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PREFACE

Seven years have passed since the Spanish publication of John Auping 

Origin and Evolution of the Universe, and one year since its second 

edition, and its main ideas remain unaltered. Modern cosmology is 

characterized by the existence of measurements that allow the testing of 

different models that in principle are capable of describing the evolution of 

the Universe. On the other hand, modern cosmology tends to make several 

assumptions, sometimes very speculative, that need to be clarified to the 

readers who want to follow recent developments in this field. The work of 

Dr Auping seeks to assist readers to differentiate observationally verified 

aspects of cosmology from ideas whose verification is distant, or perhaps 

impossible. Such a task is performed by using a careful application of the 

orthodox scientific method. 

This English edition is a part of his original work especially devoted to the 

description of the dynamics of stars, and the analysis of the Big Bang,

steady state and multiverse models from a critical point of view. The author 

approaches different aspects of the evolution of the Universe using different 
branches of astrophysics, Newtonian mechanics, nuclear physics, thermo-

dynamics, quantum physics and general relativity, with a clear and concise 

narrative. Mathematical boxes support the deeper study of mathematical-

physical relations, which can be omitted by readers who are not specialized.

The mix of science, science fiction and metaphysics in modern cosmology 
is analyzed with strict hard core scientific arguments. The history of 
cosmology reveals ideas, many times antagonistic, both at the level of the 

interpretation of astrophysical observations, and at the level of the 
speculations about the origin of the Universe and the fine-tuning of its 
physical constants, that made it possible for us to be here to discuss it.



The search for the truth about the origin of the Universe necessarily 
touches on philosophical issues. Firstly, starting from Popper's philosophy 
of science, the author clarifies where exactly the frontier lies between 

science, science fiction and metaphysics. It then appears that in the final 
analysis of the scientific fact of fine-tuning present in the Big- Bang, we are 

left with only two rational options to explain it: a multiverse, which the 

author shows to be science fiction, sometimes with a-theological intentions; 

or an intelligent cause, which is part of the discourse in the frontier of 

physics and metaphysics, with obvious theological implications. The 

dialogue between faith and science is expressed clearly and objectively in 

this work, where the observable and the logically demonstrable, set the 

pattern of what is true.

This text is recommended for all those who are looking for an overview of 

all the contemporary currents of cosmology, including an incisive, historical 

approach to the subject that will be of particular interest to discerning 

readers who will thus be able to form their own opinion.

The author takes an objective point of view, trying to be independent of 

positions based on arguments of authority, which makes this work 

especially original and valuable.

Dominique Brun, PhD

Director 

Physics and Mathematics Department

Iberoamericana University



INTRODUCTION

There is a tale by Hans Christian Andersen, The Emperor's New Clothes,

about a tailor who offers the emperor a new suit of clothes that he says is 

invisible to those who are unfit for their positions, or incompetent. When the 
emperor walks before his subjects in his new suit, no one dares to say that 

they don't see any suit at all for fear that they will be dismissed as unfit for 

their po But he isn't wearing anything at 

all!

In this book, I play the role of this child. During the glorious days of 

Einstein, Hubble, and Lemaître, astrophysics was on top of its game. It was 

facts, provided by scientists like Hubble. Famous scientists like Einstein 

were willing to publicly correct their theories when the facts proved them 

wrong. 

Since then, however, astrophysics has been dressing itself with the clothes 

Physics ain’t what it used to be which means, in the words of 

Sheldon Glashow, the historical connection between experimental 

physics and theory has been lost… 1. Sometimes experimental physics is 

absent, as in the case of superstring theory, and sometimes theoretical 

acumen is absent, as in the case of some quantum physical theories, leading 
to what schism in physics 2

A few astrophysicists not only see this, but speak out forcefully, leading
the way out of the morass, for example, David Albert, Fred Cooperstock, 

1 Sheldon Glashow, Interactions. A Journey through the Mind of a Particle Physicist and 
the Matter of this World (1988): 335.
2 Karl Popper, Quantum Theory and the Schism in Physics (1982).



George Ellis, Richard Feynman, Daniel Friedan, Sheldon Glashow, David 

Gross, Alister McGrath, Hans Ohanian, Roger Penrose, John Polkinghorne, 
Karl Popper, Lee Smolin, Gerard ´t Hooft, David Wiltshire, Peter Woit, and 

others. Following their footsteps, I am greatly in debt to these authors. 
Of course, they are not the only authors whose publications I read: they 

are just 16 among the 290 authors, whom I consulted.

Modern astrophysics is so plagued by myths that they have become 

model are two 

enormous myths, dark matter and dark energy .

n the case of dark 

refers to a theory that intends to explain 
certain observed phenomena by supposedly existing causes that have not yet

been observed in reality or experiment, where, as a matter of fact, orthodox 

general relativity is necessary and sufficient to explain the same phenomena.

these speculations.

of certain phenomena by causes within our Universe is to be preferred over 
conformal cyclical cosmology, which pretends to explain them by causes 

existent in a universe of a previous aeon. In the case of some theories that 

means: a

scientific theory that has been falsified by the facts. And finally, in the case 
refers to a speculative theory about the 

existence of something where, as a matter of principle, this theory can never 

be falsified. What these different u

is that they refer to speculations that have not been corroborated by the 
facts, as would be desirable 
of science.

It is unfortunate that of all sciences, precisely astrophysics, which in the 
days of Kepler, Galileo and Newton paved the way for modern science, has 
lately the last 80 years or so got swamped in myths. How did this come 



about? In the case of dark matter and dark energy, as I shall explain in this 
book, the problem is that though many astrophysicists pay lip-service to 
Einstein, they have not been able or willing to think through all the 

implications of his theory of general relativity, nor have they been able or 
willing to use his mathematics in the solution of certain astrophysical 

problems, applying instead Newtonian mechanics, which leads to wrong 

conclusions, because, as a matter of fact, general relativity is necessary and 

sufficient to solve these problems.

In the case of eternal inflation, superstrings and the multiverse, however, 

something quite different is going on. In part, it is fascination with 

mathematical miracles, in part, it is outright denial. Confronted with the 

undeniable fine-tuning of the physical constants of the axiomatic laws that 

determine the evolution of the Universe, favorable to the evolution of 

complex life, the science fiction of the multiverse serves the purpose of 

avoiding the only other rational explanation of fine-tuning, i.e. an intelligent 

cause.

