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Introductory Chapter: The Physics of Dark Sector

Abraão Jessé Capistrano de Souza

Additional information is available at the end of the chapter

1. On the physics of dark sector

In the last two decades, researches in cosmology and astrophysics provided an important 
source of data about the gravitational and evolutionary structure of the universe, which 
stimulates a demand for gravitational theories beyond general relativity in the face of the 
new conjuncture of the problems of contemporary physics. The physics of dark sector has 
been one of the most intriguing problems of physics. Since the rise of dark matter problem 
in the very beginning of the twentieth century and the appearance of the dark energy in the 
end of 1990s, they launched a new scenario for contemporary physics and some examples of 
questions can be made such as: Have those problems a true substance of reality? Is there an 
underlying new physics that describes such issues? Is it possible to explain those problems 
without changing the ordinary physical theories? Do we need another particle theory? And 
the central point, what is gravity?

Since the works of Einstein, our sense of gravity had been radically changed since it can be 
interpreted as a geometrical effect. Einstein’s new approach indicated that geometry plays a 
fundamental role in a physical process. More interestingly, one can state a more profound 
meaning on gravity as: gravity does not need matter to exist. In Einstein’s sense, gravity is also 
self-interactive, that is, Einstein’s field equations exist on vacuum that evinces the grandeur 
of a geometric approach on a physical theory. In other words, general relativity is the only 
physical theory that allows a nontrivial vacuum solution. It must be said that it is rather dif-
ferent from Newton’s theory of gravitation that a vectoral field of force does exist to provide 
interaction between two separated masses. Nonetheless, the problem of searching physics for 
dark sector essentially involves finding eventually new prospects on the meaning of gravity, 
once dark matter problem and the dark energy are at the first instance effects of gravity.

This book is devoted to discussing fundamental aspects of the dark matter problem. The mod-
ern roots on the dark matter problem were basically launched in the 1930s, with Zwicky’s 

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution
and reproduction for non-commercial purposes, provided the original is properly cited.
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4 Essentials on Dark Matter 

observations [1] on a notorious discrepancy of mass in coma cluster that presented 500 times 
of mass than expected using Newtonian theory (virial theorem). Curiously, this fact passed 
practically unnoticed in scientific community and it was taken seriously decades later with 
the observations of galaxies. Only in 1970s, Zwicky’s missing mass problem was reinforced by 
Vera Rubin [2] with observations in spiral galaxies showing a huge discrepancy of Newton’s 
law on that scale. Until now, the so-called dark matter problem is still one of the greatest chal-
lenges of both observational and theoretical physics. 

According to recent observations on Planck collaboration [3], roughly 5% of the universe is 
known and the rest of it is made of dark components. The dark matter accounts for 26.8% 
and the dark energy, a sort of energy that may drive the universe to speed up with negative 
pressure, responds to 68.3% of the universe composition. Moreover, the gravitational field of 
dark matter cannot be produced by baryons-only by the analysis of the first peak in the power 
spectrum of the cosmic microwave background radiation. The observations on optical X-ray 
and gravitational lensing [4] also suggest that the bullet cluster cannot be explained without 
dark matter.�

Since the mid-1980s, astrophysicists have been compiling evidence—such as cosmic micro-
wave background observations, the supernova type Ia data and large-scale structure—that 
the late-time universe is accelerating. The simplest candidate to explain this acceleration, 
within the framework of general relativity (GR), is a positive cosmological constant (CC). 
Many theoretical physicists were reluctant to consider CC as an explanation for acceleration 
of the universe, since the natural predicted value for CC from particle physics is ρΛ ~ 1018GeV4, 
which has an enormous discrepancy with the astronomical bound for CC, ρΛ 

~ 10−3�eV4, about 
10122 times smaller. 

The first evidence of a possible accelerated expansion of the universe was obtained through�
the Hubble Space Telescope of type Ia (SN Ia) supernova in 1998 [5, 6]. The data suggested the 
existence of some form of energy, or nonagglomerated matter, that should permeate most of�
the whole universe with negative pressure generating an accelerated expansion of the uni-
verse, that is, roughly speaking, providing a repulsive gravitational effect within the scope�
of general relativity, known as dark energy, and this finding is further reinforced with the�
agreement of 250 other events in supernova [5, 6] in independent astronomical observations. 

One successful theoretical model for explanation of the accelerated expansion is to attribute 
the dark matter a role in the acceleration problem. The cosmological constant (Λ) plus cold 
dark matter (CDM) parametrization [7, 8], for short ΛCDM, aims at explaining both formation 
and growth of large structures in the universe as well as the accelerated expansion problem 
[9, 10]. One fundamental characteristic that favors the ΛCDM model concerns its applications 
to cosmological scale and provides a simulation of the growth of the larger structures of the 
universe consistent with the observations on large scale structure (LSS) surveys [11]. On the 
other hand, it lacks a more underlying explanation on the nature of the CC itself and dark 
matter, which leaves unsolved the question from the first principles.�

This book is divided into two sections. The chapters aim at discussing different aspects on 
the dark matter problem by some experts in the field. The first section is devoted to historical 
aspects of dark matter phenomenology. The author presents a critical review of the dark mat-
ter problem. The subsequent chapters discuss technical scientific advances in the field with 
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a study on a mechanism of couplings of dark matter and dark energy. Moreover, a study of 
black hole physics is present with the research of interior solutions of Schwarzschild black 
hole, a discussion on black hole thermodynamics and its role in the dark sector. It has been 
a great opportunity to work again with InTech’s editorial team and such an honor to read all 
the proposed chapters. 
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Abstract

Several astronomical observations concerning the structure of galaxies, the rotation of
stars in spiral galaxies, the motions of galaxies within a cluster of galaxies, and so on,
cannot be understood in terms of Newton’s universal law of gravitation and the visible
atomic matter within the galactic systems. This chapter reviews the progress made over
many decades in the understanding of these cosmological observations that indicate a
serious breakdown of Newton’s universal law of gravitation unless there exists additional
unseen matter, named “dark matter.” The only alternative to “dark matter” is to modify
Newtonian gravity. The chapter presents a critical review of the two main approaches to
providing the additional gravity required to understand the puzzling astronomical obser-
vations: (1) the “dark matter” hypothesis providing additional unseen mass and (2)
modification of Newton’s universal law of gravity such that there is a stronger gravita-
tional field at larger distances. Both Milgrom’s modified Newtonian dynamics (MOND)
theory and Robson’s recent quantum theory of gravity provided by the generation model
(GM) of particle physics are discussed.

Keywords: gravity, dark matter, MOND theory, generation model

1. Introduction

The notion of “dark matter” emerged from several astronomical observations concerning the
structure of galaxies, the rotation of stars and neutral hydrogen gas in spiral galaxies, the
motions of clusters of galaxies, and so on. These observations could not be described in terms
of Newton’s universal law of gravitation and the visible ordinary atomic matter within the
galactic systems. This chapter reviews the progress made over many decades in the under-
standing of these cosmological observations that indicated a serious breakdown of Newton’s
universal law of gravitation unless there existed additional unseen matter that was named
“dark matter.” The only alternative to “dark matter” was to modify Newtonian gravity.
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This chapter presents a critical review of the two main approaches to providing the additional 
gravity required to understand the puzzling astronomical observations: (1) the “dark matter” 
hypothesis providing additional unseen mass and (2) modification of Newton’s universal law 
of gravity such that there is a stronger gravitational field at larger distances. Both Milgrom’s 
modified Newtonian dynamics (MOND) theory and Robson’s recent quantum theory of grav-
ity provided by the generation model (GM) of particle physics are discussed. 

2. The notion of dark matter 

The notion of “dark matter” emerged from observations of large astronomical objects such as 
galaxies and clusters of galaxies, which displayed gravitational effects that could not be 
accounted for by the visible matter: stars, gas, and so on, assuming the validity of Newton’s 
universal law of gravitation. 

It was concluded that such observations could only be described satisfactorily if there existed 
stronger gravitational fields than those provided by the visible matter and Newtonian gravity. 
Such gravitational fields required either more mass or an appropriate modification of New-
ton’s universal law of gravitation. 

Early preliminary evidence for such a “mass discrepancy” was observed in 1933 by Zwicky [1] 
for the Coma cluster of galaxies. He estimated that the cluster contained considerably more 
“dark matter” than the visible galactic matter in order to account for the fast motions of the 
galaxies within the cluster and also to hold the cluster together. 

Additional preliminary evidence for the mass discrepancy was found by Babcock [2] in 1939 
and Rubin and Ford [3] in 1970 by measuring the rotation curve of the Andromeda galaxy, 
the nearest spiral galaxy to the Milky Way. The rotation curve of a galaxy is the dependence of 
the orbital velocity of the visible matter in the galaxy on its radial distance from the center 
of the galaxy. However, neither Babcock nor Rubin and Ford attributed their observations of 
an increase in mass toward the edge of the galaxy to any missing mass. 

In 1970, Freeman [4] found rotation curves for several galaxies that disagreed with expectation 
based upon the assumption that the galaxies consisted of stars, gas, and nothing else. Freeman 
suggested that these galaxies, like the Coma cluster observed much earlier by Zwicky, 
contained considerably more invisible “dark matter” than the luminous matter. In 1973, 
Roberts and Rots [5], using 21-cm line data, obtained neutral hydrogen rotation curves of three 
nearby spiral galaxies. These rotation curves extended to considerably larger distances from 
the centers of the galaxies than the corresponding rotation curves for the stars. In each case, the 
complete rotation curve was essentially “flat” out to the edge of the 21-cm data. 

In 1974, Ostriker et al. [6] stated that the current observed rotation curves strongly indicated 
that the mass of a spiral galaxy increases approximately linearly with radius to about 1 Mpc so 
that the ratio of the total mass to the observed visible mass was large. They concluded that the 
rotation curves could most plausibly be understood if the spiral galaxy was embedded in a 
giant spherical halo of invisible “dark matter.” 
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Further evidence for the dark matter hypothesis in many spiral galaxies was obtained in the 
1970s by Rubin et al. [7], who measured high-quality optical rotation curves for the luminous 
matter and Bosma [8], who compiled 21-cm rotation curves for the neutral hydrogen gas that 
extended far beyond the luminous matter of each galaxy. In all these cases, the complete 
rotation curve was essentially “flat” out to the edge of the 21-cm data. 

By 1980, the conclusive observation from the rotation curves of spiral galaxies was that there 
existed a major “mass discrepancy” that was greater if larger distance scales were involved. 
This implied that if Newton’s universal law of gravitation was approximately valid, as in the 
Solar System, considerably more mass was required to be present in each galaxy. This invisible 
matter was termed “dark matter” with the introduction of the dark matter hypothesis: each 
spiral galaxy was embedded in a huge spherical halo of dark matter. 

Thus, the notion of “dark matter” essentially emerged from the observed rotation curves of 
spiral galaxies that provided convincing evidence for a mass discrepancy within the galaxy. 
The only alternative to “dark matter” seemed to be a significant modification of Newton’s 
universal law of gravitation to provide the required stronger gravitational field at larger 
distance scales. However, at that time, such a modification of Newtonian gravity was not 
considered a viable alternative. 

3. The dark matter hypothesis 

The dark matter hypothesis was essentially established in 1974 by Ostriker et al. [6], who 
concluded that the rotation curves of spiral galaxies could most plausibly be understood if 
the spiral galaxy was embedded in a giant spherical halo of invisible “dark matter.” In the 
conventional cosmological model of spiral galaxies [9], each spiral galaxy is considered to be 
surrounded by a giant halo of invisible (dark) matter that provides a large contribution to the 
gravitational field at large distances from the center of the galaxy. 

Standard model of cosmology [10] assumes that the universe is now composed of about 5% 
ordinary matter, 27% dark matter, and 68% dark energy, so that dark matter constitutes about 
84% of the total mass, while dark energy plus dark matter constitute about 95% of the total 
mass-energy content of the universe. Thus, for many years, cosmologists have been confronted 
with the notion that 84% of the gravitational mass of the universe is dark matter. 

The hypothesis of a dark matter spherical halo surrounding a spiral galaxy to account for the 
observed flat rotation curve of the galaxy has yet to be verified. One of the main difficulties is 
that the nature of the proposed dark matter is unknown. 

Initially, massive compact halo objects (MACHOs), were searched for within the outer regions 
of galaxies, using microlensing techniques [11]. The conclusion from these observations was 
that at most 20% of a galactic halo consists of MACHOs, and the rest of the halo consists of 
nonbaryonic matter. 

The only other known candidates for dark matter are the three neutrinos of the standard 
model (SM) of particle physics [12]. However, it was demonstrated in 1983 [13] that if dark 

http://dx.doi.org/10.5772/intechopen.75662
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matter consisted entirely of neutrinos, the large-scale structure of the universe would signifi-
cantly differ from the observed one, since the neutrinos are relativistic particles leading to a 
smooth large-scale structure. Recently, Frampton [14] has suggested that the nonbaryonic 
component of dark matter may consist entirely of primordial intermediate mass black holes. 
However, this suggestion remains to be verified. 

