
narrow overlapping region. An additional (and quite strong) argument in favor of
both consistency of the theory and estimates for the parameter b is that the line in the
plane (ΩM, b), on which the results of the present model fit the SNIa data, lies within
that narrow region. Thus, the results fit well three different sets of observational data
with the values of the theory parameter b confined within a quite narrow interval
(approximately from b ¼ �0:4 to b ¼ �0:8).

Next, it might be expected that some constraints on allowed values of b could
arise as the result of applying the theory to the cosmic rays data. In the propagation
of the Ultra-High Energy Cosmic Rays from distant sources to Earth, the most
remarkable effect is the attenuation due to pion photoproduction by UHECR pro-
tons which is characterized by the GZK threshold. Applying the ‘relativity with a
preferred frame’ to the calculation of the energy threshold for the attenuation
process results in the correction factor to the GZK limit. Although a comparison of
that prediction of the theory with the data on the UHECR flux does not straightfor-
wardly lead to constraints on the values of b, another issue, namely the data on the
mass composition of UHECR, provides indirect confirmation of the theory. Those
data, showing that the UHECR mass composition is dominated by protons only at
energies around and below 1018 eV and then the fraction of protons is progressively
decreasing up to energies of 1019:6 eV, contradict the previous consensus that
UHECRs are mostly protons accelerated in the sources to > 1020 eV. The prediction
of the ‘relativity with a preferred frame’, that the GZK threshold energy decreases
with the distance to the source of the particles (with the values of the parameter b
defined by the cosmological data) allows to resolve, at least, partially, the contra-
diction between the view, that the primary UHECR flux is mostly protons acceler-
ated to very high energies, and the observational data showing that the fraction of
protons in the UHECR is decreasing towards higher energies. The explanation lies in
that, because of decreasing the energy threshold with the distance to the source, the
number of sources, contributing to the observed flux of protons at a given energy,
should be progressively decreasing with the energy increasing.
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Applying the modified particle dynamics to the pair-production process, which
is responsible for attenuation of the gamma-rays flux, does not provide quantitative
constraints on the values of the parameter b or indirect confirmations of the theory.
At the same time, the results of applying the modified electromagnetic field
dynamics to the behavior of electromagnetic waves in a vacuummaybe counted as a
kind of indirect confirmation of the theory. The vacuum birefringence and vacuum
dispersions are the features present in the popular Lorentz-violating theories (e.g.,
[6, 38, 59–62]) and the fact, that no indications of the existence of those phenomena
are found in observations, imposes constraints on the values of numerous parame-
ters of those theories. On the contrary, the electromagnetic field equations and
based on them the electromagnetic wave equation of the present theory, although
modified such that the Lorentz invariance is violated, does not predict such features
as the vacuum birefringence and vacuum dispersion. Thus the absence of observa-
tional evidence for the existence of those phenomena may be considered as an
argument in favor of the theory.

In general, the fact, that applying the theory containing only one universal
parameter to several different phenomena does not lead to any contradictions,
proves a consistency of its basic principles. The presence of only one parameter in
the theory is a consequence of the fact that, as distinct from the popular Lorentz-
violating theories, where Lorenz violation is introduced phenomenologically by
adding Lorentz-violating terms to the Lorentz invariant relations, the ‘relativity
with a preferred frame’ starts from the physically reasonable modification of the
basic postulates of the SR. The generalized relativistic invariance, and so the
Lorentz invariance violation, are ingrained in the theory at the most fundamental
level being imbedded into the metric. It is also worth to emphasize that the con-
ceptual basis of the theory has been developed without having in mind possible
applications. It is aimed at designing the framework which would allow to incorpo-
rate the preferred frame into special relativity while retaining the relativity princi-
ple and the fundamental space-time symmetry. Nevertheless, the theory provides
explanations of some observational data, that were regarded as puzzling after their
discovery (like the SNIa luminosity distance-redshift relation indicating the accel-
eration of the universe and the absence of high energy protons in the UHECR flux).
As the result, the concepts (among which dark energy is the most striking one),
introduced to explain those puzzling features, become redundant. All the above
justifies treating the ‘relativity with a preferred frame’ as an alternative to some
currently accepted theories.
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Chapter 8

Dark Energy as an Information 
Field and Attribute of the Universe
Alexander Bogomolov