The first six chapters of the book have the following structure. In Chapters 

1, 3 and 5, I present undeniable astrophysical facts about the evolution of 

the Universe, the fine-tuning of physical constants and the increasing 

entropy of the Universe, respectively. Then, in Chapters 2, 4 and 6, 

respectively, I expose the myths that arose in order to explain some of these 

phenomena, tracking in detail the origin of these myths, and simultaneously 

give what I prove to be the true explanation of certain astrophysical 

phenomena.
Chapter 7 exp

serious one in town these days, and Chapter 8 treats the problem of the 

cause of the Universe, which is part astrophysics, part metaphysics.
To serve the reader who is taken aback by the mathematics, I put them in 

Math boxes, which can be skipped, without losing track of the argument in 



the written text. The only exception is Chapter 5, where the integrals are in 
the main text. 

This book would not have been possible without the help and criticism of 

my colleagues at the Universidad Iberoamericana in Mexico City. I would 
like to especially thank Dominique Brun, Salvador Carrillo, Leopoldo 

García-Colín Scherer (since deceased), Guillermo Fernandez, José Heras 

(since moving on to another university), Alejandro Mendoza, Alfredo 

Sandoval, Roberto Serna and Erich Starke. Suffice to say that any mistakes 

in this book are on my account, and any merits are shared with them. 

I also thank the Universidad Iberoamericana and its Rector, David 

Fernandez, for their help, both financial and editorial, in making possible 

this publication. Finally, last but not least, I want to thank Blaise Machin 

and Martin Noble for their proofreading and critical commentaries.

Any corrections and suggestions the reader might have for a second 

edition are welcome.

John Auping, 

casaexodo2014@hotmail.com

Mexico City, September 2017
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CHAPTER 1 

FACT: THE EVOLUTION OF THE UNIVERSE 

 

In this chapter, we shall first give an account of the discovery of the 

expansion of the Universe (Section 1.1); then present a short history of the 

expanding Universe starting from the Big Bang (1.2); then analyse the 

production of elements in the stars (1.3) and the life cycles of different types 

of stars (1.4); and finally, the emergence and evolution of life on Earth (1.5). 

Section 1.1 The discovery of the expansion of the Universe 

I will first explain why a static Universe, as conceived by Isaac Newton 

(1642-1727) and, initially, Albert Einstein (1879‒1955), would necessarily 

collapse (Section 1.1.1), then present the Friedman-Lemaître model of an 

expanding Universe (Section 1.1.2), and finally show how Hubble’s Law 
corroborates the Friedman-Lemaître model (Section 1.1.3).  

Section 1.1.1 A static Universe will necessarily collapse 

A logical consequence of Newton’s theory of gravity was that a static 

Universe would have to collapse and could not exist. Newton was reluctant 

to accept this conclusion. According to Newton, the Universe had no centre. 

He maintained that the Universe is infinite and that an infinite, isotropic and 

homogeneous Universe would not collapse. Every star was equal to every 
other star (the Universe is homogeneous) and the stars were distributed in an 

equidistant and uniform way (the Universe is isotropic). Since the Universe 

is also spatially infinite, every individual star would be attracted by an equal  
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number of other stars in all directions, keeping it in its place, and therefore 
the Universe would not collapse, and would therefore be static. As a matter 
of fact, Newton’s conjecture about a static Universe can be refuted by 

Newton’s law of gravity. In Math box 1.1, I prove that different universes, 
supposing they have the same mass density, will collapse in the same 

amount of time, independently of their radius. 

 

Math box 1.1 A homogeneous and static universe is unstable 

Suppose we have two spherical, homogeneous universes,  with radius  

and  with radius , such that . Since we suppose they are 

homogeneous, it follows that both volume and mass of universe  are 

eight times the volume and mass of universe : 

(1) . 

(2) . 

   From equations (1) and (2), we obtain: 

(3) . 

   Since we suppose homogeneous universes with the same mass density, it 
follows that 

(4) . 

   From (3) and (4), we obtain: 

(5) . 

   At the periphery of either Universe, there is an object  with mass . In 

universe  the force  with which  is gravitationally attracted to the 

centre of mass of the universe is: 

(6) . 
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     Now acceleration  is defined as: 

(7) . 

      It follows from (6) and (7) that: 

(8) . 

     In the same way, we obtain the acceleration in universe : 

(9)     . 

     From (2), (5) and (9), it follows that: 

(10) . 

   From (8) and (10) it follows that: 

(11) . 

   This means that the acceleration in universe  is twice that of universe 

, which implies that at any time the velocity of the object  in universe 

 is twice that of the same object in universe . The object , travelling 

in universe  twice the distance it has to travel in universe , with twice 

its velocity, will arrive at the centre of mass at the same moment.  

   A spatially infinite universe will also collapse, contrary to what Newton 
thought, but it will take an infinite time to do so, since acceleration will be 

zero once the implosion velocity has reached that of light. 

  

   Newton’s idea of infinite space does not prevent it from collapsing, but 
the process would take infinite time, since acceleration will be zero once 
the implosion velocity has approached that of light. Anyhow, a slight 

disturbance in the gravitational field, or some slight inhomogeneity, would 
create a situation where things would start falling towards each other. 
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   Einstein, who initially conceived a static universe, introduced the famous 
cosmological constant Λ into the equations for his general theory of 
relativity to neutralise the effect of gravitational attraction. This 

cosmological constant was thought to be a repulsive force that allowed the 
Universe (at that time identified with our galaxy, the Milky Way) to remain 

in a static equilibrium. Nobody knew what the cosmological constant really 

represented, but, in the words of Einstein, it was “necessary only for the 

purpose of making a quasi-static distribution of matter” 3 in the Universe.  