The existence of dark matter in the universe suggests that one requires new physics beyond the 
SM. Three such particles have been searched for without success: (1) axions, (2) weakly 
interacting massive particles (WIMPS), and (3) sterile neutrinos. These three particles are all 
hypothetical particles, some of which have been introduced into particle physics in order to 
resolve certain perceived problems. 

The axion was postulated in 1977 by Peccei and Quinn [15] in an attempt to understand the 
strong CP problem in quantum chromodynamics (QCD). To date various experiments have 
been carried out but none have successfully identified an axion particle. 

A weakly interacting massive particle (WIMP) is considered to be a new elementary parti-
cle, which only interacts via gravity and any other weak force. The basic goal of direct 
detection of a (WIMP) is to measure the energy deposited when it interacts with nuclei in a 
detector, transferring energy to nuclei. Such direct-detection experiments need to be carried 
out deep underground to prevent them being swamped by unwanted noise from cosmic ray 
particles. 

The most favored (WIMP) is the lightest neutral stable particle, the neutralino, predicted by the 
supersymmetric (SUSY) theory of particle physics, which provides a significant relationship 
between elementary bosons and fermions. This relationship resolves several puzzling prob-
lems, including the hierarchy problem, for example, the extremely large difference in the 

strengths of the gravitational and weak interactions ≈ 10˜36. However, to date, no evidence 
for any SUSY particle has been found either at the large Hadron collider (LHC) in CERN or in 
the many underground detection laboratories. At the LHC, no previously unknown particles, 
which may be evidence of SUSY, have been observed since the claimed detection of the Higgs 
boson, so that SUSY probably does not exist. In addition, no (WIMP) has clearly been detected 
over several decades at any of the underground laboratories such as the large underground 
xenon (LUX) experiment in the Homestake Mine, Dakota. 

However, there has been one claim of direct detection of dark matter from the DAMA-LIBRA 
experiment at the Gran Sasso laboratory [16]. This experiment has observed a possible dark 
matter event rate that modulates annually as the Earth travels around the Sun, while the Solar 
System moves within the disk of the Milky Way and hence through the hypothesized galactic 
dark matter halo. The count rate is expected to depend upon the relative velocity of the detector 
and undergoes a modulation that peaks in June, when the relative velocity is at its maximum. 

This observation of the DAMA-LIBRA experiment is controversial, since it has been excluded 
by observations from several direct-detection experiments, including perhaps the most sensi-
tive one, the LUX experiment. In order to test the DAMA-LIBRA claim, a more sensitive direct-
detection experiment, SABRE, is being undertaken with improved but similar equipment in 
Australia [17]. 
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Sterile neutrinos are also hypothetical neutral particles that emerged from the development of 
the electroweak theory by Glashow [18, 19], who separated the neutrinos into left-handed and 
right-handed particles. The left-handed neutrinos interact via the left-handed weak interaction, 
while the right-handed neutrinos do not and only interact via gravity. The right-handed 
neutrinos correspond to the so-called sterile neutrinos. 

The possible existence of sterile neutrinos arose in the development of the SM at a time when 
the neutrinos were considered to be massless. This is no longer the case so that the three 
“normal” neutrinos are expected to have right-handed components with the same mass as 
the left-handed components and hence are unsuitable as candidates for dark matter. 

4. Milgrom MOND theory 

In view of the considerable uncertainties concerning the existence and nature of the proposed 
dark matter, there have been several attempts to modify Newton’s universal law of gravitation 
instead of introducing dark matter. 

In 1983, Milgrom [20] developed a modification of Newtonian dynamics known as the MOND 
theory, as a possible alternative to dark matter. This theory is based upon describing two 
astronomical observations: (1) the flat rotational curves of spiral galaxies at large distances 
from their centers and (2) the Tully-Fisher empirical relation [21], which states that the intrinsic 
luminosity L (proportional to the total visible mass) of a spiral galaxy and the velocity, vf , of 
the matter circulating at the extremities of the galactic disks are given by: 

αL ∝ vf , (1) 

where α is approximately 4. 

In order to describe both the flat rotation curves of spiral galaxies and the Tully-Fisher relation, 
Milgrom suggested that gravity varies from the prediction of Newtonian dynamics for low 

accelerations. In particular, the transition from 1=r2 to 1=r gravity should occur below a critical 
“acceleration” a0 rather than beyond a critical distance r0: the former leads to the Tully-Fisher 
relation, while the latter leads to: 

2L ∝ vf , (2) 

in gross disagreement with the Tully-Fisher relation. 

The modified law of gravity in terms of a0 is [22]: 

g ¼ GM=r2 þ ðGMa0Þ2
1 

=r, (3) 

where the first term corresponds to distances for which the acceleration is ≫ a0 and the second 
term corresponds to distances associated with the flat rotation curves, that is, with vf . Indeed 

the second term gives: 
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1 
4vf ¼ ðGMa0Þ , (4) 

which, if the mass to luminosity ratio, M=L, is roughly constant for galaxies, leads to the Tully-
Fisher relation. 

To summarize: MOND is an empirical modification of Newton’s gravitational interaction 
that is designed to provide agreement with two overarching observational facts: (1) the flat 
rotation curves of spiral galaxies and (2) the Tully-Fisher relation. It achieves this aim by 

causing the gravitational interaction to change from 1=r2 for small distances, r, to 1=r at large 
galactic distances as the gravitational acceleration becomes less than a critical small acceler-
ation a0 ≈ 1.2 � 10�10 m s�2. 

However, MOND is incomplete in the sense that in order to be more acceptable to the overall 
scientific community, it needs to be related to a more general underlying theory of gravity. Just 
as Kepler’s laws of planetary motion described mathematically but without any physical 
content the observed orbits of the planets, it required Newton’s universal law of gravitation 
to understand the physics underlying Kepler’s laws. 

5. Robson quantum theory of gravity 

The generation model (GM) [23] of particle physics has been developed over many years as a 
viable alternative to the standard model (SM) [12] of particle physics. The SM is considered by 
the majority of physicists to be incomplete in the sense that it provides no understanding of 
many empirical observations including the existence of three families or generations of leptons 
and quarks, which apart from mass have similar properties, a nonunified description of the 
origin of mass, and the nature of the gravitational interaction. 

The GM overcomes the incompleteness inherent in the SM by introducing three important 
different assumptions [24]: (1) a simplified unified classification scheme of the leptons and 
quarks in terms of additive quantum numbers, (2) an alternative version of quark mixing for 
hadronic processes, and (iii) the weak interactions are not fundamental interactions. 

The development of the GM, primarily to describe the three generations of leptons and quarks 
of the SM [25], employing a unified classification scheme involving only three conserved addi-
tive quantum numbers, led to a composite model of the leptons and quarks and also the weak 
bosons, W and Z, mediating the weak interactions [23, 24]. 

Thus, the essential difference between the GM and the SM is that in the GM the leptons, 
quarks, and weak bosons are composite particles rather than elementary particles as in the SM. 

In the GM, the leptons, quarks, and weak bosons consist of massless spin-1/2 particles called 
rishons and/or their antiparticles (antirishons). Each rishon carries a single color charge—red, 
green or blue—and each antirishon carries an anticolor charge—antired, antigreen or antiblue. 

The first generation of leptons and quarks comprising the electron, the electron neutrino, the 
up quark, and the down quark are composed of two kinds of rishons: a T-rishon with electric 
charge Q ¼ þ 1 and a V-rishon with Q ¼ 0 and/or their antiparticles: a T-antirishon with3 
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electric charge Q ¼ � 1 and a V-antirishon with Q ¼ 0. Both the T-rishon and the V-rishon3 

were introduced in 1979 by Harari [26] in his schematic model of the first generation of leptons 
and quarks describing their electric charge states. 

The second and third generations of leptons and quarks are composed of the same “core” 
rishons and/or antirishons as the first generation plus the addition of one and two rishon-
antirishon pair(s), Π, respectively, where 

�� � � �� pffiffiffi 
Π ¼ UV þ VU = 2, (5) 

and the U-rishon has Q ¼ 0 and carries a single color charge [23]. 

The constituents of the leptons and quarks are bound together by a strong QCD color-type 
interaction [27], corresponding to a local gauged SUð Þ3 field (analogous to QCD in the SM) 
mediated by massless hypergluons (analogous to gluons in the SM). 

The nature of the hypergluon fields acting between the rishons and/or antirishons of the 
composite leptons and quarks are analogous to the gluon fields acting between quarks and/or 
antiquarks in the SM. In particular, the nature of the hypergluon fields is such that they lead to 
a runaway growth of the fields surrounding an isolated color charge, implying that an isolated 
rishon or antirishon would have an infinite energy associated with it [28]. Nature requires such 
infinities to be essentially canceled or at least made finite. It does this for the composite systems 
of rishons and/or antirishons by requiring that the composite particle be colorless. However, 
quantum mechanics prevents these color charges from occupying exactly the same place so 
that the color fields are not exactly canceled although sufficiently to remove the infinities 
associated with isolated rishons or antirishons. 

In the GM, each lepton of the first generation is colorless being composed of three antirishons 
carrying different anticolors. On the other hand, each quark of the first generation is colored 
being composed of one rishon and one colorless rishon-antirishon pair [23]. 

The second and third generations are identical to the first generation plus one and two colorless 
rishon-antirishon pairs, respectively, so that all leptons are colorless and all quarks are colored. 
Consequently, leptons do not combine to form more complex systems, while the quarks form 
hadrons that consist of two families: colorless baryons, made of three quarks with different 
color charges, and colorless mesons, made of one quark and one antiquark with opposite color 
charges [23]. 

Within the framework of the GM, the assumption that the elementary particles of the SM—the 
six leptons, six quarks, and three weak bosons—are all composite particles has led to a unified 
origin of mass [29] and a quantum theory of gravity [30]. 

In 1905, Einstein concluded [31] that the mass of a body m is a measure of its energy content E 
2and is given by m ¼ E=c , where c is the speed of light in a vacuum. Recently, this relationship 

has been verified [32] to within 0:00004% for atomic systems. 

In the SM, the mass of a hadron arises mainly from the energy content of its constituent quarks 
and gluons, in agreement with Einstein’s conclusion. However, the masses of the elementary 
particles—the leptons, quarks, and weak bosons—are interpreted [33] in a completely different 
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way involving a Higgs field [34, 35]. Thus, the SM does not provide a unified origin of mass, 
contrary to Einstein’s conclusion. Furthermore, the so-called Higgs mechanism does not pro-
vide any physical explanation for the origin of the masses of the leptons, quarks, and weak 
bosons, as pointed out by Lyre [36]. 

In the GM, the elementary particles of the SM are composite particles. Since the mass of a 
hadron originates mainly from the energy of its constituents, the GM postulates that the mass 
of a lepton, quark, or weak boson arises from a characteristic energy associated with its 
constituent massless rishons, antirishons, and hypergluons. The mass of each of these compos-
ite particles arises from the energy stored in the motion of the rishons and/or antirishons and 

the energy of the color hypergluon fields, E, according to Einstein’s equation m ¼ E=c2. Thus, 
unlike the SM, the GM provides a unified description of the origin of all mass and hence has no 
requirement for a Higgs field to generate the mass of any particle. 

Since, to date, there is no direct evidence for any substructure of leptons or quarks, it is 
expected that the rishons and/or antirishons of each lepton or quark are localized within a 
very small volume of space by the strong “intrafermion” color interactions, acting between the 
colored rishons and/or antirishons. 

In the GM, the mass hierarchy of the three generations arises from the substructures of the 
leptons and quarks. The mass of a composite particle will be greater if the degree of localization 
of its constituents is smaller, as a consequence of the nature of the strong intrafermion color 
interactions possessing the property of asymptotic freedom [37, 38], whereby the color interac-
tions become stronger for larger separations of the color charges, as a result of antiscreening 
effects. In addition, particles with two or more like electrically charged rishons or antirishons 
will have larger structures due to electric repulsion. Ref. [23] presents a qualitative under-
standing of the mass hierarchy of the three generations of leptons and quarks: a quantitative 
calculation of the mass hierarchy requires very sophisticated computations. 

On the other hand, the SM, involving the Higgs field to generate the masses of its elementary 
leptons and quarks, is unable to provide any understanding of the mass hierarchy of the three 
generations. As Lyre [36] has pointed out, the introduction of the Higgs field into the SM 
simply corresponds mathematically to putting in “by hand” the masses of the elementary 
particles of the SM. 

The GM also provides a quantum theory of gravity. Gravitational interaction acts between 
particles with mass. Such particles are composed of rishons and/or antirishons that carry 
colored or anticolored charges and hence are required to be colorless in order to avoid infinite 
energies within their systems. 

In the GM, the constituent electrons, neutrons, and protons of ordinary matter are all composite and 
colorless fermion particles. Between any two such fermion particles, there exists a residual interac-
tion arising from the color interactions acting between the rishons and/or antirishons of one 
fermion and the color-charged constituents of the other fermion. Robson proposed [29, 30] that 
such “interfermion” color interactions could be identified with the usual gravitational interaction. 