Abstract

The hypothesis that information is the same attribute of the Universe as space, 
time and matter, which appeared after the Big Bang and its carrier is the dark 
energy, is proposed. We assume that along with the development of matter and 
space–time continuum the development of information took place, i.e. its accu-
mulation and complication of forms of its realization in the Universe, and the 
formation of information field. The proposed concept is close to or coincides with 
the bio-centrism concept. They substantiate the connection between information 
and dark energy from philosophical and physical positions. Including properties 
of “black holes” of the Universe. The rate of increase of knowledge and volumes of 
created information in the process of human evolution is very similar to the rate of 
increase of “mass” of dark energy of the Universe. They concluded that structured 
information in the information field, which forms the noosphere or thinking shell, 
plays a decisive role both in life of an individual and humanity. Comparison of 
quantum properties of information field of the Universe (noosphere) and dark 
energy may lead to new discoveries of the essence of life and the Universe. Studying 
and mastering of noosphere will mean the transition of humanity to a cosmic stage 
of its development.

Keywords: big bang, human birth, dark energy, information field, noosphere,  
black holes

1. Introduction

We live in a universe that is expanding and developing. But once upon a time, the 
Universe, as most scientists and religious thinkers believe, did not exist, and it arose 
from something or was created. There are many scientific theories of the origin of 
the universe, but most scientists have abandoned the idea of an infinite and timeless 
universe since the 20th century. The most developed, widespread and confirmed 
by indirect evidence recently got because of new astronomical and cosmological 
discoveries is the Big Bang theory. According to this theory, the Universe was born 
because of the Big Bang of some singularity (point) having structure and content 
about which we know nothing, except that the laws of physics known to us did 
not operate in it. We will probably never know the cause of the explosion, which 
occurred about 13.8 billion years ago. After the Big Bang came time, space, which 
expanded, and matter as elementary particles that later formed various elements 
(matter). The scattered tiny elements gave rise to the world we know today. After 
the Big Bang, the universe expanded and is still expanding today (Figure 1).
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Figure 2. 
Explosive increase in information (source IDC).

The main disadvantage of the Big Bang theory is the inability to explain the 
cause of the explosion and the mechanisms of the origin of space–time-matter [1]. 
Also, the Big Bang theory has difficulties when trying to describe the behavior of 
the Universe from the position of quantum mechanics. I believe that since the Big 
Bang emerged such attributes of the universe as space, time, matter. In modern 
science, several scientists believe that information may also be one attribute of the 
Universe [2–5]. It is logical to assume that along with the development of matter 
and space–time continuum, there was the development of information, i.e. its 
accumulation and complication of forms of its realization.

The modern level of scientific cognition increasingly allows us to connect the 
progressive development of matter with the processes of reflection and with the accu-
mulation of structural information. The accumulation of information in the process of 
life not only in an individual person but also in the evolutionary process of the devel-
opment of society, the transformation of information into knowledge, is characterized 
in the last 100 years by an explosive character. By 2020 we estimate the accumulated 

Figure 1. 
The birth of the universe. Source: Yandex.ru.
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volume of information at about 40 zettabytes, which is 57 times more than the number 
of grains of sand on all the beaches of the planet (Figure 2).

The growth rate of knowledge and volumes of information created in the process 
of the evolution of mankind is very similar to the growth rate of the “mass” of the 
dark energy of the Universe. Its special properties allow it to claim the role of a 
carrier of information field of the Universe.

2.  Dark energy—the main riddle of the fundamental physics of the  
XXI century

2.1 Religion about the creation of the world

The theories of the origin of the universe in various religious movements 
agree that it was created as a result of a conscious and spiritual action by God or 
the Creator. The major difference between scientific and religious theories of the 
origin of the universe is primarily in terminology. Scientific theories use the term 
“origin” instead of “creation,” the term “Nature” instead of “Creator,” etc. One can 
find many similarities between scientific and religious theories of the origin of the 
universe.

Religious teachings, in fact, have not strayed that far from the model of the 
creation of the world by the Big Bang. For example, the Bible says that the Word 
(information) was at the beginning of creation. The question of the reason for the 
appearance (creation) of the World has concerned thinkers since the fourth century 
A.D. 1600 years ago, the theologian Augustine the Blessed tried to understand the 
nature of God before the creation of the universe. He concluded that time was part 
of God’s creation, and there simply was no “before” the creation of the world. The 
belief in God’s creation of the world out of nothing is the basic doctrine of creation 
in traditional Christian theology.