   As a matter of fact, Einstein’s static Universe is as impossible as 

Newton’s. The exact value of the cosmological constant, arbitrarily chosen 

to explain the initial equilibrium of a static Universe, does not guarantee that 

this equilibrium will be maintained. Since the repulsive force increases 

linearly with respect to distance and gravity falls by the inverse square of 

distance, an equilibrium between the two forces in a static universe is not 

possible. A tiny variation in the gravitational field would cause the Universe 

to start collapsing or exploding. By postulating a fragile equilibrium 

between the gravitational and the repulsive force, Einstein fell into the same 

kind of trap that had blinded Newton when he postulated a static distribution 

of matter in an infinite space.4 

Section 1.1.2 The Friedmann-Lemaître model of an expanding Universe 

Einstein published his general theory of relativity, complete with the 

cosmological constant, in 1917, under the title Cosmological Considerations 

in the General Theory of Relativity. Having read Einstein’s essay, the 
Russian mathematician Alexander Friedmann (1888–1925) came up with an 
alternative theory, which he published in 1922. Making use of the equations 
of Einstein’s general theory of relativity, his model included the idea of the 

                                                                 
3 Cited in Simon Singh, Big Bang. The Origin of the Universe (2004): 148. 
4 These are only two of many mistakes Einstein made. See Hans Ohanian, Einstein’s 
Mistakes. The Human Failings of a Genius (2008). 
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escape velocity, defined as the velocity an object needs to escape from the 
gravitational field of an object with mass M and radius R. Friedmann 
showed that even when the cosmological constant was zero, the Universe 

would not necessarily collapse, provided it was in a state of expansion. 
There are three possible scenarios for the interaction between the 

gravitational force, which makes the Universe prone to collapse, and the 

expansive kinetic energy: 

a. Gravity gradually overcomes the expansive force and the Universe 

will eventually collapse: here the velocity of expansion is less than the 

escape velocity. 

b. The expansion has enough kinetic energy to overcome gravity: the 

velocity of expansion is greater than the escape velocity and thus ends 

up being positive and constant forever. In this case, the Universe does 

not collapse. 

c. When there is enough kinetic energy to prevent gravitational collapse 

but not enough to escape once and for all from the gravitational field, 

gravity acts as a brake on expansion without ever reversing it: the 

velocity of expansion is equal to the escape velocity. In this case, there 

is also no collapse. 

   Math box 1.2 explains these three scenarios in the language of 
mathematics: 

Math box 1.2 The Friedmann-Lemaître model of an expanding Universe 

According to Newton, the escape velocity   is the velocity an object 

requires to escape from a gravitational field of another object with  mass  

and radius   is: 

(1)  , 

where  is the gravitational constant from Newton's universal law of 
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gravitation with the value: . 

   We now define the expansion velocity   as the escape velocity   with 

a constant , such that  , when the expansion velocity  is bigger than 

the escape velocity ;   , when the expansion velocity  is smaller 

than the escape velocity ; or  , when the expansion velocity  is 

equal to the escape velocity : 

(2) .  

   The mass  of a spherical object is equal to the product of the volume of 

the sphere ( ), where   is the radius of the sphere, and its density 

: 

(3) . 

   Combining (2) and (3), we obtain: 

(4) .  

   Einstein published his treatise on general relativity in 1917. In 1922 and 

1927, respectively, Alexander Friedmann and Georges Lemaître, one 

independently of the other, used Einstein's general relativity to transform the 
Newtonian escape and expansion velocities and apply them to the Universe, 

and they obtained: 

(5) , 

where  is the Friedmann-Lemaître-Robertson-Walker constant of the 
curvature of the Universe. Combining (4) and (5) we obtain: 

(6) , 

such that if  , the Universe is closed, and it collapses before its 

radius  reaches infinity; if , the Universe is flat and it will expand 

forever, with the expansion velocity reaching zero when its radius  reaches 
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infinity and its density , zero ( , when  ∞ ); and if  

, the Universe is open and it will expand forever, with the expansion 

velocity being constant when   and  reach infinity. 

   I will now introduce the Hubble constant. The Hubble constant is the ratio 

of the recession velocity of a galaxy (which is equal to the expansion rate of 

the Universe vex at that point in the Universe) and its distance d from Earth: 

(7) .  

   Suppose that we are looking at a galaxy with a high recession velocity, at the 

limit of the observable Universe. In this case, the distance d is equal to the 

radius R of the observable Universe. So, equation (7) becomes:  

(8) .          

  From equation (6) and (8), we deduce that the density of the Universe ρ is: 

(9) .  

  The critical density ρ´ is obtained when k = 0:  

(10) . 

  The constant Ω is the ratio of the Universe’s density and its critical density: 

(11)  Ω ′ . 

   Combining equations (9), (10) and (11), we get Ω as a function of the 
constant k, speed of light c, radius of the Universe  and Hubble constant : 

(12)  . 

   Equation (12) is equation (366) from my treatise on general relativity in my 
Spanish language e-book on the Universe.5 

                                                                 
5 John Auping, “La construcción de la geodésica y el tensor de Einstein”, e-book:  
www.ibero.mx, publicaciones, publicaciones electrónicas, El Origen y la Evolución del 
Universo (2016): 639 ̶ 696 
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   Einstein was not impressed by Friedmann’s ideas about an expanding 
Universe. He initially objected that “the results concerning the non-

stationary world, contained in [Friedmann’s] work, appear to me 
suspicious, in reality it turns out that the solution given in it does not 

satisfy the equations [of general relativity]”, but after Friedmann defended 

the correctness of his calculations, Einstein was forced to retract his 

criticism and admitted that Friedmann’s dynamic model was indeed 
mathematically correct: “Mr Friedmann’s results are both correct and 
clarifying: they show that in addition to the static solutions to the 

equations [of general relativity] there are time varying solutions with a 

spatially symmetric structure.”6  

   Nonetheless, Einstein would not accept that Friedmann’s mathematical 

model described reality, and the scientific community backed Einstein. 
Friedmann died young. However, a few years later, the Belgian 

astrophysicist and Catholic priest Georges Lemaître (1894–1966) gave new 

life to the dynamic model. Unaware of Friedmann’s work, he developed 

his own model of an expanding Universe based on Einstein’s general 
relativity. 