In the GM, gravity essentially emerges from the residual color forces between all electrons, 
neutrons, and protons. This leads [22, 39] to a new law of gravity: the residual color interactions 
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between any two bodies of masses m1 and m2, separated by a distance r, lead to a universal law 
of gravitation, which closely resembles Newton’s original law given by: 

F ¼ H rð Þm1m2=r2 , (6) 

where Newton’s gravitational constant is replaced by a function of r, H rð Þ. 
Both the fundamental intrafermion and the residual interfermion color interactions possess 
two properties arising from the self-interactions of the hypergluons mediating these interac-
tions: (1) asymptotic freedom and (2) color confinement [39]. 

The antiscreening effects arising from the self-interactions of the hypergluons cause the color 
interactions to become stronger for larger separations of the color charges. In the case of the 
fundamental intrafermion interactions, this results in an increase in the characteristic energy 
and hence the mass of a composite particle that is less localized, as discussed earlier. In the case 
of the residual interfermion (gravitational) interactions acting between two masses, it leads to 
an increase in the strength of the gravitational interaction for larger separations so that H rð Þ  
becomes an increasing function of r. 

It is known from particle physics that the strong color interactions tend to increase with the 
separation of color charges, and for large separations, this increase is approximately a linear 
function of r [40], in agreement with the flat rotation curves observed for spiral galaxies. Thus, 
H rð Þ is expected to be approximately a linear function of r: 

H rð Þ ¼ Gð1 þ kr=rSÞ, (7) 

where G is Newton’s gravitational constant, k represents the relative strengths of the modified 
and Newtonian gravitational fields, and rS is a radial length scale dependent upon the radial 
mass distribution of the spiral galaxy so that rS varies from galaxy to galaxy. 

Thus, the modified law of gravity in the GM may be written as: 

g ¼ GM=r2 þ GMk=ðrrSÞ: (8) 

Eq. (8) is very similar to Eq. (3) of the MOND theory and one can relate the modified terms in 
the two gravitational acceleration expressions to obtain: 

a0 ¼ GMðk=rSÞ2 : (9) 

Thus, the scale length rS may be regarded as the radial parameter beyond which weak 
acceleration takes place. Eq. (9) implies that the physical basis of the critical weak acceleration 
a0 of the MOND theory is the existence of a radial parameter rS that defines a region beyond 
which the gravitational field behaves essentially as 1=r. 

To summarize: gravity in the GM is identified with the very weak, universal, and attractive 
residual color interactions acting between the particles of ordinary matter. This gravitational 
interaction is mediated by hypergluons, which self-interact, leading to a significant modifica-
tion of Newton’s universal law of gravitation, especially at galactic distance scales. However, 
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the self-interactions of the hypergluons cease at a sufficiently large distance as a consequence of 
the color confinement property associated with the QCD-like gravitational interaction. This 
leads to a finite range of the gravitational interaction for very large cosmological distances, 
estimated to be ≈ several billion light years [39]. 

Eq. (8) describes both the flat rotation curves of spiral galaxies and also the Tully-Fisher 
relation [22]. This modification of Newton’s universal law of gravitation is essentially equiva-
lent to that of the MOND theory, in that both describe these two overarching observational 
facts. However, the GM is based upon a quantum field theory of gravity, which provides a 
general underlying theory of gravity and hence a more physical understanding of the MOND 
results. Furthermore, unlike the MOND theory, the quantum theory of gravity provides a 
possible understanding of the observed “accelerating” expansion of the universe [41, 42]. 

6. Conclusion and discussion 

In 1980, the conclusive observation from the flat rotation curves of spiral galaxies was that 
there existed a significant “mass discrepancy” in spiral galaxies, which was greater if larger 
distance scales were involved. The flat rotation curves indicated that either Newton’s universal 
law of gravitation and hence the General Theory of Relativity [43] required modification at 
galactic distances or significantly more mass than the visible mass was required to be present 
within each galaxy. 

The possible mass discrepancy within a galaxy led to the dark matter hypothesis whereby each 
spiral galaxy is embedded within a huge spherical halo of dark matter. The only alternative to 
dark matter was considered to be an appropriate modification of Newtonian gravity to pro-
vide the required extra gravitational field at large (galactic) distances. 

Initially, the dark matter hypothesis was favored, since, at that time, a significant modification 
of Newtonian gravity was not considered a viable alternative. However, the dark matter 
hypothesis has several problems: (1) the nature of the proposed dark matter is unknown, 
although it is considered to be mainly nonbaryonic matter, (2) a dark matter halo has not yet 
been detected directly, (3) the density profile of a typical halo is required to be fine-tuned in 
order to produce the observed flat rotation curve of a spiral galaxy, and (4) the lack of dark 
matter in large globular clusters, which have about the same mass as the smallest dwarf 
galaxies that are considered to have considerable amounts of dark matter, is a mystery. 

Several hypothetical particles have been suggested for the nonbaryonic component of dark 
matter but, to date, no clear evidence for the existence of any of these particles (axions, WIMPS, 
or sterile neutrinos) has been obtained. 

More recently, modified gravity theories such as the MOND theory have gained popularity, 
since they overcome most of the problems associated with the dark matter hypothesis. In 
particular, Mond theory describes the flat rotation curves of spiral galaxies without fine-
tuning, and the globular clusters’ lack of dark matter is expected to arise from their much 
smaller size relative to a dwarf galaxy. 
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The gravitational interaction of the GM, identified with the very weak, universal, and attrac-
tive residual QCD color interactions acting between ordinary matter particles, is essentially 
equivalent to that of the MOND theory, in that both describe successfully the flat rotation 
curves of spiral galaxies and the Tully-Fisher relation. However, the GM quantum theory of 
gravity, based upon a quantum field theory, provides not only a general underlying theory of 
gravity and hence a more physical understanding of the MOND theory but also a possible 
understanding of the so-called dark energy causing the observed accelerating expansion of the 
universe. Indeed, the GM quantum theory describes both dark matter and dark energy in 
terms of two intrinsic properties of the residual QCD color interactions: antiscreening at galactic 
distances and finite range at cosmological distances. 

The continuing success [44, 45] of the MOND theory together with the underlying GM quan-
tum field theory of gravity is a strong argument against the existence of undetected dark 
matter halos consisting of unknown matter embedding galaxies. 

However, a direct empirical proof of the existence of dark matter is claimed to be provided by 
two colliding galaxies known as the “bullet cluster” [46]. Observations of the bullet cluster 
indicate that during the merging process, the dark matter, deduced from gravitational lensing, 
has passed through the collision point, while the baryonic component of matter, deduced from 
X-ray emission, has slowed down due to friction and has coalesced within a central region of 
the combined cluster. This separation of the two kinds of matter is claimed to provide evidence 
for dark matter. Unfortunately, a similar separation of the regions of non-Newtonian gravity in 
the MOND and GM gravity theories are expected to occur in the merging of two galaxies such 
as the bullet cluster, so that these modified gravity theories also describe the merging of the 
bullet cluster. 
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Abstract

Dark matter interacts gravitationally, but it presumably interacts weakly through other
channels, especially with respect to regular luminous matter. We look at different ways in
which dark matter may couple to other fields. We briefly review some example approaches
in the literature for modeling the coupling between dark energy and dark matter and
examine the possibility of an arguably better-motivated approach via non-minimal coupling
between a scalar field and the Ricci scalar, which is necessary for renormalization of the
scalar field in curved space-time. We also show an example of a theory beyond the Standard
Model in which dark matter is uniquely connected to the inflaton, and we use observational
astrophysical constraints to specify an upper bound on the dark matter mass. In turn, this
mass constraint implies a limit on the unification scale of the theory, a decoupling scale of
the theory, and the number of e-folds of inflation allowed.

Keywords: dark matter, dark energy, inflation, cosmology, astrophysics

1. Introduction

It is fascinating to think that only roughly 4% of our universe is made up of ordinary matter
that we are familiar with, while dark matter and dark energy comprise the rest. We still do not
understand the fundamental nature of dark matter or dark energy.

Dark matter has only been detected gravitationally so far, and the candidates for dark matter
include macroscopic objects, such as black holes and massive compact halo objects (MACHOs),
and many non-baryonic particle models [1], including weakly interacting massive particle
(WIMP) models. Dark matter was first inferred from the rotation curves of galaxies [2, 3], which
seemed to indicate that there must be some unseen mass providing the gravitational potential
needed for the orbiting rates of stellar matter near the outer reaches of galaxies to be as high as
what was observed. Direct detection experiments that look for direct interaction between dark
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include macroscopic objects, such as black holes and massive compact halo objects (MACHOs), 
and many non-baryonic particle models [1], including weakly interacting massive particle 
(WIMP) models. Dark matter was first inferred from the rotation curves of galaxies [2, 3], which 
seemed to indicate that there must be some unseen mass providing the gravitational potential 
needed for the orbiting rates of stellar matter near the outer reaches of galaxies to be as high as 
what was observed. Direct detection experiments that look for direct interaction between dark 

© 2018 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/), which permits use, distribution 
and reproduction for non-commercial purposes, provided the original is properly cited. 
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matter and a target material have strongly constrained the allowed cross section for many 
interactions due to non-observation [4, 5], and indirect detection may potentially come from the 
detection of decay products [6, 7], such as neutrinos that the IceCube experiment may detect [8], 
or cosmic rays accelerated by supernovae that the AMS-02 experiment has studied [9]. There is 
currently a 3.5-keV radiation signature coming from certain galaxies (and which is noticeably 
absent in others) that may be explained by interactions with dark matter [10]. For more review of 
dark matter, consider [11–13]. 

In the following, we present interesting aspects of some possible dark matter couplings. We 
examine a connection between dark matter and other fields via non-minimal coupling (i.e., cou-
pling to other fields through the Ricci scalar). After briefly reviewing some parametrizations of 
coupled dark matter and dark energy in the literature, we explore in detail the coupling between 
dark energy and dark matter that must be present simply due to space-time curvature by making 
some reasonable and general assumptions about the dark energy potential and the coupling 
strength, and we are able to describe the conversion between dark energy and dark matter without 
ever explicitly specifying a coupling parametrization. Next, we describe a model beyond the 
Standard Model called the luminogenesis model, which incorporates in a consistent way the 
inclusion of dark matter and the inflaton, along with other particles beyond the Standard Model. 
We describe the unique coupling between dark matter and the inflaton in this model, and we use 
astrophysical constraints to arrive at an upper bound on the dark matter mass, which in turn 
constrains the unification scale and another scale of the luminogenesis model, along with the 
number of e-folds of cosmic inflation allowed. 

2. Coupled dark matter and dark energy 

Consider the action for general relativity in which dark energy is represented by a real scalar 
field (c ¼ 1): 

ð � � pffiffiffiffiffiffiffi R 1 μν∇μϕ∇νϕ � 
� � 1

S ¼ Sg þ Sϕ þ Sξ þ Sm ¼ d4x �g � g V ϕ � ξRϕ2 þ Sm, (1)
16πG 2 2 

where the first term is the usual contribution to the Einstein tensor (Sg), the second and third 

terms are the contribution to the scalar field dark energy (Sϕ), the fourth term allows for non-
minimal coupling of the scalar field (Sξ), and Sm is the action for the rest of the contents of the 
universe. Sξ represents the direct interaction between curvature and the scalar field, and it is 
necessary for the renormalization of a scalar field in a curved background. Minimizing the 
action with respect to the metric leads to Einstein’s equation, 

1 � � �  � 
ϕ þ ½ � , (2)Rμν � Rgμν ¼ 8πGTμν � 8πG Tμν Tμν m2 

where 



� � 

� �  

� � 

� � 

� � 
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2 δSmTμν½m� ¼ �pffiffiffiffiffiffiffi 
δgμν , (3)�g 

� �  2 δ Sϕ þ SξTμν ϕ � �pffiffiffiffiffiffiffi : (4)
δgμν�g 

We have included the variation of the interaction term in Tμν ϕ . There are different ways of 
accounting for Sξ [14]. Some choose to include the variation of Sξ instead in the form of an 
effective gravitational constant Geff that varies with ϕ, but we choose to have a constant G with 

an altered stress-energy tensor for ϕ. And it follows that 

∇μTμν ¼ 0: (5) 

Each component of the contents of the universe is typically modeled as a perfect fluid so that in 
the fluid’s rest frame 

Tμν½ � ¼i diag ri; pi; pi; pi , (6) 

where i stands for either ϕ or some other content of the universe, ri is its fluid energy density, 
and pi is its fluid pressure. 

In standard cosmology, the flat Friedmann-Lemaître-Robertson-Walker (FLRW) metric, which 
describes a homogeneous and isotropic universe, is typically used: 

2ds2 ¼ �dt2 þ a ð Þt dx2 þ dy2 þ dz2 : (7) 

Using this metric, the solutions to Einstein’s equations are called the Friedmann equations: 

H2 ¼ 
8πG 

r, (8)
3 

_H þH2 ¼ �  
4πG ðr þ 3pÞ, (9)
3 

where H � a_ =a and � represents differentiation with respect to t. 