2.2 String theory

The theory explaining the origin of the universe because of the Big Bang is 
not the only one. For example, string theory assumes a cyclical birth and death 
of the universe2. According to string theory, they do not build the entire world 
of particles, as we believe it today, but of infinitely thin objects with the ability to 
make vibrations, which allows us to draw an analogy with strings. With the help 
of complex mathematical apparatus it is possible to connect these vibrations with 
energy and hence with mass any particle arises because of one or another type of 
quantum string vibrations.

Like any unproven theory, string theory has several difficulties, which suggests 
that it requires enormous refinement.

2.3 Dark matter and dark energy

Scientists today believe that matter (that we see around us and in the Universe) 
makes up only less than 5% of the known Universe. The rest is a dark matter at 25% 
and about 70% is dark energy.

Dark matter is akin to ordinary matter in the sense that it can clump together 
(say, the size of a galaxy or galaxy cluster) and takes part in gravitational interac-
tions in the same way as ordinary matter. Most likely, it comprises new particles, 
not yet discovered in terrestrial conditions. This itself testifies that there is a new, 
not yet discovered law of conservation in nature that forbids these particles to 
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disintegrate. In our Galaxy, near the Sun, the mass of dark matter is approximately 
equal to the mass of ordinary matter. These particles must accumulate in the centers 
of the planets and in the center of the Sun (the matter is practically transparent for 
them, and they can fall inside the Earth or the Sun). There they annihilate with each 
other, and other particles, including neutrinos, are produced.

Dark energy is a much stranger substance than dark matter. The mystery of dark 
energy originated much earlier than the now common term. The starting point of 
this story was astronomers’ estimates of the masses of various galaxies. The esti-
mated mass of the galaxies was about 10 times the total mass of all their stars. This 
means that some unknown substance handles this mass [6–9]. This substance is 
called “dark energy”. It is the one that dominates the Universe.

They do not collect dark energy in clumps, but is uniformly “spilled” in the 
Universe. In galaxies and clusters of galaxies there is just as much of it as outside 
of them. The most unusual thing is that dark energy generates antigravity. This 
distinguishes it dramatically from ordinary forms of matter. The accumulation and 
increase of dark energy leads to the expansion of the universe.

2.4 Dark energy and the expansion of the universe

References astronomical observations show that today (and in the not too 
distant past) the Universe is expanding with acceleration: the rate of expansion 
increases with time [10]. In this sense we can talk about antigravity: the usual 
gravitational attraction would slow the expansion of galaxies, but in our Universe, it 
turns out that it is the opposite. Dark energy handles the expansion of the Universe 
with modern astronomical methods it is possible not only to measure the current 
rate of expansion of the Universe, but also to determine how it has changed. What 
can be the reason for the increase of an antigravity mass of dark energy, what 
processes in the Universe also occur at an increasing rate? One of such processes is 
the process of generation, accumulation and transformation of information in the 
Universe, in particular on the Earth. What is information?

2.5 Information and the information field

“Information is information, not matter and not energy” -N. Wiener.
Despite its widespread occurrence, the concept of information remains one of 

the most debatable in science, and the term may have different meanings in differ-
ent branches of human activity. The modern level of scientific cognition increas-
ingly allows us to link the progressive development of matter with the processes 
of reflection and with the accumulation of structural information (knowledge). 
Information, as a measure of ordering of material structures and their interaction, 
is an objective participant at all stages of organization of matter. Information partic-
ipated in the processes of self-organization of matter, contributing to the emergence 
of life. The most important epistemological problem is understanding the place and 
role of information in the universe and human life.

One of the most common concepts in physics is the concept of a field. It also 
used this concept in many other fields of knowledge: cosmogony, astrophysics, 
quantum physics, biology, etc. The concept of a field also applies to information. 
The mathematical theory of the information field (IFT) is based on a serious 
mathematical apparatus [11].

The IFT theory uses computational methods developed for quantum field theory 
and statistical field theory, allows mathematical derivation of optimal visualiza-
tion algorithms, data analysis methods and even computer simulation schemes. 