   When Lemaître published his essay (in French, in 1927), a recent 

publication (1926) by Edwin Hubble (1889‒1953) had established that the 

so-called nebulae were not intra-galactic dust clouds, but faraway galaxies 
outside our galaxy, the Milky Way,7 and another recent publication (1925) 
by Gustaf Strömberg (1882‒1962) had established, on the basis of the 

radial velocities of these galaxies, that they were receding.8 In his 1927 
essay, Lemaître referred to their work. At that time, Hubble had not yet 

published his data relating the recession velocities of these galaxies with 
                                                                 

6 Cited in Simon Singh, Big Bang. The Origin of the Universe (2004): 153, 155. 
7 Edwin Hubble, "Extragalactic nebulae", in: Astrophysical Journal, vol. 64 (1926): 321–
369. 
8 Gustaf Strömberg, “Analysis of radial velocities of globular clusters and non-galactic 
nebulae”, in: Astrophysical Journal, vol. 61 (1925): 353  ̶362. 
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their absolute distance and though Strömberg had explored a correlation 
between radial velocity and absolute distance, in his sample it was so weak 

( ), that only 5% of recession velocity was explained by 

absolute distance, which could easily be attributed to measuring errors, 
which is why Strömberg himself deemed this correlation to be quite 

insignificant.  

   Lemaître’s contribution to our understanding of the Universe is 

admirable for three reasons, of which the first two ones are well known: 

1) He attributes the recession velocities of faraway galaxies to the 

expansion of the Universe, “L’éloignement des nébuleuses extra-

galactiques est un effet cosmique dû a l’expansion de l’espace”.9 

This was translated a few years later into English by Arthur 

Eddington (1882‒1944): “The recession velocities of extragalactic 

nebulae are a cosmic effect of the expansion of the universe.”10 

2) Lemaître went much further than Friedmann, postulating not only 

the expansion of the Universe, but its origin in the explosion of an 

original super quantum, which was later christened the Big Bang: 

“If we go back in the course of time we must find fewer and fewer 

quanta, until we find all the energy of the universe packed in a few 

or even in a unique quantum.”11 A few years later, he would 

elaborate this point in a book.12 

3) He predicted, two years before Hubble proposed and corroborated 
that hypothesis empirically, that “the Doppler effect [of the light of 

                                                                 
9 George Lemaître, “Un univers homogène de masse constante et de rayon croissant 
rendant compte de la vitesse radiale des nébuleuses extragalactiques”, in: Annales de la 
Société Scientifique de Bruxelles, vol. 47ª (1927): 58. 
10 George Lemaître, “A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae”, in: Monthly Notices of the 
Royal Astronomical Society, vol. 91 (1931): 489; (2013): 1645. 
11 George Lemaître, “The Beginning of the World from the Point of View of Quantum 
Theory”, Nature, vol. 127, no. 3210 (1931): 706. 
12 George Lemaître, L'Hypothèse de l' atome primitive. Essay de cosmogenie (1946). 
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receding galaxies is] due to the variation of the radius of the 

Universe”,13 establishing a linear relationship between this Doppler 
effect (also known as redshift) and absolute distance from Earth.  

   Lemaître is well known because of the first two contributions, but he is 
not known for the third one, though it is, as a matter of fact, quite 

remarkable. Lemaître starts his essay commenting that both the De Sitter 

model and Einstein’s static model of the Universe have merits and 
deficiencies. The De Sitter model does allow for an explanation of the fact 

“that extragalactic nebulae seem to recede from us with a huge velocity”, 
but it “ignores the existence of matter and supposes its density equal to 

zero”, whereas, on the other hand, Einstein’s model adequately allows for 
“the obvious fact that the density of matter is not zero and it leads to a 

relation between this density and the radius of the universe,” but does  not 
explain the recession velocity of faraway galaxies.14 After establishing that 

existing “theory can provide no mean between these two extremes”, 
Lemaître proposes “an intermediate solution”,15 which requires that he 

elaborates mathematically his own theory that has four important elements: 

a) an “Einstein universe of variable radius”; with b) “constant total mass”, 
where c) “the density, uniform in space, varies with time”, and d) a 
“Doppler effect due to the variation of the radius of the universe”.16 

   I will further develop some of his equations and their implications in Math 

box 1.3, showing that Lemaître discovered Hubble’s law, deriving it from 

his dynamic model of the Universe, two years before Hubble discovered it 

on the basis of empirical observations of some nearby receding galaxies. 

 

                                                                 
13 George Lemaître, A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae (2013): 1642. 
14 Ibidem: 1636. 
15 Ibidem: 1637. 
16 Ibidem: 1638, 1639, 1638, 1641, respectively. 
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Math box 1.3 Lemaître discovered Hubble’s law before Hubble did 

I integrated Lemaître’s model on the relations between the variable radius of 

the Universe, variable mass density, expansion velocity and gravitation, into 
Friedmann’s theory of the interaction of escape velocity and expansion 

velocity, in Math box 1.1. I will now explain another part of Lemaître’s 
theory: the relationship between the varying radius of the expanding 

Universe and Doppler effect of light coming from receding galaxies. As a 
matter of fact, this part of Lemaître’s model, normally not recognised in the 

literature, occupies the third part of his eleven-page essay.17 He neatly 

establishes Hubble’s law two years before Hubble did. 

   In Lemaître’s model,  is the expanding radius of the Universe;  is the 

distance of a receding object; and  is the radius of the curvature in 

Einstein’s static Universe, the value of which Lemaître took from Hubble´s 

1926 essay, where Hubble gave estimates of the values of the curvature 

radius, volume, mass, and mass density of “the finite universe of general 

relativity”:18 

(1) .19 

   Hubble grossly underestimated these values,20 but this does not really 

affect Lemaître’s exercise, because he does not pretend to present the 

empirical values of the variables he uses in his theory, but rather an 

instantiation of a theoretical scenario that establishes the relationship 

between absolute distance ( ) of a receding galaxy and the ensuing 
                                                                 

17 George Lemaître, A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae (2013): 1641  ̶1645. 
18 Edwin Hubble,  “Extragalactic nebulae”, in: Astrophysical Journal, vol. 64 (1926): 368  ̶
369. 
19 Edwin Hubble, Ibidem: 369 and George Lemaître Ibidem: 1641. 
20 Edwin Hubble,  "Extragalactic nebulae", in: Astrophysical Journal, vol. 64 (1926): 368  ̶
369, has the following values: radius ; volume 

 ;     mass ; mass density 
. 
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‘Doppler effect’ or redshift, represented as . He defines “the apparent 

Doppler effect due to the variation of the radius of the universe [as] the 

ratio of the radii of the universe at the instants of observation and emission, 

diminished by unity”.21  

   In his essay, Lemaître manages  as a limit, with constant value, to 

which  and  tend with the passage of time. As a matter of fact, he 

conceives a closed Universe, where “the lines starting from a same point 

come back to their starting point” 22 (a positive curvature, with ). 