Energy-momentum conservation, Eq. (5), implies 

r_ þ 3Hðr þ pÞ ¼ 0: (10) 

This equation can also be obtained from Eqs. (8) and (9) and so is not independent of these. 
Minimizing the action with respect to the field ϕ results in the equation of motion 

_ϕ€ þ 3Hϕ þ V 0 ϕ þ ξRϕ ¼ 0, (11) 

where 0 represents differentiation with respect to ϕ. 
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In the concordance model of cosmology, each component of the universe is assumed to be 
separately conserved, that is,

  
r i þ 3H _ ri þ pi ¼ 0 (12) 

for all i. In an interacting fluid model, the total fluid is conserved, but not each component 
separately. If we consider the late universe dominated by dark matter and dark energy, then 

r ¼ rϕ þ rm and p ¼ pϕ þ p , (13)m 

and the interaction between the dark matter and dark energy fluids is typically described as
  

rϕ þ 3H 

rm_ 

_ rϕ þ pϕ ¼ -Q, (14)

  þ 3H þ p ¼ Q: (15)rm m 

__ 

A sampling of proposals for the interaction term Q are as follows: 

Q ¼ βHrϕ: (16) 

Q ¼ βHrm, (17)
  

Q ¼ βH rm þ rϕ , (18)

  
Q ¼ βHrϕrm = rϕ þ rm , (19)

  
rϕ þ rmQ ¼ -β : (20) 

_ 

The third interaction term listed here has been used as an approach toward solving the 
coincidence problem. For more details on these models and others see the review [15]. It has 
also been shown that some amount of interaction between dark energy and dark matter may 
alleviate tension between local measurements of H0 from the Hubble Space Telescope and 
global measurements of H0 from the Planck Satellite [16]. 

We are still ignorant of the fundamental nature of dark matter and dark energy, so they very 
well may interact directly through an interaction term coupling the dark matter and dark 
energy fields directly, leading to a particular form of Q. At the very least, these fields should 
interact through the graviton. Even more so, if ξ is non-zero as the renormalizability of a scalar 
field in a curved background requires, then the form of Q would be according to the term in 

the Lagrangian - 1 ξRϕ2. This term is a clear indication of interaction since R depends on H2 

H in the FLRW metric, and R is clearly dependent on the dark matter (and dark energy) and 
fields via the Friedmann equations, Eqs. (8) and (9), since r and p can be expressed in terms of pffiffiffiffiffiffiffi 
the fields, as we will show. And even present in -g is a dependence on the field content via 

Einstein’s equation, which relates curvature to mass-energy. The relationship here between 
curvature and mass-energy is fixed if we treat the background as fixed. 
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2.1. An approach to the coupling between dark matter and dark energy 

We now present a clever procedure of studying the coupling between dark matter and dark ˜ °  
energy without out directly specifying a potential V ϕ for dark energy and without specify-
ing a particular parametrization for Q. Using Eq. (4), one obtains [17]. 

˙ ˆ ˇ ˘˛ ˝  1 ˜ °  1
Tμν ϕ ¼ ∇μϕ∇νϕ � gμν∇

αϕ∇αϕ � V ϕ gμν þ ξ Rμν � Rgμν ϕ2 þ ξ gμνϕ
2 � ∇μ∇νϕ2 :

2 2 

(21) 

Since 
˛ ˝  ˛ ˝  

T00 ϕ ¼ rϕ and Tii ϕ ¼ pϕ for i ¼ 1, 2, or 3, (22) 

we have 

1 ˜ °  
_rϕ ¼ ϕ2 þ V ϕ þ 6ξHϕϕ_ þ 3ξH2ϕ2 (23)

2 

and 

1 ˜ °  ˜ °  
_pϕ ¼ ð1 � 4ξÞϕ_ 2 � V ϕ þ 2ξHϕϕ_ � 2ξð1 � 6ξÞHϕ2 � 3ξð1 � 8ξÞH2ϕ2 þ 2ξϕV 0 ϕ : (24)

2 

We specify the usual equation-of-state parametrization for dark energy and dark matter, 

pϕ ¼ wϕrϕ and p ¼ wmrm, (25)m 

and we assume pressureless dark matter, 

wm ¼ 0: (26) 

˜ °  
We use the methodology and results of [18] in what follows. Instead of specifying V ϕ , we 

simply assume that it is changes slowly. This is a good assumption at least around the present 
cosmological time, for which wϕ seems to be fairly constant (and close to �1) [19]. At the very 

least, a slowly changing potential is certainly consistent with cosmological data, and this 
approximation serves as a way of allowing for an explicit calculation of wϕ and rϕ that is valid ˜ °  
for a variety of choices for V ϕ . Keeping variation small may also help minimize unknown 

quantum gravity effects [18, 20, 21]. 

So we assume slow-roll conditions: 

1 dV 
≪ 1, (27)

V dϕ 

1 d2V 
≪ 1: (28)

V dϕ2 
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In addition, we assume 

∣wϕ þ 1∣≪ 1, (29) 

meaning that wϕ is very close to �1, which accords with cosmological data. We also assume 

ξ << 1 (30) 

for simplification, and this assumption is inclusive of the case in which ξ is 1=6, the conformal 
coupling value in four dimensions. With these approximations, an analytic expression for wϕ 

can be obtained: 

1 þ wϕð Þa 
h � � i8 � �92�8ξ=3

1 < 1 þ Ωϕ 
� 
0
1 � 1 a�3 1 �Ωϕ0 = pffiffiffi h � � i�1 1 4ξ 4ξ�3¼ 6 2z0ξB 1 þ Ω� 

ϕ0
1 � 1 a ; � ; �1 þ

9 : 1 þ ða3 � 1ÞΩϕ0 ; 2 3 3 

� ��2h � � i�1�pffiffiffi pffiffiffi � 
3þ 3λ0ð1 � 2ξÞ � 6 2z0ξ B 1 þ Ω� 

ϕ0
1 � 1 a�3 ; 2 � 4

3 
ξ ; �1 þ 4ξ ,3 

(31) 

where a 0 subscript denotes the present time (a0 ¼ 1), Ωϕ0 is the fraction of the present dark 

energy density rϕ0 out of the present total energy density r0, and we have defined 

rffiffiffiffiffiffiffiffiffi � 
4πG 1 dV� z0 � ϕ0 and λ0 � �pffiffiffiffiffiffiffiffiffi � : (32)
3 8πGV dϕ� 

ϕ¼ϕ0 

According to our assumptions, we expect λ0 to be very small, and cosmological data for Ωϕ0 

implies that z0 should be very small, so these these λ0 and z0 can be chosen appropriately. The 
function B uð ; a; bÞ used above is the incomplete beta function: 

ðu 

B uð ; a; bÞ ¼  ta�1ð1 � tÞb�1dt: (33) 
0 

Under the approximations, we can express Ωϕð Þa as 
h � � i�1 

Ωϕ a ϕ0 � 1 a�3 (34)ð  Þ � rϕ =r ¼ 1 þ Ω�1 : 

According to the definition of the incomplete beta function, in Eq. (33), ∣u∣ is less than 1, and 
this is true in the case of Eq. (31) since u is equal to Ωϕð Þa , which is always less than 1. Also, in 

Eq. (33), z is greater than 0, and this implies in Eq. (31) that ξ is less than 3=8. 

In general (no approximation), because the total pressure p is only due to dark energy, 

p pϕ w � ¼ ¼ wϕΩϕ: (35) 
r r 
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And using Eq. (10) and 

d d ¼ aH , (36)
dt da 

it can be shown that in general 
� ð �a 3 1ð þ wÞ 

r ¼ r0 Exp � 
a0 

da0 : (37) 
1 

Now we have what we need to express what Q would be. Eq. (14) tells us 

drϕ � � �Q ¼ aH þ 3Hrϕ 1 þ wϕ , (38)
da 

and we can express this in terms of our expressions for wϕ and Ωϕ from Eqs. (31) and (34) 
using H from Eq. (8) and rϕ from Eq. (34). 

As one might expect, for parameters that accord with cosmological data, Q turns out to be very 
small around the present. In Figures 1–3, Ωϕ0 is 0:69 (in accordance with recent Planck + 

WP + BAO + JLA data fits from [22]), and the parameters λ0 and z0 are appropriately chosen 
to be small: λ0 ¼ 0:01 and z0 ¼ 0:01. Figure 1 shows how �Q varies with ξ at the present 
(redshift z ¼ 0). We can see that the magnitude of Q increases with increasing ξ, as one would 
expect from the ξ coupling term in the Lagrangian. Even for the case when ξ is 0, Q is non-
zero; although our plots here have been made using approximations, one can think of this pffiffiffiffiffiffiffi coupling as due to, theoretically, the coupling of �g multiplying the Lagrangian in the field 

theory or an explicit interaction term in V ϕ that couples ϕ and the dark matter field directly; 
either way, we do not expect a large coupling. Figures 2 and 3 show redshift z on the 

horizontal axis (a ¼ 1 ), so time increases toward the left in those plots, and z < 0 represents 1þz 

the future. For both of these plots, ξ is set to 0:1. One can see how �Q evolves over time in 

Figure 1. Plot �Q (in solar masses �parsec�3/second) vs. ξ for the case of redshift z ¼ 0, Ωϕ0 ¼ 0:69, λ0 ¼ 0:01, and 
z0 ¼ 0:01. 
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Figure 2. Plot �Q (in solar masses �parsec�3/second) vs. redshift z for the case of ξ ¼ 0:1, Ωϕ0 ¼ 0:69, λ0 ¼ 0:01, and 
z0 ¼ 0:01. 

Figure 3. Plots rϕ and rm (in solar masses �parsec�3) vs. redshift z for the case of ξ ¼ 0:1, Ωϕ0 ¼ 0:69, λ0 ¼ 0:01, and 

z0 ¼ 0:01. rϕ is represented by the blue solid line, and rm is represented by the dashed green line. 

Figure 2. Figure 3 shows how rϕ acts roughly as a cosmological constant (since we assumed 

wϕ ≈ � 1 and strictly bigger than �1) and how rm decreases over time, as expected for cold 

dark matter. 

2.2. How constraints on dark matter may affect inflation 

As there is currently no place for a new particle responsible for dark matter in the Standard 
Model of particle physics, we need a model beyond the Standard Model to include it. One such 
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model is known as the luminogenesis model [23–25]. In the luminogenesis model, dark matter 
is uniquely connected to the inflaton, as we will discuss, and we are going to utilize astrophys-
ical constraints on strongly-coupled dark matter to constrain its mass, which will allow us to 
constrain the unification scale and a lower scale of this theory, as well as the number of e-folds 
of inflation allowed. 

The formation of galaxies and galaxy clusters is heavily influenced by the nature of dark matter. 
For the usual framework of cold dark matter, there are discrepancies between their predictions 
for them and observations of them. N-body simulations for exclusive collisionless cold dark 
matter predict the central density profile of dwarf galaxy and galaxy cluster halos to be very 
cusp-like, whereas observations indicate flat cores (cusp-vs-core problem) [26]. The number of 
Milky Way satellites predicted in simulations is bigger by an order of magnitude than the 
number inferred from observations (missing satellite problem) [27, 28], although this may not 
be very troublesome if more ultra-faint galaxies are successfully detected in the future [29]. The 
brightest observed dwarf spheroidal galaxy satellites of the Milky Way are predicted to be in the 
largest Milky Way subhalos, but the largest subhalos are too massive to host them (too-big-to-fail 
problem) [30]. The resolution of these problems may come through several possible means, 
including more accurate consideration of baryon interactions, astrophysical uncertainties, and 
warm dark matter. A promising framework that can solve all these issues is self-interacting dark 
matter, and that is what we consider in our analysis with the luminogenesis model. 

In the luminogenesis model, the dark and luminous sectors are unified above the Dark Unified 
Theory (DUT) scale. At this DUT scale, the unified symmetry of the model breaks (SUð Þ3 C� 
SU 6 ð ÞY ! SU 3 ð ÞDM � SUð Þ2 L �U 1 Y �U 1 DM), and the breaking is trig-ð Þ �U 1 ð ÞC � SU 4 ð Þ  ð Þ  

gered by the inflaton’s slipping into the minimum of its symmetry-breaking (Coleman-
Weinberg) potential and acquiring the true vacuum expectation value μDUT , which is the DUT 

scale energy. This symmetry breaking of SU 6 ð Þ  ð ÞL �Uð Þ1 allows theð Þ ! SU 4 DM � SU 2 DM 

inflaton to decay to dark matter, and dark matter can in turn decay to Standard Model (SM) 
and “mirror” matter. The representations of the luminogenesis model (which apply to each of 
the three families) are given below. The existence of “mirror” fermions, as discussed in [31, 32], 
is necessary for anomaly cancelation, and it provides a mechanism in which right-handed 
neutrinos may obtain Majorana masses proportional to the electroweak scale, and they could 
be searched for at the Large Hadron Collider. 