113

Dark Energy as an Information Field and Attribute of the Universe
DOI: http://dx.doi.org/10.5772/intechopen.99044

Application of IFT algorithms to astronomical datasets provides high accuracy images 
of the Universe and facilitates the search for weak statistical signals from the Big Bang.

2.6 Noosphere—the information field of the universe

They commonly referred the information field of the Universe to as the 
noosphere. В. Vernadsky introduced the concept of the noosphere as the highest 
form of development of the biosphere [12]. The central theme of the doctrine of 
the noosphere is the unity of the biosphere and mankind. Vernadsky in his works 
reveals the roots of this unity, the importance of the biosphere’s organization in 
the development of mankind. This allows us to understand the place and role of 
historical development of humanity in the biosphere’s evolution, the regularities of 
its transition to the noosphere.

One of the key ideas underlying Vernadsky’s theory of the noosphere is that man 
is not a creature living separately according to its own laws, he exists within nature 
and is part of it. This unity is primarily because of the functional inseparability 
of the environment and man, which Vernadsky tried to show. Humanity itself is a 
natural phenomenon, and it is natural that the influence of the biosphere affects not 
only the environment of life but also its thinking sphere.

But it is not only nature that affects man; there is also a feedback. And it is not 
superficial, reflecting the physical influence of man on the environment, it is much 
deeper. This is proved because recently the planetary geological forces have noticeably 
intensified. “ … we are seeing more and more vividly the geological forces around 
us in action. This has coincided, hardly coincidentally, with the penetration into 
the scientific consciousness of the belief about the geological significance of Homo 
sapiens, with the identification of a new state of the biosphere - the noosphere - and 
is one form of its expression. It is connected, of course, first with the clarification of 
natural scientific work and thought within the biosphere, where living matter plays a 
major role”.

Developing V. Vernadsky’s ideas, P. Teilhard de Chardin [13] called the noo-
sphere a certain “shell of thought” over the Earth. He imagined mind as a flame in 
which the globe warms up and which gradually covers the planet, forming its new 
cover: “The Earth is not only covered by myriads of thought grains, but is enveloped 
by a single thinking shell that forms functionally one vast thought grains on a 
cosmic scale. The multitude of individual thoughts is grouped and amplified in the 
act of one unanimous thought.

The “thought shell” over the Earth, or the Noosphere, includes a multitude of 
individual thought-images (the author’s definition) of individual living beings of 
the Earth, including humans (Figure 3).

One can consider that the biofield of an individual human being is his individual 
noosphere. Figure 4 shows a symbolic image of man and his noosphere.

Human noosphere is a structural unit of noosphere of the Earth, and the latter in 
its turn is a structural unit of noosphere of the Cosmos (Figure 5).

Such a hierarchical network structure of the Universe noosphere testifies to the 
universal connection of events occurring in it. Astrophysicist V.A. Ambartsumyan 
once said: “I sneeze and the whole cosmos will shake” [14]. By the way, the modern 
quantum theory (Einstein-Podolsky-Rosen paradox) [15] does not deny it. The EPR 
paradox speaks of the presence of a single wave function of correlated (bound) 
quantum particles, i.e., of the universal connection of phenomena in nature.

The eminent scientist and naturalist N. Tesla believed that he received his 
scientific revelations by drawing information from the single information field of 
the Earth (noosphere) [16].
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Being convinced that the Universe is alive and humans are to a certain extent 
“automatons” behaving according to the Creator’s plans, Tesla proposed an original 
theory of memory. He believed that the human brain does not possess the ability 

Figure 3. 
Thought-images of a person. Source: Yandex.ru.

Figure 4. 
Thought-images of a man form a noosphere around him. Source: Yandex.ru.
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to remember in the sense that it is commonly believed (biochemically, or rather 
biophysically), and that memory is merely the ability of the human brain to retrieve 
this or that information (thought-image) from the noosphere.

Another eminent scientist, Albert Einstein, also believed that our universe is 
rational. “I want to know how God created this world. I want to know his thoughts, 
the rest is particular,” Einstein said [17].

2.7 Biocentrism

We should mention the doctrine of biocentrism [18]. Proponents of biocentrism 
argue that current theories of the physical world do not work. While physics is 
foundational to the study of the universe, chemistry is foundational to the study 
of life, scientists need to place biology before the other sciences to get a theory 
of everything. The theory of bio-centrism is based on the idea of the primacy of 
cosmic consciousness, cites in its proof the achievements of quantum physics.