   Lemaître does not give the actual, variable values of , but rather the 

values of   and . Using his fundamental equation, through 

which he relates ,    and , and which he reproduced in his essay three 

times, in different forms, I obtained the values for  and . The first time 

he writes this fundamental equation in the following way: 23 

(2)    and 

(3) . 

   From (2) and (3) we obtain; 

(4)     

(5)       

(6)      

(7) . 

                                                                 
21 Meaning that the radius at the moment of emission is shorter than at the moment of 
observation. George Lemaître, A Homogeneous Universe of Constant Mass and Growing 
Radius Accounting for the Radial Velocity of Extragalactic Nebulae (2013): 1642.  
22 Ibidem: 1636. 
23 Ibidem: 1641 (eq. 18). 
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   From (3) and (7) we obtain the value of  : 

(8)    . 

   The second time he presents his fundamental equation of , he does so by 

way of two equations that we can combine:24 

(9)    and 

(10)   . 

   From (9) and (10), we obtain: 

(11)   , 

which is our equation (2), and from there we get to (7) and (8).  The third 

time he writes his fundamental equation of , is at the end of his essay:25 

(12)   , 

which leads to our equation (2) and from there to (7) and (8).  

   Perhaps Lemaître wrote the same equation of the radius  of the Universe 

in three different ways, depending on the context. Since Lemaître gives us 

the values of  and ,26 we can obtain the value of , through equation 

(7) and the value of  through (8) and this way complement the values he 

published. In Table 1.1, columns one and four are Lemaître’s,27 and 

columns two and three contain the values which I derived from the values of 

 in the first column and from , which is a constant.  

   Columns 2 (implicit in Lemaître’s data) and 4 (explicit in his data) are the 
basis for the Pearson correlation in Graph 1.1.                  

                                                                 
24 George Lemaître, A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae (2013): 1643 (eqs. 26, 27). 
25 Ibidem: 1645 (equation at bottom of page). 
26 Ibidem: 1641 (value of ) and 1644 (1st column of table at bottom of page). 
27 Ibidem: table at the bottom of page 1644. 
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Table 1.1 Lemaître discovered Hubble´s law before Hubble did 

 Distance of receding 

galaxy  

Radius of expanding 

universe  

Indicator Doppler 

effect   

1   19 

2   9 

3   5 2/3 

4   4 

5   3 

10   1 

15   1/3 

20   0 

    

   The correlation between distance and redshift is , 

which means that 97.5% of the variation in redshift is explained by the 

absolute distance of the galaxy. We have a perfectly linear relationship, as in 

Hubble’s law. Though Lemaître did not graph his values, we may do so, 
measuring the absolute distance of the galaxy (column 2) in the X axis, and 

the redshift (column 4) in the Y axis. By doing so, the linear relationship 

between distance and redshift becomes visible.  
   One should consider that these are not observed values, but theoretical 

values which he obtained extrapolating present day empirical values, taken 
from Strömberg and Hubble’s sample of 42 galaxies, at an average distance 

of ,28, and with a redshift of almost zero. The 

zero value of the redshift at such a short distance is a consequence of his 
rounding off these empirical values in the graph’s origin, the first point on 
the very large, theoretical distance scale he extrapolates in his model. At 

these larger, theoretical distances, the redshift increases correspondingly. 

                                                                 
28 George Lemaître, A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae (2013): 1642. 
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   Graph 1.1 is based on the theoretical values of Lemaître’s long term 
extrapolations. Only the value in the left lower corner is empirical. 

Graph 1.1 Lemaître discovered Hubble´s law before Hubble did 

 
    

   Lemaître estimated the present value of the radius of the Universe to be 

,29 which is, of course, also the age of the 

Universe, and comes quite close to what I myself, following Wiltshire, 

found:  billion years (see the end of Math box 1.6).  

   From Lemaître’s estimate of the age of the Universe, we can derive his 

implicit ‘Hubble constant’, two years before Hubble published his estimate 

of . Since one Mega parsec ( ) is 

3.26*106 , one light year is 9.46*1012 , and one year has 

, Lemaître’s implicit Hubble constant is: 
(13) 

.  

                                                                 
29 George Lemaître, A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae (2013): 1645. 
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    This value comes remarkably close to what I found to be the correct 
value, if we measure the age of the global-average Universe with our 

terrestrial clock: .30 

   
   The important thing to notice in Math box 1.3 is the fact that Hubble’s 
law and the correct value of Hubble’s constant are implicit in Lemaître’s 
theory, two years before Hubble derived his law and constant from his 

empirical observations of nearby receding galaxies. This fact certainly pays 

additional tribute to Lemaître’s genius. 
   After publishing his model in a French language journal, in 1927, 

Lemaître was met by the same deafening silence that had greeted 

Friedmann’s model. That same year, he presented his model to Einstein at 

a conference. Einstein introduced him to Friedmann’s work but rejected his 

model, arguing that “your calculations are correct, but your physics is 
abominable”.31 Rejection by Einstein was tantamount to rejection by the 

scientific community as a whole and Lemaître stopped insisting. There is a 

profound irony to all of this. The rebel who had challenged the academic 

establishment of his era, was now, in 1927, its “dictator”, as he himself 

noticed: “to punish me for my contempt for authority, fate made me an 

authority myself”.32 Einstein had developed the theory and equations that 

would have allowed him to predict the expansion of the Universe, yet he 

clung to his static model. If Einstein had believed what his equations, in 

their original form, were telling him, he would have been able to predict 

the expansion of the Universe before it was observed.33 When Hubble 
discovered that galaxies were receding, as predicted by Lemaître, Einstein 

                                                                 
30 Time is different, if measured with clocks in walls, in voids or global-average clocks. 
See Chapter 2. 
31 Cited in Simon Singh, Big Bang. The Origin of the Universe (2004): 160 
32 Ibidem: 160. 
33 John Hawley & Katherine Holcomb, Foundations of Modern Cosmology (1998): 280. 
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publicly changed his mind, regretting what he called “the greatest blunder 

of his entire life”.34   

Section 1.1.3 Hubble’s data corroborate the Friedman-Lemaître model 

Edwin Hubble (1889‒1953), after proving that the Universe is bigger than 

the Milky Way35, made another, even more important discovery, which 

settled the dispute between the Friedmann–Lemaître theory of an expanding 

Universe, and the Newton–Einstein model of a static Universe. To 

understand the implications of his discovery, we need to recall the Lorentz 

transformation of the wavelength of light and the redshift of the light 

spectrum that occurs when objects move away from us at speed. 