The SUð Þ4 DM dark matter fermions are represented by ð4; 1Þ3 þ ð4∗ ; 1Þ 3 in the 20 representa-
tion of SUð Þ6 . The inflaton ϕinf is represented by ð1; 1Þ0 of 35, and since 20 � 20 ¼ 1sþ 

SUð Þ6 SUð Þ4 DM � SUð Þ2 L �Uð Þ1 DM 

6 ð1; 2Þ2 þ ð4; 1Þ�1 

20 ð4; 1Þ3 þ ð4∗ ; 1Þ 3 þ ð6; 2Þ� 0 

35 ð1; 1Þ0 þ ð15; 1Þ0 þ ð1; 3Þ0 þ ð4; 2Þ�3 

þð4∗ ; 2Þ3 

Table 1. ð1; 2Þ2 represents luminous matter while ð4; 1Þ3 þ ð4∗ ; 1Þ 3 represent dark matter [24, 25]. 
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35a þ 175s þ 189a, the inflaton decays mainly into dark matter χ through the interaction 

20σ2Ψ20 ϕ35, which contains the inflaton in g20 χ
T
L σ2χ

c
Lϕinf . The process of luminogenesis g20 Ψ

T 

refers to the genesis of luminous matter from the initial abundance of dark matter which was 
formed from the decay of the inflaton. Most indirect detectors of dark matter search for 
annihilation channels to particle-antiparticle pairs. In the luminogenesis model, dark matter 
can decay to luminous particle-antiparticle pairs via an effective interaction with the dark 
photon of Uð Þ1 DM, but also two χ particles can be converted to a fermion and mirror fermion 
pair. More details on this model can be found in the aforementioned references. 

It is assumed that ð15; 1Þ0 þ ð1; 3Þ0 þ ð4; 2Þ 3 þ ð4∗ ; 2Þ3 of 35 and ð6; 2Þ0 of 20 have masses that 
are on the order of the DUT scale and thus do not affect the particle theory below that energy 
scale. Since dark matter should have no Uð Þ1 Y charge, the SUð Þ4 DM particles in ð4; 1Þ 1 in the 6 

representation of SUð Þ6 cannot be dark matter since they have Uð Þ1 Y charge, and they are 

assumed to decouple below the mass scale we call M1. 

In [25], we make predictions for the mass of χ in the following way: 

• We run the SUð Þ2 L gauge α2 coupling from the known electroweak scale up to some 
unknown DUT scale where it intersects with the SUð Þ4 DM gauge coupling α4. 

• Then we run α4 down to its confinement scale, which is when α4 � 1. In analogy with 
Quantum Chromodynamics (QCD) confinement of SUð Þ3 C, the main contribution to 
SUð Þ4 DM fermions’ dynamical mass is from the confinement scale of SUð Þ4 DM, and that 
energy scale is our dynamical mass prediction for χ. 

• In order to specify that scale, we need to specify a DUT scale. Since SUð Þ6 breaks at the 
DUT scale when the inflaton slips into its true vacuum, we specify the DUT scale and 
therefore the dynamical mass of χ by constraining the parameters of a symmetry-breaking 
(Coleman-Weinberg) inflaton potential with Planck’s constraints on the scalar spectral 
index and amplitude. 

Using this method and the β-function equation for SUð Þ4 and SUð Þ2 L, one can derive aDM 

formula for the dynamical dark matter mass mχ as a function of the DUT scale energy μDUT 

and the scale M1. Assuming M1 is the only relevant decoupling scale for SUð Þ4 DM below μDUT 

and above the known electroweak scale μEW , we have (from Eq. (10) from [25]) 

"  !# 
3π 1 1 

M12=19μ8=19 1=19 mχ ¼ Exp 
19 

� � � � � 1 DUT μ
� 
EW , (39)

α4 μDM α2 μEW 

where α4 � 1, μEW ¼ 246 GeV, and α2 ≈ 0:03. We use this equation to relate μDUT toμDM μEW 

M1 once we have obtained an upper bound on mχ from astrophysical observational con-
straints. 

Because of the confinement of SUð Þ4 , dark baryons are formed from four χ particles. These 
particles are dubbed CHIMPs, which stands for “χ Massive Particles.” A CHIMP is denoted 
by X, and X ¼ ðχχχχÞ, and there are three dark flavors of χ, one per luminous family of 
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QCD. The three flavors enable the CHIMP to have spin zero because its wave function is a 
product of the SUð Þ4 -color singlet wave function, which is antisymmetric, and the spin-
space-flavor wave function, which can also be antisymmetric by the appropriate arrange-
ment of 4 χ s, allowing the CHIMP wave function to be symmetric. As we know from QCD, 
SUð Þ3 Nambu-Goldstone (NG) bosons appearing from the spontaneous breaking of chiral 
symmetry from < qq > 6¼ 0 acquire a small mass from the explicit breaking of quark chiral 
symmetry due to the small masses of quarks, and they become pseudo-NG bosons known 
as pions. The small Lagrangian masses of the up and down quarks in QCD (4 and 7 MeV 

respectively from current algebra) in the terms muuu and mddd are much less than their 
dynamical masses, � 300 MeV for both, which is of the order of the QCD confinement scale 
Λ3. In QCD, the so-called “constituent masses” of the up and down quarks are for the large 
part dynamical masses, i.e., Mu,d � Λ3. Also, the pion mass can be obtained from the well-
known Gell-Mann-Oakes-Renner relation 

mu þ ∣hqqi∣
mπ 

2 ¼ 
md , (40)

2 f 2 
π 

which shows that the pion mass vanishes as mu,md ! 0. With f π � Λ3, it is easy  to see  

that mπ ≪ Λ3. Just as this results from the spontaneous breaking of SUð Þ3 L � SUð Þ3 R in 
QCD, we expect a similar phenomenon from the condensate < χRχL > 6¼ 0 in SUð Þ4 , and 
the NG bosons can acquire a small mass through a term m0χχ with m0 a Lagrangian mass 
parameter for χ which, in analogy with QCD, should obey m0 ≪ Λ4 � mχ. Here mχ is the 
dynamical mass which is distinct from the Lagrangian mass m0. Similar to what happens in 
QCD, the dark pion πDM has a mass mπDM proportional to m0 and is expected to be small 
compared with the dynamical mass mχ. We seek to constrain the mπDM � mX (mX being the 
CHIMP mass) parameter space through astrophysical constraints via the procedure in the 
following section. 

2.3. Solving Schrödinger’s equation 

For unspecified X and πDM, in general, the cross section of their interaction may not lie in 
the regimes of the Born or classical approximations, so we cannot rely solely on analytical 
expressions for these regimes. In order to find how the mass of strongly-coupled DM 
is correlated to the mass of a scalar mediator via astrophysical constraints, we need to 
numerically solve Schrödinger’s equation, and we use the methodology described in detail 
in [33]. 

We take the interaction between dark matter (a CHIMP, denoted by X ¼ ðχχχχÞ) and a scalar 
mediator (πDM) to be given by an attractive Yukawa-type potential 

αDM rV rð Þ ¼ �  e�mπDM , (41)
r 

where mπDM is the mass parameter for πDM and the X � πDM coupling αDM is represented by 
the effective interaction 
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Lint ¼ gDMχχπDM (42) 

where αDM is defined as g2 4π . The interaction between the CHIMPs and πDM is via the ð ÞDM = 

effective interaction between the scalar and the constituent χ s in Eq. (42), in analogy with the 
chiral quark model where the gluon fields have been integrated out. Another possibility is to 
write an effective CHIMP-dark pion interaction Lagrangian, but then the coupling would be 
dimensionful. We expect gDM to be at least 1 or bigger, and since the pion-nucleon coupling in 
QCD is O 10 , we analyze the cases αDM ¼ 10.ð Þ  1 and αDM ¼ 

We carried out the computational method for solving Schrödinger’s equation exactly as 
described in [33] with a similar level of computational accuracy for most of the steps, and we 
plot mX vs. mπDM for αDM ¼ 1 and αDM ¼ 10 via their relationship through the velocity-
averaged transfer cross section < σT > for the interaction described by the potential in 
Eq. (41). The plots are shown in Figures 4 and 5. 

Using the convention of [33], the plots are described as follows: 

• Blue lines going from left to right respectively represent h i  10 and 0:1 cm2/g onσT =mX ¼ 
dwarf scales, required for solving small scale structure anomalies. 

• Red lines going from left to right respectively represent h i  1 and 0:1 cm2/g onσT =mX ¼ 
Milky Way (MW) scales. 

• Green lines going from left to right respectively represent h i=mX ¼ 1 and 0:1 cm2/g onσT 

cluster scales. 

The above astrophysical upper and lower bounds on σT =mX are discussed in [33]. They come h i  
largely from N-body structure formation simulations for a limited number of specific cross 
sections, so their constraining power in our plot should not be taken to be extremely stringent. 

Figure 4. Plot mX vs. mπDM for the case of αDM ¼ 1. We see that all three constraints from clusters (green), the milky way 
(red), and dwarf galaxies (blue) (described in the text) can be met for mX ranging from a few 100 GeV to about 1 TeV since 
this parameter space falls within all three sets of colored lines. 
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Figure 5. Plot mX vs. mπDM for the case of αDM ¼ 10. We see that all three constraints from clusters (green), the milky way 
(red), and dwarf galaxies (blue) (described in the text) can be met for a range of mX with an upper limit of about 4 TeV. 

But the ranges given for h i=mX are generally what is needed to satisfy observational con-σT 

straints from structure formation, and we discuss the regions of mX � parameter space mπDM 

that fall within all three ranges (within the bounds of all three sets of colored lines) of h i=mX.σT 

2.4. Analysis of results 

We plot the results of our analysis in Figure 5 for mX ≥ 100 GeV. We are primarily interested in 
this mass range, and this is also the range we examined in [25]. As one can see from Figure 6 in 
[33], the resonances present in the three sets of constraints (blue, red, and green lines) become 
more aligned and overlapped as the coupling parameter α increases. We focused our comput-
ing power on calculating data points for mX ≥ 100 GeV since we were looking for an upper 
bound of mass beyond which the three sets of lines do not overlap (i.e., where all three 
observational constraints are not met). For 1 ≲ αDM ≲ 10, we can see from Figures 4 and 5 that 
all constraints from clusters, the Milky Way, and dwarf galaxies can be met for mX ranging 
from a few 100 GeV (lower bound from the αDM ¼ 1 plot) to about 4 TeV (upper bound from 

Figure 6. Plot μDUT vs. M1 for mχ ≤ 1 TeV. 
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the αDM ¼ 10 plot), and this range corresponds to 1 MeV ≲ mπDM ≲ 10 MeV. We point out the 
noteworthy observation that mX≳10 TeV does not agree with all three constraints in the plots 
(barring the fact that the tightness of these astrophysical constraints is open to interpretation, 
as discussed in the previous section). 

Given the numerical results in the previous paragraph, and since Λ4 � mχ ≤ mX=4, one can see 
from the plots that the approximation mπDM ≪ Λ4 seems to be a good one, much better than the 
analogous chiral approximation in QCD. This connection between the constraints on the 
macroscopic astrophysical scale and the microscopic πDM � X interaction lends support to 
the viability of the luminogenesis model. 

We now consider the implications of this upper bound on the mass of strongly-coupled dark 
matter for the luminogenesis model. Since we saw that X ¼ ðχχχχÞ cannot have a mass bigger 
than about 4 TeV, and since mχ ≤ mX=4, we see there is an upper bound of about 1 TeV for mχ. In 
Figure 6, we plot μDUT vs. M1 for this constraint mχ ≤ 1 TeV using Eq. (39). From Figure 6, we 

see that μDUT ≤ 1016 GeV in order for this astrophysical upper bound for mχ to be satisfied, and 

most of the viable parameter space (the shaded triangle) is for values of μDUT much less than 

1016 GeV. Along with this constraint, we also see that M1 ≤ 109 GeV to allow for M1 ≤ μDUT. 

Using this upper bound on μDUT along with Planck’s constraints on the scalar spectral index and 

amplitude, we can also determine upper bounds on the number of e-folds and the parameters of 
the potential for inflation (in our case, the Coleman-Weinberg potential we used in [25]). We 
work out the relationships of these parameters under the constraints from Planck in Eq. (21) of 
[25], and one can see that the number of e-folds would need to be less than roughly 95. 

3. Conclusion 

In general, dark matter is weakly coupled to standard luminous matter (except for gravita-
tional coupling on large scales). However, it is unknown how exactly dark matter interacts 
with non-standard entities, such as dark energy and the inflaton. We have examined two cases 
of dark matter coupling. 

In the first case, we studied the coupling of dark matter to dark energy without assuming a 
particular functional form for the conversion rate, and we assumed that dark matter and dark 
energy were the only components present in the universe. We illustrated a useful way of 
having interaction between dark matter and dark energy that avoided the need to specify a 
parametrization for Q, and this is convenient since we do not know what Q should be from 
first principles. We accomplished our goal by assuming a slowly varying dark energy field and 
a value of ξ that is very small. We pointed out that, at the very least, there should be coupling 
between dark matter and dark energy via the ξ term in the Lagrangian necessary for the 
renormalization of the scalar field for dark energy in a curved background, and we showed in 
our plots that the magnitude of the coupling Q indeed grew as the coupling constant ξ 
increased. Of course, one may consider the case of scalar field dark matter, and then another 
term coupling this dark matter field to R would be present and would indirectly represent 
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another coupling of dark matter and dark energy. Ideally, what is needed is a direct calculation 
of the cross section between dark energy and dark matter in curved space-time in order to see 
fundamentally how this non-minimal coupling term affects their interaction. Also, a more 
accurate treatment would allow for other components of the universe to be present, which 
would allow for coupling between dark matter and regular luminous matter strictly through 
curvature via the Ricci scalar, although we would also expect this interaction to be small in 
general. A more accurate treatment would also allow for back-reaction on the metric and a 
quantum treatment of gravity itself. 