Something specially created the world for the existence of life, not only on a 
microscopic subatomic level but also on the scale of the entire universe. Wherever 
life appears, the world grows around it.

Scientists have already found many indications that all matter in the universe, 
from atoms to stars, seems to have been tailor-made just for us. Other researchers 
speak of the principle of intelligent design and believe that the cosmos is such a fit-
ting place for us for a reason. True, the second concept is a veritable Pandora’s Box, 
for it is a fertile field for all kinds of biblical interpretations and references to other 
topics, which in this case are completely unimportant or worse. Whatever these 
new discoveries are called, they have already sparked some serious discussions both 
within and outside the professional astrophysics community.

In the late 1960s, it had already become clear that if the Big Bang had been a 
millionth stronger, cosmic matter would have been blown around too quickly, and 
stars and planets would not have had time to form. As a result, we would not have 
existed. Even more incredible coincidence seems that all four basic interactions 

Figure 5. 
Noosphere of the earth. Source: Yandex.ru.
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existing in the Universe and all constants are perfect for the flow of interatomic 
interactions, the existence of atoms and chemical elements, planets, liquid water 
and life. It is enough to change any of these constants slightly and we would 
not exist.

Such life-affirming physical values are woven into the fabric of reality like cotton 
and linen fibers into good currency. The best known of these constants is probably 
the gravitational constant, but the fine structure constant plays an equally key 
role in the existence of life. If this quantity, called “alpha, “were only 1.1 times or 
more above its present value, nuclear fusion could not take place in stars. The fine 
structure constant is causing so much scrutiny because the Big Bang formed only 
hydrogen and helium - and virtually nothing else. Oxygen and carbon are necessary 
for the existence of life (suffice it to say that oxygen is necessary for the appearance 
of water), but there is no shortage of oxygen precisely because it is formed in stars 
as one product of nuclear fusion.

The concept of biocentrism is based on the following principles.

• Perception of reality is a process in which our consciousness is directly involved 
our consciousness.

• Our external and internal sensations are inextricably linked. They cannot be 
cannot be separated into two sides of the same coin.

• The behavior of elementary particles - in fact any particle or object - is inex-
tricably linked to an observer. In the absence of a conscious an observer, all 
elements of reality exist in an indeterminate state and are probabilistic waves.

• Without consciousness, “matter” is in an indeterminate probabilistic state. 
If the Universe existed before consciousness, it existed only in a probabilis-
tic state.

• The entire organization of the Universe can only be explained from a biocentric 
perspective. The universe is finely tuned to support life, and it makes perfect 
sense that life creates the universe, not the other way around. The universe is 
simply a completely inconsistent space–time representation of itself.

2.8 The noosphere from the physical point of view

The manifestation of noosphere as information field, connected with the events 
in the nature and socio-economic sphere, allows us to speak about their univer-
sal connection. Nevertheless, the key question is still the nature and essence of 
noosphere.

The attempt to find an explanation of the noosphere as an information field 
from the physical point of view or from the point of view of a scientific materialist 
is of great interest. For example, the existence of the noosphere agrees also with the 
notion of black holes in modern physics. Nothing, even the smallest particle of light, 
can avoid the fate of being absorbed into a black hole if it is nearby. The existence of 
black holes is proven and we observe them in the Universe. But what happens to an 
object that is caught inside a black hole, physicists do not know and only speculate.

Previously, theoretical physicist Stephen Hawking suggested that black holes can 
indeed destroy the entire essence of an object, leaving behind only a tiny quantum trace 
(electric charge or spin). But then where does the information go? In the late 1990s, 
Hawking rejected the idea that black holes extinguish information. Instead, the scientist 
suggested that information may indeed still exist, but in a very different form [19].
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The expansion of the Universe testifies to a constant increase in the “mass” of 
dark energy since the beginning of the Big Bang, and this increase occurs at an 
increasing rate. Since the Big Bang the structure of the Universe, i.e. the increase 
of its information or non-entropy, has also been increasing at an increasing rate. In 
April 1982 (!) Academician M.A. Markov reported at the Presidium of the USSR 
Academy of Sciences: “ … the information field of the Universe is layered and 
structurally resembles a “matreshka“, and each layer is linked hierarchically with 
higher layers, up to the Absolute, and besides an information bank it is also a regula-
tor of the beginning in the fate of people and humanity” [20]. And if the informa-
tion field of the Universe really exists, there is no better candidate for its material 
embodiment than dark energy.