   When Harlow Shapley (1885‒1972) and Heber Curtis (1872‒1942) 

debated their respective theories about the size of the Universe, the majority 

of nebulae, which originally were not distinguished from dust clouds in our 

galaxy, and finally identified as other, much more distant galaxies, were 

already known to exhibit redshift or blueshift. In 1912, the US astronomer 

Vesto Slipher (1875–1969) applied the non-relativistic Doppler effect 

formula to the Andromeda nebula, which exhibited blueshift. Slipher 

calculated that it was approaching the Earth at a speed of 125 miles per 

second. We now know that Andromeda and the Milky Way constitute a 
galaxy cluster, with the two galaxies trapped in a single gravitational field, 

just like the Earth and the Moon. This means that Andromeda oscillates 

between periods of moving closer or further away, although it has been 

moving closer for the last few million years. In 1922, Slipher published the 

results of research showing that 36 nebulae out of a sample of 41 exhibited 

redshifts.  

                                                                 
34 Cited in John Hawley & Katherine Holcomb, Foundations of Modern Cosmology 
(1998): 280. 
35 Edwin Hubble, "Extragalactic nebulae", in: Astrophysical Journal, vol. 64 (1926): 321–
369. 
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   However, nobody connected these results to the Friedmann‒Lemaître 
theory, even though they did corroborate it. 
   When Hubble and Milton Humason (1891–1972) graphed the recession 

velocity of galaxies (on the vertical axis) and their absolute distance (on the 
horizontal axis), they discovered a linear relationship between redshift and 

the absolute distance of a galaxy. Their initial results, based on the 

observation of 20 nearby galaxies (from 0 to 7 million light years), were 

published in 1929, and are reproduced in Graph 1.2. A parsec is 

.    

   In a subsequent study, in 1931, Hubble and Humason added another eight 

galaxies at distances of between 7 and 100 million light years.36 Their 

observations conclusively confirmed the hypothesis of the linear 

relationship between recession velocity and absolute distance and gave rise 

to Hubble’s Law, as explained in the Math box 1.4. 

Graph 1.2 Hubble and Humason’s original 1929 graph37  

 

                                                                 
36 Edwin Hubble & Milton Humason, “The Velocity-Distance Relation among Extra-
Galactic Nebulae”, in: Astrophysical Journal, vol. 74 (1931): 43‒80. 
37 Edwin Hubble, “A Relation between Distance and Radial Velocity among Extra-
Galactic Nebulae”, in: Proceedings of the National Academy of Sciences of the United 
States of America, vol. 15 (1929): 168‒173. 
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 Math box 1.4. Hubble’s Law 

We should recall that in this case the velocity of expansion  is equal to 

the recession velocity v and the distance d is equal to r: 

(1)   

(2)     (in km/s). 

   By (2) we obtain: 

(3) (in ). 

By (3), we can calculate t, the age of the Universe: 

(4)  . 

   Here t is the age of the Universe since the Big Bang. However, 

Hubble and Humason’s measurements suffered from systematic 
errors, with varying degrees of severity. The first error was that they 

had used the non-relativistic formula for redshift to derive the 

recessional velocity. However, even though this procedure is 

incorrect, for z < 0.1 it does not result in serious errors. Using the 

two formulae above, you will find that the non-relativistic formula 

for redshift of z = 0.1 is: 

(5) , 

in other words, 10% of the speed of light. On the other hand, the 

relativistic formula gives the following result: 

(6) 

, 

in other words, 9.5% of the speed of light. From equations (5) and (6), we 
obtain the difference between the correct, relativistic redshift and the 
incorrect, non-relativistic redshift, which is only 5.2%. 
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   The maximum speed of a galaxy recorded by Hubble and Humason at a 
distance of 100 million light years, was 20,000 km/s, in other words, 6.7% 
of the speed of light. At such slow speeds, the difference between the 

relativistic and non-relativistic results is not significant, as I just showed in 
Math box 1.4. This implied that the associated systematic margin of error in 

the redshift values, though real, was not enough to undermine the 

conclusions of their research. 

   However, the error in the measurement of the absolute distance of galaxies 

was much more serious. The method was based on the relationship between 

the luminosity and the period of Cepheid variable stars. Cepheids, like 

Polaris, the North Star, vary in luminosity. Today we know that this 

variation, which can last from about a week to about a month, is caused by 

the fact that these stars suffer gravitational collapse and then expand again, 

since the compression of the collapse reignites the nuclear fusion at their 

core. In the period of collapse, they are dimmer, and in the period of 

expansion, brighter. John Herschel (1792‒1871) used daguerreotypes to 

register the alternation in the observed luminosity  of the Cepheids, at 

Harvard College´s observatory. One of his female collaborators, Henrietta 

Leavitt (1868‒1921), discovered that “there is a simple [linear] relation 

between the brightness of the variables and their periods”.38 If two 

Cepheids, number 1 and number 2, with the same period, and therefore with 

the same real luminosity , have different observed luminosities, this 

difference is due to the fact that these Cepheids are at different distances. If 

, but both have the same period, so that , this means 

that Cepheid 2 lies at a distance five times farther away than Cepheid 1. 
This method makes it also possible to know the exact distance from Earth of 

Cepheid variable stars in the sky, as shown in Math box 1.5. 
 
                                                                 

38 Henrietta Leavitt & Edward Pickering, “Periods of 25 Variable Stars in the Small 
Magellanic Cloud”, in: Harvard College Observatory Circular, vol. 173 (1912): 1‒3. 
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Math box 1.5 A galaxy´s distance from Earth calculated with a Cepheid 
A sphere has a surface of 

(1) . 