In the second case of dark matter coupling, we showed one way that dark matter may be 
coupled to the inflaton. We showed an interesting connection between the two fields in the 
luminogenesis model, which is a unified field theory that consistently combines the Standard 
Model with other groups that contain dark matter, the inflaton, and other non-standard fields. 
Using constraints from N-body structure formation simulations, we constrained the mass of 
self-interacting dark matter, which in turn constrained the DUT scale and the M1 scale of the 
luminogenesis model. This constraint on the DUT scale then provided an upper limit on the 
number of e-folds of inflation allowed in the model. 

There are many potential ways in which dark matter couples to other fields, and we simply 
pointed out interesting facets of two different possible couplings. The true nature of dark 
matter and how it interacts with other matter is yet to be fully unraveled, but we must pursue 
every feasible avenue in order to be ready when more precise measurements are available. 
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Abstract

Large black holes of millions of solar masses are known to be present in the centre of
galaxies. Their mass is negligible compared to the mass of the luminous matter, but their
entropy far exceeds the entropy of the latter by 10 orders of magnitude. Strong gravita-
tional fields make them ‘black’—but at the same time, they cause them to emit radiation—
so they are not ‘dark’. What is the meaning of their borders that may only be crossed once
and that leads to the information paradox and what are the properties of their interiors? In
discussing these and related questions (is it possible that the volume of a black hole might
be infinite?), we uncover the unexpected meaning of the term ‘strong gravity’.

Keywords: gravity, black holes, horizon, interior, information paradox

1. Introduction

Black holes (BHs) are sources of the strongest gravitational fields in the Universe. On the other
hand, they are also the outcomes of these strong gravitational fields. The first time they
appeared in science was as a result of speculation. At the end of the XVIIIC, the English
geologist (and astronomer) John Michell and the famous French mathematician Pierre-Simon
Laplace independently considered the consequences of the presence of a large, compact mas-
sive object producing gravitational fields so strong that even light could not escape from them.
For obvious reasons, discussions of this kind were limited in their nature at that time.

The next step came at the beginning of 1916, when Karl Schwarzschild, a mathematician and
an army officer, found a specific solution for the field equations of Einstein’s General Theory of
Relativity. He found the solution for the particular case of a static, spherically symmetric
spacetime. Schwarzschild sent the results of these studies to Albert Einstein in the form of
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two chapters. The second of these two chapters contained what was, to Einstein, a controver-
sial result. If the mass of the source of the gravitational field was both big enough and compact 
enough, then the solution was singular: a particular element of the metric tensor, a tool for 
describing the geometric properties of the spacetime, became infinite at some distance from the 
centre. Einstein was concerned by this effect and consequently had been slow to respond; in 
the meantime, Schwarzschild had died. 

Schwarzschild’s solution [1] (see subsequent text) reveals a specific form of behaviour and 
leads to the conclusion that in some circumstances, a so-called horizon (termed an event 
horizon) is formed around the black hole. Such a horizon acts as a semi-permeable ‘membrane’ 
[2]: it may be crossed only once and in one direction only. The radius of the event horizon is 
called the gravitational radius or the critical or Schwarzschild radius. 

The term ‘Black Hole’, proposed in the 1960s by J.A. Wheeler, represents the reality of a strong 
gravitational field in which neither massive nor massless objects (i.e. light in the form of 
photons) could leave its interior. Black holes (BHs) had been regarded as hypothetical objects 
even as late as the early 1970s; at that time, a famous bet between two prominent physicists, 
Kip Thorn (Nobel Prize winner in Physics in 2017) and Stephen Hawking, was set. The subject 
of the bet was the experimental confirmation of the presence of black holes (the annual 
delivery of a journal from a building sector was the pledge for this bet). 

Currently, it is assumed that there is a massive BH with a mass of millions of solar masses 
ðM⊙Þ in the centre of each large galaxy [3]. The black hole closest to the Solar System is located 
at a distance of 1700 light years from us. In the centre of Milky Way, there is a BH of mass 
4:3∙106M⊙; one of the largest BHs with a mass of a billion solar masses has been found in the 
centre of the Sombrero galaxy. This allows us to estimate that the matter confined within black 
holes is many orders of magnitude smaller than the luminous matter (LM) in each galaxy, 

rBH ≤ 10�3 rLM (1) 

Hence contributes a negligible fraction of the total energy density. An interesting fact, how-
ever, is that the total entropy of black holes, SBH totð Þ  is 10 s of orders of magnitude higher than 

the entropy of radiation (CMB), estimated at a value of 1090. Indeed, the entropy of a BH of 
mass 4:3∙106M⊙ is 

˜ ° 
SBH 4:3∙106M⊙ ffi 1090 (2) 

(see subsequent text), so 

ð Þ  ≥ 10101SBH tot , (3) 

some 20 orders of magnitude smaller than the maximal entropy of our Universe. 

The purpose of this exposition is to illuminate the properties of strong gravitational fields. This 
will be achieved via a discussion of particular processes and phenomena in the vicinity of the 
event horizon of black holes, on both sides of this horizon. 
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2. The Schwarzschild solution and the event horizon 

Let us consider the case of mass M as the source of a static and isotropic gravitational field. 
Then, the geometric properties of the resulting spacetime are determined by the Schwarzschild 
solution, a metric tensor ɡαβ. The line element, given in terms of Schwarzschild coordinates, 

αf g ¼ t, r, θ, φ, is (see [1]) 

ds2 ¼ ɡαβdx
αdxβ ¼ f rð Þc2dt2 � 

1 
dr2 � r2dΩ2 (4)

f rð Þ  

rɡ , rɡ ¼ 2GMwhere f rð Þ ¼ 1 � denotes the gravitational radius and dΩ2 ¼ dθ2 þ sin 2θdφ2 is a r c2 

surface element of a unit sphere (we will utilize the system of units such that c ¼ G ¼ 1). 
Solution (2.1) is determined in an empty space outside mass M. Usually, when one deals with 
a weak gravitational field, the radius RM of mass M is much larger than its critical radius, 
RM ≫ rɡ, then f rð Þ ffi 1. Actually, for the Earth, rɡð Þ ≈ 6 mm, the strength of the gravitational E 

field is of the order of 10�9; the strength of the solar gravitational field is still very weak, 10�6; 
1but neutron stars yield strong gravitational fields, 10� . Black holes are the sources of the 

strongest fields, where an event horizon (defined by f rð Þ ¼ 0) is developed. In such a case, we 
shall consider that the space outside and inside the horizon is empty—the mass of the black 
hole is confined at r ¼ 0—a singularity. This case will be referred to as an eternal black hole. 
We shall call the region outside the horizon as the exterior and that inside the horizon as the 
interior of the black hole. 

3. Exterior of the Schwarzschild BH 

The meaning of a strong gravitational field is revealed via investigation of the properties of the 
exterior and then the interior of a BH. It is natural to start from the former region. Let us 
underline the first, nearly trivial fact that the (relativistic) definition of the gravitational radius 
as the singularity of the metric (2.1) coincides with a purely classical physics definition of a 
critical radius such that the escape velocity becomes equal to the speed of light in a vacuum, c 
(see [4]). The generalization of this observation [4, 5] leads to the conclusion that the speed of a 
freely falling test particle tends to c, independently of the initial conditions. This and the other 
properties of the exterior of the event horizon may be described by means of geodesics of both 
kinds, that is, for massive and massless particles (light rays). The geodesic equations may be 
derived from the following Lagrangian (see Eq. (4)): 

2L ¼ f rð Þt_ 2 � 
1 

r_ 2 � r θ_ 2 � r2 sin 2θφ_ 2 (5)
f rð Þ  

μ � dxμin a standard manner leading to the Euler–Lagrange equations; x_ dσ and σ is an auxiliary 

parameter. There are two conserved quantities resulting from the symmetry conditions: 
energy, e (due to time independence of the Lagrangian), and angular momentum, l (due to the 
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invariance of the Lagrangian with φ). The latter condition results in the planar character of 
geodesic motions, so one may, without loss of generality, choose an equatorial plane, θ ¼ π and2 

express these conservation laws as follows: 

_f rð Þt ¼ e, (6) 

r2φ_ ¼ l: (7) 

One can determine then arbitrary geodesics from the normalization condition 

μɡμνx_ x_ ν ¼ η (8) 

where η ¼ 1 or 0 for time-like (massive object) geodesics or for light-like (massless object) 
geodesics, respectively. Indeed, the radial component of the velocity vector, u (η ¼ 1), or the 
wave vector, k (η ¼ 0), takes the form: 

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� 
l2 � 

r_ ¼ �  e2 � f rð Þ  þ η (9)
r2 

Using Eqs. (6)–(9), one can characterize both types of geodesics and illustrate in this way 
selected features of gravitational fields outside the BH horizon. 

Apart from geodesic motions, we will also be employing systems of static observers, SO, 
whose spatial coordinates are fixed. They are characterized by velocity four-vector,

 ! 
1 

uSO ¼ pffiffiffiffiffiffiffiffi ; 0; 0; 0 (10)
f rð Þ  

3.1. Travel time towards BH horizon 

Let us consider the situation of observer A (Alice) whose frame of reference is in a radial free 
fall, l ¼ 0 towards the BH horizon (4). A’s frame (or “spaceship”) initially was at rest at a 
Mother Station, MS, located at r0. The coordinate time to cover the radial coordinate range 
ðr0; rÞ in this case is found from Eqs. (6)–(9) 

ðr erdr 
t ¼ �  qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi (11) 

r0 r � rɡ rɡ � r eð 2 � 1Þ 

It diverges, t ! ∞ as A’s spaceship approaches the horizon, r ! rɡ. The proper time, which is 
the time measured by Alice herself, 

ð pffiffi r e rdr
τ ¼ �  qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi < ∞ (12) 

r0 rɡ � r eð 2 � 1Þ 

turns out to be finite. This illustrates a manifestation of the most dramatic time delay: for 
distant observers (but actually for all observers exterior to the horizon), Alice’s frame of 
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reference would need an infinite time to reach the event horizon, while a finite time elapses for 
the co-moving observer, Alice herself. Another aspect of this outcome has already been men-
tioned. The speed, V , of the freely falling test particle as measured by a static observer, SO, 
follows from the expression (see also [5]), 

1 1 
uSOU ¼ f t_ pffiffiffiffiffiffiffiffi ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffi (13)

f rð Þ  1 � V2 

One finds then a general outcome: the speed of a test particle radially freely falling 

e2 � f rð Þ
V2 ¼ ��!1 (14)

e2 f !0 

approaching the event horizon tends to the value of the speed of light in the vacuum. And this 
result is independent of the initial conditions. One may ask: how would that speed be chang-
ing inside the horizon? We discuss this question subsequently. 

3.2. Generalized Doppler shift: how to fix the instant of crossing of the Schwarzschild 
BH horizon 

It is a well-known fact that due to the equivalence principle, an observer confined within a 
frame freely falling towards the horizon cannot identify the instant at which he/she crosses the 
horizon and if a black hole is large enough, such an observer would harmlessly cross the 
horizon without even noticing [6]. On the other hand, one can quite precisely determine that 
instant. How is this seeming contradiction possible? 

Before resolving this, let us recollect a well-known result, that of the gravitational frequency 
shift. In order to do this, one considers radial signals of a fixed frequency, ω emitted at r0 (the 
location of the Mother Station) and recorded by a static observer at r > rɡ. The wave vector k of 

those radial light rays, k ¼ 
� 
kt; ; kr; 0; 0 

� 
is (see Eqs. (6), (7)): 

kt ¼ 
ω 
, (15)

f 

kr ¼ �ω, (16) 

where � corresponds to out- and ingoing rays, respectively. If MS emits such a signal with 
frequency 

ω
ωe pffiffiffiffiffiffiffiffiffiffi � ω, (17)MS ¼ 

f rð Þ0 

SO records it at r and measures its frequency as 

ω
ωSO ¼ uSOk ¼pffiffiffiffiffiffiffiffi (18)

f rð Þ  

so 
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sffiffiffiffiffiffiffiffiffiffi 
ωr f rð Þ0 

ωe
SO ¼ --!∞: (19)

f rð Þ  f !0MS 

The frequency recorded by SO is indefinitely blueshifted: when r tends to rɡ, f ! 0. 

When such radial signals are recorded by Alice, ωA ¼ uAk, at her instantaneous position at r, 
then she finds (see Eqs. (6)–(9) and (15, 16) 

ωpffiffiffiffiffiffiffi 
f rð Þ0ωr

A ¼ (20)
1 þ V 

where V is the speed of her spaceship as measured by SO (placed at r) (see Eq. (14)). 

Exchanging such signals, one can observe a (generalized) Doppler shift of the following 
form [7]: 

ωr 1 1A ¼ qffiffiffiffiffiffiffiffiffiffiffi ¼ (21)
ωe e2ff rð Þ  1 þ VMS 1 þ e2 

and 

ωr 
MS ¼ 1 f V (22)
ωe 

A 

The meaning of result (22) is as follows: signals coming from a frame infalling towards the 
black hole horizon are indefinitely redshifted (and ultimately disappear from the screens/ 
sensors)—such a journey seems to take infinitely long for external observers. This confirms 
our former conclusion. The result (21) on the other hand means that the Doppler shift of signals 
coming from MS allows Alice to identify the horizon quite precisely—the Doppler shift 
reaches a value of ½ on the horizon. 