2.9 The fractal principle of the universe

The development of the Universe and complication of its structure can be linked 
with increase of its non-entropy (information) but its entropy is increasing which 
eventually will lead to its thermal death. These two processes resemble by analogy 
the birth, development and death of a human, which is also a kind of the Universe.

It manifested fractal principle of the Universe construction because structure 
and form of some objects are similar or repeated in other objects, including those of 
quite original nature. For example, some scientists find similarity in the structure of 
galactic networks and neural networks of human brain. Fractal principle also takes 
place during realization of evolutionary processes of development of absolutely 
different observable systems. It is possible to find a deep analogy between birth, 
life and death of a human, and between birth, development and death of the Big 
Universe [21].

2.10 Similarity between the development of man and the universe

Human birth also resembles the Big Bang of some singularity - the size of an egg 
is about 0.1–0.15 microns. Then man grows, his mass increases, and is complexity 
as a system grows, with accumulation of his non-entropy (information). Eventually 
man is destroyed (dies), his entropy reaches a maximum, and his non-entropy 
reaches a minimum or zero.

The growth of non-entropy occurs in an open system because of inflow of 
energy and information from outside. Similar processes take place, apparently, in 
the cosmic Universe. Accumulation of information and knowledge on Earth, as well 
as in other intelligent worlds of the Universe, takes place with increasing pace, as 
well as the growth of dark energy mass, which gives reason to hypothesize about 
their strong interconnection or identity.

3. Conclusion

If dark energy is the information field of the universe.
Most scientists are of the opinion that, besides matter, there is in our world some 

as yet unknown to science substance, which creates antigravity, almost an order 
of magnitude greater than the gravity of the material component of the Universe. 
Before this discovery, astronomy and astrophysics were mainly concerned with the 
study of the material Universe, comprising atomic matter and radiation. After it 
will be finally revealed that it is not this part of the Universe that dominates, but a 
substance of immaterial nature, as yet unknown to science, it will be necessary to 
make a major revision of current cosmological ideas about our world, which will 
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lead to a change in the cosmological paradigm, established based on discoveries of 
the first quarter of the twentieth century.

Someone practically accepted that humanity is at the stage of transition from 
post-industrial to information society. Information society is such a stage of soci-
ety development, when the use of information and communication technologies 
(ICT) has a decisive influence on the main social institutions and spheres of life 
Information society is a special society, unknown to history. It is difficult or impos-
sible to say what humanity will look like in, say, 100 or 200 years. However, we can 
probably agree with K.E. Tsiolkovsky that humanity humanity will pass to the “ray 
form” of its existence and will be spread in such form throughout the Universe [22].

If to suppose that already now informational essence of each person separately, 
humanity and informational essence of other inhabited worlds are already in the 
informational field of the Universe - noosphere, then “mastering” of noosphere will 
mean transition of humanity to the space stage of its development. The transition 
to the “ray form” or noosphere will occur at some stage of human development. By 
the way, this may explain why we have not yet met our brothers in mind. Because 
of the exponential growth of knowledge, intelligent civilizations do not reach the 
stage of building interstellar ships and interstellar travel. Even earlier, they master 
knowledge from the cosmic noosphere and go to the ray form, becoming practical 
gods. The same is waiting for humanity, unless it destroys itself earlier. In the radi-
ant form it is possible to control matter, transforming it into various forms. Perhaps, 
the results by intelligent entities are displayed in the phenomena that we call UFOs. 
Otherwise, from the point of view of today’s science, it is impossible to explain the 
appearance, appearance and behavior of UFOs.

Philosophical understanding of the noosphere concept leads to a conclusion 
formulated by Georg Hegel “Everything real is reasonable, everything reasonable 
is real”. The hypothesis about a close connection between dark energy and the 
informational field of the Universe, if it finds confirmation, will lead to revolution-
ary changes in the basic provisions of science, the appearance of new fabulous 
technologies and radical revision of the tasks and lifestyle of society, putting not 
material but spiritual values at the top of the list.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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