   An observer at a distance  from a galaxy with a Cepheid variable star 

receives a quantity of light that is equal to its real luminosity  divided by 

the sphere’s surface: 

(2)  . 

   From equation (2), we obtain: 

(3)  . 

   Let us consider an example of how this is done. A telescope on Earth with 

a radius of two metres has a surface of 2 . It receives light from a 

distant star with an energy of  per square metre. This means the 

observed luminosity per square metre is: 

(4) .  

   Now we know from the period of the Cepheid variable star that the real 
luminosity is: 

(5) . 

   Combining (3), (4) and (5), we obtain, in the case of this example: 

(6) . 

 

   The Cepheid variable stars allowed Leavitt and Hubble to calibrate an 
exact distance scale of galaxies in the nearby Universe.  
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   However, at that time, it was not known that there are actually two types 
of Cepheid variable stars. Hubble’s observations of several galaxies 
pertained to type I Cepheids, which are four times brighter than their type II 

counterparts and had been used by Leavitt and Shapley used to calibrate 
their scale for absolute distance. As a result, Hubble underestimated the 

distance of type I Cepheid galaxies by a factor of two. Besides, the Cepheid 

distance scale could not be used for more distant galaxies (over 10 million 

light years), although today with the Hubble Space Telescope it can be used 

at distances of up to 50 million light years. As such, Hubble had to make 

approximate estimates based on the assumptions that, for mid distances, the 

absolute luminosity of the brightest stars in different galaxies is constant and 

that, for longer distances, the absolute luminosity of galaxies of a certain 

type is also constant. As a consequence of these accumulated measurement 

errors, observing galaxies with a high recession velocity, appearing to be so 

close, Hubble overestimated the value of the Hubble constant and 

underestimated the age of the Universe. 

 

Math box 1.6 The age of the Universe according to Hubble´s constant 

Hubble calculated the value of the Hubble constant to be 

. He then used the formula we saw above to calculate the 

age of the Universe: 

(1) . 

   Since one Mega parsec ( ) is 3.26*106 light years, one light year is 

9.46*1012  and one year contains  , according to Hubble, 

the age of the Universe was: 

(2) 
 bill. years. 
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   Hubble underestimated the age of the Universe by 85%! With time, more 
precise estimates were made based on more exact measurements. A sample 

of these is the following. In the 1970s and 1980s, according to Malcolm 

Longair, different astrophysicists made estimates of the Hubble constant  

and the age of the Universe ,39 which varied from:  

(3)       billion years. 

   In 1994, Edward Kolb and Michael Turner40 made the following very 

crude estimate: 

(4)    

 years.  

   In 1997, Wendy Freedman41 estimated:  

(5)  kms-1Mpc-1    13.4 billion years. 

  That same year, in the same book, Allan Sandage and Gustav Tammann42 

estimated: 

(6)  kms-1Mpc-1    17.8 billion years. 

   In 1999, Tripp and Branch43 estimated: 

(7)   kms-1Mpc-1     billion years. 

   Accurate observations from the Hubble Space Telescope supported the 
following estimate by Freedman and 14 other astrophysicists in 2001:44 

                                                                 
39 Malcolm Longair, The Cosmic Century (2006): 344. 
40 Edward Kolb & Michael Turner, The Early Universe (1994): 503. 
41 Wendy Freedman, “Determination of the Hubble Constant”, in: Neil Turok ed., Critical 
Dialogues in Cosmology (1997): 92–129. 
42 Allan Sandage and Gustav Tammann, “The evidence for the Long Distance Scale with 
H0 <65” in: Neil Turok ed., Critical Dialogues in Cosmology (1997): 130–155. 
43 Robert Tripp & David Branch, “Determination of the Hubble Constant Using a Two-
Parameter Luminosity Correction for Type Ia Supernovae”, in: The Astrophysical Journal 
vol. 525 (1999): 209‒214. 
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(8)   kms-1Mpc-1       13.97 billion years. 

   Fourteen billion years is the age of the Universe accepted by most 

astrophysicists who subscribe to the  model. The problem is that dark 

energy ( ) and dark matter ( ) are myths, not facts, as I explain in 

Chapter 2. David Wiltshire proved what we already should have known, 

taking Einstein’s general relativity seriously, that there is no such thing as 
absolute time. The Universe is like a sponge, with holes (the voids) and 

walls (galaxy clusters). Clocks run at different rates in walls and voids, and 
in the Universe at large, which is an average of walls and voids. The 

measurements of time in the Universe at large give different results, when 

done with wall clocks, like our own galaxy cluster clock, or average clocks. 
Since wall clocks run slower than global-average clocks, when used to 

measure the time it took the Universe to expand, the resulting age of the 

Universe is smaller than would be the case if a faster running, global-

average clock were to be used. All this is explained in detail in Chapter 2. 

As a consequence, there are different Hubble constants according to the type 

of clock we use. There is no such thing as absolute time, or an absolute 
Hubble constant, or an absolute age of the Universe! It all depends on the 

clock we use to measure it. When measured with the global-average clock, 

we obtain the following Hubble constant and age of the Universe at large: 

(9)     billion years. 

   But we obtain a different result for the Hubble constant and the age of the 

Universe at large, when we measure it with a wall clock, like the one we use 
here on Earth, in our own galaxy cluster: 

(10)     billion years. 

                                                                                                                                                                   
44 Wendy Freedman et al., “Final results from the Hubble Space Telescope Key Project to 
measure the Hubble constant”, in: Astrophysical Journal, vol. 533 (2001): 47–72, they 
reported H0 = 70 ± 7 kms-1Mpc-1. 



 41 Chapter 1 | Fact: the evolution of the Universe 

   After consulting Math box 1.6, the reader might wonder what is the ‘real’ 
age of the Universe. As a matter of fact, both ages that I just mentioned in 
equations (9) and (10) are ‘real’, it all depends on how we measure it, with 

wall clocks, void clocks, or global-average clocks (see Section 2.2 of 
Chapter 2). Our Universe at large (on average) has an age of 14.7 billion 

years, when measured with clocks we use on our planet Earth, in our galaxy.  