3.3. Image collision or the ‘touching ghosts’ anomaly 

With the speed of free fall tending to the speed of light in a vacuum, the generalized Doppler 
shift as characterized by Eqs. (21) and (22) and the dramatic form of the time delay in this case, 
this leads to yet another anomaly—image collision [8] or touching ghosts [9]. Signals emitted by 
Alice located within the infalling frame appear to get “frozen” in the proximity of the horizon 
(see, however, [10, 11]). 

Let us consider another observer, B (Bob), whose spaceship also starts from MS, following 
Alice’s spaceship. Alice and Bob exchange electromagnetic signals; how (when) does Bob 
perceive the instant of Alice’s crossing of the horizon? The answer has been referred to as 
‘image collision’ or ‘touching ghosts’ and it is as follows [8, 9]. Alice sends an encoded 
message: a signal that means ‘I am crossing the horizon’ (at the instant when her Doppler shift 
is half); Bob receives that message at the instant when he himself crosses the horizon. 
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An interesting fact is that this effect, originally illustrated by means of Kruskal-Szekeres 
coordinates, may be interpreted in a general manner, without reference to any specific system 
of coordinates. Indeed, if Bob received such a message before crossing the horizon, that 
information would be transmitted to our part of the universe; this would contradict the fact 
that the horizon crossing can never be observed. 

3.4. Photon sphere 

In the case of null geodesics in the equatorial plane, the wave vector components are as 
follows: 

kt ¼ 
ω 
, kφ ¼

f 
l 
r2 

(23) 

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
l2 1

kr ¼ �  ω2 � f � �l � Veff ð Þr (24)
r2 b2 

where b is a so-called impact parameter. The function Veff r r 
ɡ 
2 is regarded as an ‘effectiveð Þ ¼ f
r2 

potential’ for null geodesics (see Figure 1). The shape of null geodesics depends on the value of 
b. The deflection angle 

ð ð 
dr

dφ ¼ �  qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
r2 1 

b2 � Veff ð Þr 

Figure 1. Effective potential Veff r r 
ɡ 
2 in the case of Schwarzschild spacetime (horizontal axis—r expressed in units, ð  Þ ¼ f r2 

rS � rɡ ¼ 2M). 
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is small for large values of b—light rays are only slightly deflected. It grows indefinitely as the 

impact parameter value tends to its critical value, b�1 ¼ Veff rphs . The impact parameter bcrcr 

corresponds to the so-called ‘photon sphere’ composed of circular trajectories, r ¼ rphs, 

3 
rphs ¼ rɡ � 3M (25)

2 

which are (unstable) null geodesics:
 ! 

kt; 0; 0; ; kφ ¼ � ω � ; 0; 0; 
r2 

l 
(26)

f rphs phs 

3.5. The shape of light cones 

It should be noted that in approaching an event horizon, the shape of a light cone evolves in a 
characteristic manner. Indeed, observing radial in- and outgoing signals 

ds2 ¼ f dt2 � 
1 
dr2 ¼ 0 (27)

f 

one finds, 

dr ¼ �f ��! 0 (28)
dt r!rɡ 

which may be illustrated as a sequence of vanishingly narrow cones. 

4. Interior of Schwarzschild BH 

In order to describe the interior of the horizon of the Schwarzschild spacetime, one can follow 
an approach proposed by Doran et al. [12]. These authors showed that discussing the problem 
of an empty, but dynamically changing spacetime, one finds, using specific boundary condi-
tions, the metric (4) of the interior of the Schwarzschild spacetime, that is, 

ds2 ¼ 1 � 
2M 

dt2 � � 1 � dr2 � r2dΩ2 (29)
r 1 � 2M 

r 

for r < rɡ ¼ 2M (see also [13]). This means that formally one can use Schwarzschild coordi-
nates also for the interior of the horizon, but then one must remember about the exchange of 
the roles of the t and r coordinates. Inside the horizon, r plays the role of a temporal coordinate: 
it changes from rɡ to 0 and dr < 0; t plays the role of a spatial coordinate, changing between 
�∞ and þ∞ with dt taking both positive and negative values. The important consequence is a 
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change of the symmetry of the system: instead of a static, spherically symmetric spacetime, one 
encounters a homogeneous, spherically symmetric and dynamically changing spacetime; 
energy is no longer conserved but (due to the homogeneity along the t-axis), appropriately, 
the t-momentum component is conserved. 

Therefore, one can consider spacetime (29) as representing the interior of a Schwarzschild 
black hole. Accordingly, analogues of the phenomena described above outside the horizon will 
be analyzed. 

First, one introduces a class of resting observers, RO, that is, those, whose spatial coordinates, 
t, θ, φ are fixed. Then, the velocity uRO four vector’s only nonvanishing component is a tempo-
ral one, 

pffiffiffiffiffiffi 
uRO ¼ �  �f ∂r: (30) 

The class of infalling test particles located in Alice’s frame of reference is described in the same 

~ 

way as given outside the horizon (Eqs. (6)–(9))—in this case, however, r < rɡ ¼ 2M, so f < 0. In 
this region, ingoing (�) and outgoing (+) null geodesics (that are planar) described as 

sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� 
l2 � 

dt 2 dφ dr
f ¼ �ω r ¼ l ¼ �  ω2 � f þ η (31)
dσ dσ dσ r2 

differ from their counterparts outside the horizon by a small but important feature—the � sign 
is designated to a spatial coordinate, namely the r-coordinate outside the horizon and the 
t-coordinate inside the horizon. Having said this, one may now discuss specific effects (see 
[14, 15]). 

4.1. The speed of an infalling test particle 

A test particle located in A’s framework (Eqs. (6)–(9)), l ¼ 0, is freely falling FF. Then, a resting 

observer (30) measures its (squared) speed V 2 as follows: 
qffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffiffiffi 1 p 1 

uROUFF ¼ �  �f e2 � f 
~ ¼ : 
V 2 

(32)
f 1 � 

~ 

One finds then that (c.f. Eq. (14)) 

2 

V 2 ¼ 
e 

e2 � f 
: (33) 

This is, at first sight, a rather unexpected outcome: the speed is given by a formula inverse to 
the one obtained outside the horizon, Eq. (14). Another aspect of this result is revealed when 
one illustrates the speed outside and inside the horizon as measured by observers that are 
static, SO, and resting, RO (30), respectively (see Figure 2). 
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V2 V~ 2 

particles in the Schwarzschild spacetime. The red curve corresponds to e ¼ 1, V 2 ¼ r , the green curve to, e ¼ 0:5 and the 

Figure 2. Values of ‘velocity’ measured by SO (outside horizon) and by RO (inside horizon) of different test 
~ 

rg 

blue one to e ¼ 0:2. The vertical line represents the horizon located at rg ¼ 2 (horizontal axis—r expressed in units M). 

4.2. The Doppler shift 

Let us consider an analogy of the generalized Doppler effect inside the horizon. 

4.2.1. Frequency shift of signals coming from MS 

4.2.1.1. Resting observers 

One can start from an analogy of the gravitational frequency shift: a resting observer (30) 
records radially incoming signals coming from the Mother Station. Then, according to 
Eq. (18), the frequency shift is 

sffiffiffiffiffiffiffiffiffiffiffiffi 
ωr ∞RO f rð Þ0 r ! rɡ ¼ ! (34)
ωs 

MS �f rð Þ  0 r ! 0 

One finds then that the gravitational frequency shift of the signals coming from MS and 
recorded by static, SO, and resting, RO, observers, outside and inside the horizon, respectively, 
as having a symmetric form with respect to the horizon itself (see Eqs. (19) and (34)). 

4.2.1.2. Freely falling observers 

The frequency shift of signals coming from MS and recorded by Alice, who is radially freely 
falling, is 

8 < 1ωr 1A r ! rɡ¼ qffiffiffiffiffiffiffi ! 2 : (35)
ωs e2�f :MS 1 þ e2 0 r ! 0 

Expression (35) is the same as its counterpart outside the horizon (21): it turns out that the 
frequency shift is a continuous and decreasing function from 1 to 0 during the trip through the 

horizon; as emphasized earlier, with the factor 1 marking the horizon (see Figure 3)2 



� �  

Black but Not Dark 53 
http://dx.doi.org/10.5772/intechopen.77963 

ωr 

Figure 3. Monotonic and continuous change of the frequency ratio A (redshift—Vertical axis) outside and inside theωs 
MS 

horizon (horizontal axis—r expressed in units M, rɡ ¼ 2). 

4.2.2. Frequency shift of signals inside the horizon of BH 

One can consider the exchange of signals by observers at rest inside the horizon. One can 
distinguish two types of signals: going along the direction of homogeneity, that is, the t-axis, 
and signals propagating perpendicularly to this axis. 

4.2.2.1. Signals propagating along the t-axis 

The frequency shift of signals exchanged by two observers at rest at t1 and t2 depends on the 
emission instant, r1 (recording instant r2 is fixed by the distant t1, t2): 

pffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
ωr t2 �f r1ð Þ  ð Þ  ¼pffiffiffiffiffiffiffiffiffiffiffiffiffiffi ��! 0: (36)
ωeð Þ  �f rð Þ2 0t1 r2! 

One finds that in this case, the frequency redshift tends to zero at the ultimate singularity (see 
Figure 4). 

4.2.2.2. Signals propagating perpendicularly to the t-axis 

The wave vector of signals propagating perpendicularly to the t-axis has two non-vanishing 
components k ¼ kr∂r þ kφ∂φ (because of the planar character of the trajectory, one can choose 

πθ ¼ 2, i.e. the equatorial plane). Then, the frequency shift, for two static observers placed 

within this plane perpendicular to the t-axis, is given by 

ωr φ2 r1� �  ¼ ��!∞: (37)
ωe φ1 r2 r2 !0 

One finds an indefinite blueshift at the ultimate singularity (see Figure 5). 
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Figure 4. Frequency redshift (vertical axis) for the signal propagating along homogeneity direction between instants, 
rB ¼ 0:9rɡ ¼ 1:8 and rA ¼ 0:2rɡ ¼ 0:4 as a function of r (horizontal axis—In M units, rɡ ¼ 2). 

Figure 5. Frequency blueshift (vertical axis) for the signal propagating perpendicularly to the homogeneity direction, 
between instants, rB ¼ 0:9rɡ ¼ 1:8 and rA ¼ 0:3rɡ ¼ 0:6 as a function of r (horizontal axis—In units M, rɡ ¼ 2). 

4.3. Photon sphere analogue 

Null geodesics propagating perpendicularly to the t-axis resemble trajectories belonging to the 
photon sphere. Indeed, they are determined by the wave vector, 
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sffiffiffiffiffiffiffi  ! 
ð0; kr; 0; ; kφÞ �  0;� �1 l2 

; 0; 
l 

(38)
f r2 r2 

having only one spatial component, the angular component, kφ corresponding to a circular-like 
motion. There is one significant feature distinguishing these null geodesics from the circular 
trajectories of radius r ¼ rphs outside the horizon: they circulate over a sphere of an ever-
decreasing radius. One can see from the null condition: 

� 
1 
dr2 � r2dφ2 ¼ 0 (39)

f 

that the rate of change of the radius of such a sphere is proportional to r, which is a temporal-
like (decreasing) coordinate. Therefore, one finds inside a black hole an interesting phenome-
non: a photon sphere analogue. Outside the horizon, a light ray belonging to the photon 
sphere can (in principle, as it is a circular trajectory of unstable equilibrium) unwind infinitely 
many times. One can ask then: inside a black hole, how many times can a light ray orbit along 
a photon sphere analogue before reaching the ultimate singularity? 

The answer to this question is quite unexpected: it is exactly a single half rotation. 

Indeed, by using Eq. (39), one obtains 

ð ð2Mdr dr 
Δφ ¼ qffiffiffiffiffi ¼ pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ¼ π (40) 

r �f 0 rð2M � rÞ 
r2 

This means that the angle traversed by a light ray is equal in this case to π. A general property 
is that the deflection angle for a light ray within the BH horizon cannot exceed π. 

5. The horizon of a Schwarzschild BH 

Among various interesting properties of the Schwarzschild BHs horizon, there are at least two 
that are relevant to our discussion. 

The first relates to the speed of an object crossing the horizon. As described earlier, the value of 
the speed of Alice’s spaceship tends to the value of the speed of light c as it approaches the 
horizon. Does that speed take the value c on the horizon? There are no observers residing on 
the horizon, but other observers, crossing the horizon, would in principle be able to perform 
such a measurement. Performing this kind of thought experiment, one obtains the following: 
the speed of Alice’s spaceship crossing the BH horizon is less than the speed of light. The value 
of that speed depends on the initial conditions. 

The second is linked to any outgoing light ray trapped at the horizon. It may be a signal 
emitted by Alice at the instant she was crossing the horizon with the encoded message: ‘I am 
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crossing the horizon now’. If it was a signal of some specific frequency, what would be its 
frequency as recorded by Bob, when he crossed the horizon? It turns out that such a signal 
‘ages’: it is redshifted and the value of the redshift becomes greater as the original distance 
between Alice and Bob increases [15]. 

6. The meaning of a strong gravitational field 

Let us underline the rather unexpected and counterintuitive observations that accompany the 
presence of the event horizon of a Schwarzschild BH. The strange intimate symmetry of the 
outer versus inner region: static observers outside the horizon and observers at rest inside 
the horizon measuring the Doppler shift of signals incoming from MS would record basically 
the same outcomes. The speed of a test particle falling towards the BH appears to be impeded 
after crossing the horizon. As described elsewhere, the speed of a test particle uniformly 
accelerated inside the horizon after reaching its maximal value starts to diminish. A null 
geodesic follows exactly half a circular orbit within the horizon. Signals exchanged within the 
horizon seem to mimic the cosmological model expanding along one specific direction and 
contracting perpendicularly to this direction. All of these are manifestations of the presence of 
such a strong gravitational field that the event horizon of the BH is developed. 

Inside the horizon of a Schwarzschild BH, one comes across a unique phenomenon: an inter-
change of the roles of the r and t coordinates. Outside the horizon r > rS, the radial coordinate 
is an ordinary spatial coordinate, which may change from rS to ∞ in both directions, dr ¼ � drj j  
and the time coordinate t is a temporal one, that is, such that, dt > 0. Inside the horizon r < rS, 
and coordinate r becomes a temporal one: r changes from rS to 0 and dr < 0; coordinate t then 
plays the role of a spatial coordinate: �∞ < t < ∞ and dt ¼ � dt .j j  

Such an interchange results in a dramatic difference of the symmetry properties of the 
spacetime. As mentioned earlier, the Schwarzschild spacetime outside the horizon is static, 
independent of time and isotropic; this results in the conservation of energy and angular 
momentum, respectively. Inside the horizon, the spacetime is still independent of t but this is 
now a spatial coordinate in that spacetime, leading to t-component momentum conservation; it 
is no longer static but instead dynamically changing, being r-dependent. Inside the horizon of 
the Schwarzschild BH, spacetime is cylindrical-like, homogeneous along the t-axis and 
spherical-like, of radius r perpendicularly to this axis (see also [2, 16]). 

All of this presents the above-seemingly unexpected or counterintuitive phenomena in a new 
perspective. The speed of the infalling test particle is measured as ‘distance’/‘time’ so the 
interchange of the roles of ‘distance’ and ‘time’ leads to the inverse expressions to those 

~exterior to the horizon, V and interior, V ; hence, the speed turns out to decrease inside the 
horizon. The cylindrical-shape BH interior is a dynamically changing spacetime: expanding 
along the t-axis and contracting perpendicularly to this axis. This results in both red- and 
blueshifts, respectively [12, 17]. Hence, it actually is a realization of a specific cosmology. The 
fact that light rays propagating perpendicularly to the cylinder axis occupy a semicircular 
photon sphere analogue is found to have a deeper significance [18]. The same value π is found 
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for other kinds of black holes, and this appears to be a fundamental discovery; it may be a 
symmetry property linked to a ‘new physics’ of black holes [19]. Also, other observations may 
need deeper analysis but, whatever the interpretation, they are caused by the strong gravita-
tional fields that form the BH horizon. 

Let us emphasize that the common sense property of the BH, namely. ‘nothing, not even light 
can leave their interior’ takes on a new sense now: crossing the event horizon, a test object can 
never reach it again as this would mean travelling backwards in time. 

There is a more formal interpretation of the interchange of the role of radial and temporal 
coordinates in the theory of relativity. The Killing vector representing time independence 
symmetry, being time-like outside the horizon becomes space-like inside the horizon—this 
actually means that the time-like component of the momentum four vector is converted into a 
space-like momentum component, respectively. This opens the door for radiation emitted by 
black holes—Hawking radiation. 

7. Astrophysical black holes 

Generations of thermonuclear reactions support stars against gravitational collapse [3, 20]. The 
first stage is a process of hydrogen burning to make helium. When a substantial amount of 
hydrogen is exhausted, gravitational contraction raises the temperature until helium burning, 
the so-called triple alpha process, can start. This evolution eventually leads, for massive stars, 
to the last stage where an element with the largest binding energy per nucleon, 56 

26Fe, is 
produced. What happens then? 

One can consider the state of a star of mass M and radius R, which exhausted its thermonu-
clear fuel, T ¼ 0. It is supported by a nonthermal pressure, due to the fermionic nature of 
electrons, protons and neutrons. There are two competing contributions to the energy of such 
an object. A negative one arises from a gravitational origin 

M2 

Eɡ ∝ � (41)
R 

and a positive one, the kinetic energy of the electronic gas: 

Ek ∝ nR3 E (42)h i  

where n denotes the density of electrons and Eh i is the electronic mean energy. Taking the 
following relation between the characteristic electron momentum, pF, and the corresponding 

1=3wavelength, λ ∝ n� , 

1 ∝ n1=3pF ∝ λ� (43) 

2one obtains for a nonrelativistic range of energies, E ∝ ph i  F 
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M5=3 

Ek ∝ : (44)
R2 

It appears that the kinetic energy term dominates in the range of decreasing values of R, 
preventing further contraction. However, for more massive stars, higher energies are available 
and the electrons would be regarded as relativistic, E ∝ pF and then, h i  

M4=3 

Ek ∝ (45)
R 

In such a case for a mass M larger than the Chandrasekhar limit, MWD ≈ 1:4M⊙ (for white 
dwarfs), the pressure of the electron gas could not support a star against its gravitational 
contraction. 

For even more massive stars, one comes across inverse beta decay leading to the formation of a 
neutron star core. In such a case, the Pauli exclusion principle, this time for neutrons, prevents 
gravitational collapse, up to some specific limit, Mcr ∝ 2 � 3 M⊙. For masses larger than this 
limiting case, nothing can stop the ongoing gravitational collapse eventually leading to a 
singular state of matter—a black hole. 

8. Entropy and Hawking radiation 

In early 1970s, it was indicated by Bekenstein [21] and Hawking [22] that BH entropy is 
proportional to their surface area: 

24πrS 4πM2 

S ¼ kB ¼ kB (46)
4l2 

P l2 
P 

where lP denotes the Planck length and kB Boltzmann’s constant. It was also recognized that 
BHs may be regarded as simple thermodynamic systems (the black hole ‘no hair’ theorem) 
characterized by three parameters, mass M, angular momentum J and charge Q. Accordingly, 
one can identify four different kinds of black hole: Schwarzschild (nonrotating and uncharged, 
characterized by their mass M), Reissner-Nordstrom (charged but nonrotating, characterized 
by M and Q), Kerr (rotating, characterized by M and J) and Kerr-Newman (rotating and 
charged, characterized by M, J and Q). In the case of Schwarzschild spacetime, one can apply 
a simple thermodynamic formula [21, 22]. 

dU ¼ TdS (47) 

and identifying U ¼ M to determine the BH temperature TBH as being proportional to its 
inverse mass, 

3ℏc
TBH ¼ (48)

8πMkBG 
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where we use standard notation. It was Hawking’s idea that black holes should lead to a new 
kind of uncertainty [23], other than the one having a quantum mechanical origin. When matter 
or radiation falling in towards a black hole crosses its horizon, the information it carries is 
inevitably lost. This led to two controversies. Firstly, information itself is lost. Secondly, one can 
consider black hole formation due to the gravitational collapse of matter (or radiation) as the 
unitary evolution of a pure quantum state. After the formation of the horizon, further evolu-
tion has to be regarded in terms of mixed states due to the loss of information. This means the 
breakdown of quantum mechanical predictability. Both elements of such an information prob-
lem, loss of information and breakdown of unitary quantum evolution, were objected to from 
the very beginning. 

Hawking himself [24] formulated the idea of black hole decay. Due to the existence of an event 
horizon and the conversion of one of the Killing vectors from a temporal to a spatial one, a pair 
of entangled particles, one of positive and one of negative energy, would be created in the 
proximity of the horizon. Two scenarios are then possible when one (the one with negative 
energy) or both of the particles fall behind the horizon. The point is that the particle with 
negative energy could not ‘survive’ in our part of the Universe for fundamental reasons, but it 
could exist within the horizon. This is so because the energy, the t-component of the particle 
momentum vector within the horizon, takes on a spatial character, so it might then be either 
positive or negative. Hence, one of the particles, the one with positive energy, departs to 
infinity, being recorded as Hawking radiation and the other member of the pair, with negative 
energy, falls behind, ‘tunnelling through’ [25] the horizon and reducing the BH mass. This is 
the meaning of BH evaporation. Hawking evaporation is the radiation of a black body of 
temperature, TBH (8.2). 

Therefore, BHs turn out to be evaporating nonequilibrium systems with a decay time 

˜ ° 3 

tBH ffi 1074 

M
M 

⊙ 
(49) 

fifty seven orders of magnitude larger than the age of the Universe for moderate BH masses M. 
According to the generalized second law of thermodynamics, the entropy during evaporation 
is an increasing function of time. Indeed, during evaporation, the BH entropy decreases, 

dU
dSBH ¼ �  (50)

TBH 

yet the entropy of the respective BH radiation is larger by one-third [26]. 

4 dU
dSr ¼ : (51)

3 TBH 

One may suspect that information lost due to the presence of the horizon may be retrieved due 
to evaporation, thus restoring this fundamental aspect of quantum mechanical unitary evolu-
tion [27–29]. A closer scrutiny shows that this is not so obvious: at the initial stages of the BH 
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decay, both BH and radiation are close to their maximally mixed states, thus no information is 
retrieved. Although the process of releasing information might be of a non-perturbative char-
acter, the information problem (referred to as the information paradox) still remains unsolved. 
It was indicated that smooth quantum mechanical unitary evolution should lead to the break-
down of the smoothness of the proximity of the event horizon, leading to a ‘firewall’ [30]. This 
concept was objected to in more recent papers [31–33]; nevertheless, the information paradox 
is still far from being removed. It may currently be formulated in many different ways and one 
of those ways can be expressed as follows: 

Hawking radiation consists of particles born as entangled pairs; those recorded far away are 
then entangled with a diminishing BH. Finally, the BH disappears. What, then, are those 
particles recorded at distant locations still entangled with [34]? 

9. Final remarks 

The purpose of this presentation was to illustrate selected features of strong gravitational 
fields. Black holes are the sources of the strongest gravitational field in the sense that an event 
horizon has developed. Let us briefly consider the point ‘black but not dark’. The presence of 
black holes may be recognized primarily due to gravitational interactions: the dynamics of 
their environment. In this sense they may be regarded as a component of a dark matter sector. 
Accepting such an oversimplified or naïve point of view for a while, one may ask about the 
character of this component. Partly, the answer is obvious: this is baryonic matter, as massive 
stars collapsing into black holes are composed of baryonic matter. But due to instability, there 
are no extremely massive stars, so BHs of millions of solar masses have a different origin 
(eternal black holes), so they might not necessarily be composed of baryonic matter. In princi-
ple, as they evaporate, they emit radiation; also, they could be charged so they could therefore 
affect their environment not only gravitationally. Hence, although they are black they are 
hardly ‘dark’. As mentioned at the beginning of this exposition, BHs constitute a small fraction 
of the density of baryonic matter, so they are interesting objects in the Universe rather for the 
local properties imposed by their gravitational field, than for other reasons (at least so it seems 
to us at the moment). 

The outcome of the presence of the horizon of the BH is a dramatic difference in the symmetry 
properties of the exterior and interior of the BH. Energy conservation related to the time-like 
Killing vector is changed into a corresponding momentum component conservation as the 
Killing vector is converted into a space-like one. That is a consequence of the static spacetime 
outside the horizon being transformed into a homogeneous one, along the t-direction, but it 
also becomes a dynamically changing spacetime inside the horizon: expanding along the 
homogeneity direction and contracting perpendicularly to that direction. On the one hand, 
this leads to the information paradox. On the other hand, the presence of the BH’s event 
horizon may be interpreted as an interchange of the roles of the time and radial coordinates. 
And this leads to unexpected scenarios, with some surprising processes and phenomena 
taking place outside the horizon yet with even more striking properties of the interior of the 
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horizon. It should be underlined that the discussion presented here has dealt mostly with 
eternal BHs, which have not been created due to gravitational collapse but rather have existed 
forever (since the Big Bang). However different these may seem, they have a lot in common. 
They both decay due to Hawking radiation [2]; as suggested by various authors [16], the 
interior of gravitationally collapsing black holes is also of a cylindrical shape, and both eternal 
and collapsing BHs share one more common but bizarre property, their volume is infinite [16, 
35]. Hence, though it is not guaranteed that the interiors are the same their properties might 
turn out to be quite similar. But there is a still a deeper problem of a much more fundamental 
character: could the interior of black holes be described by the approach presented here? Or 
more specifically, could a very strong gravitational field, inside the BH horizon, be described in 
terms of the theory of relativity? Or is a new physical approach necessary, as emphasized by G. 
t’Hooft [19] (see also [36]) involving quantum mechanical aspects also? As usual, the answer 
will come in time, but even if the answer is satisfactory, in this case, it will probably never be 
the final word. 
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