   I will now come back to the main argument of this section, the 

corroboration of the Friedmann‒Lemaître model of an expanding Universe 

by Hubble’s law. Hubble’s considerable measurement errors gave detractors 

of the Big Bang model powerful ammunition, since geological research into 

certain rock formations on Earth had dated the planet to 3.4 billion years, 

which was incompatible with Hubble’s calculation dating the Universe to 

1.75 billion years. These errors were not corrected until 1948, when Walter 

Baade (1893‒1960) conducted more accurate observations with a new 200-

inch (5 m) telescope installed on Mount Wilson. He discovered there are 

two types of Cepheids, which had been confounded by Hubble, distorting 

the scale for measuring absolute distances.45 

   For a long time, the lack of accurate observations meant that the empirical 

value of the Hubble constant was not correctly estimated and its value was 

the object of considerable debate for many years.46 As we saw in Math box 

1.6, a wide variation of estimates of the Hubble constant and the age of the 

Universe developed over time, until Wiltshire, taking general relativity 

seriously, did away with the idea of absolute time. 

   Hubble was never interested in the theoretical implications of his 

observations and did not go beyond reporting their results, even though they 
corroborated the main claims of the Friedmann–Lemaître theory. In his 

1927 essay, Lemaître had not only proposed his model of the Big Bang but 

                                                                 
45 Walter Baade, “A revision of the extra-galactic distance scale”, in: Transactions of the 
International Astronomical Union, vol. 8 (1952): 397–398. 
46 Malcolm Longair, The Cosmic Century (2006): 343. 



 42 The Cause and Evolution of the Universe 

had also predicted the relation between redshift, recession velocity and 
distance...  just like Hubble observed a few years later! When a scientific 
theory makes predictions that are later empirically corroborated, it is 

strengthened and stands as true, as long as new facts do not falsify it. 
   Einstein, who had already read Hubble and Humason’s results, travelled to 
Mount Wilson in February 1931. Hubble and Humason showed him the 

photographic plates revealing the redshift of distant galaxies. Einstein 

immediately addressed the journalists who had gathered at the observatory 

library, renouncing his own static model of the Universe and accepting 

Friedmann and Lemaître’s dynamic model. He had the courage to publicly 

rectify his errors. 

   Sir Arthur Eddington (1882–1944), a Quaker pacifist and English 

astronomer, as well as being one of the few people who could fully grasp 

the mathematics of Einstein’s general theory of relativity, also made 
amends. Eddington had received and ignored a letter from Lemaître in 1927, 

in which he had enclosed his recent publication that derived the dynamic 

model of the Universe from Einstein’s equations. Now that Hubble’s 
observations were in the headlines, Lemaître wrote to Eddington again, who 

sent a letter to the prestigious journal Nature in June 1930, drawing the 

scientific community’s attention to Lemaître’s work. In 1931, Lemaître 

himself was given the opportunity twice to discuss his theory in Nature.47 

He presented his idea of the original super quantum in the following terms: 

“Sir Arthur Eddington states that, philosophically, the notion of a 

beginning of the present order of Nature is repugnant to him. [But] I think 

that the present state of quantum theory suggests a beginning of the world 

very different from the present order of Nature. Thermodynamical 

principles from the point of view of quantum theory may be stated as 

                                                                 
47 George Lemaître, Nature, vol. 127, no. 3210 (1931): 706; George Lemaître, “The 
Evolution of the Universe: Discussion”, Nature, vol. 128, no. 3234 (1931): 699‒701. 
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follows: (1) Energy of constant total amount is distributed in discrete 

quanta. (2) The number of distinct quanta is ever increasing. If we go back 

in the course of time we must find fewer and fewer quanta, until we find all 

the energy of the universe packed in a few or even in a unique quantum.”48 

   Eddington also translated Lemaître’s work, which was originally written 

in French, into English and it was published in the Monthly Notices of the 

Royal Astronomical Society.49 From 1930, Lemaître went on to give lectures 

throughout the world and received a number of international prizes. In 1933, 

he met Einstein at a seminar on Hubble’s observations and the Big Bang 
model in Pasadena, California. This time, instead of berating his physics as 

abominable, as he had done six years earlier, Einstein heaped praise on 

Lemaître: “This is the most beautiful and satisfactory explanation of 

creation to which I have ever listened.”50 

Section 1.2 A brief history of the Universe following the Big Bang 

In this section, I describe the history of the expanding Universe, starting 

from the Big Bang. Unlike human history, whose reconstruction depends on 

records left behind by eyewitnesses and historic objects that can be dated 

using techniques such as C-14 radiocarbon dating, we can actually see the 

Universe’s history with our own eyes. This is possible because the further 

away cosmic phenomena and objects are in space, the further back they are 
in time. Even if electromagnetic records travel at the speed of light, the 

vastness of the Universe means that we receive electromagnetic waves from 

all past epochs. Today, we can see objects that originated in a distant past, 
for example, we can see lighter elements of the periodic table throughout the 
                                                                 

48 George Lemaître, “The Beginning of the World from the Point of View of Quantum 
Theory”, Nature, vol. 127, nr. 3210 (1931): 706. 
49 George Lemaître, “A Homogeneous Universe of Constant Mass and Growing Radius 
Accounting for the Radial Velocity of Extragalactic Nebulae", in: Monthly Notices of the 
Royal Astronomical Society, vol. 91 (1931): 483–490. 
50 Cited in Simon Singh, Big Bang. The Origin of the Universe (2004): 276. 



 44 The Cause and Evolution of the Universe 

entire Universe, such as hydrogen (protons), deuterium, helium and 
beryllium and lithium isotopes whose nuclei were produced during the first 
15 minutes of the Universe. In Graph 1.3, the observable objects and events 

are in red, future ones in black. 

Graph 1.3 The observable Universe 

 

   Astrophysicists have shown great interest in the Universe’s first few 
minutes. However, since this epoch cannot be directly observed, a series of 

hypothetical reconstructions have been undertaken instead, first by Ralph 

Alpher and Robert Herman, then by Steven Weinberg and Jonathan 
Allday.51 I have divided these initial moments into eight stages (I to VIII). 

I. Scientists believe the Universe was extremely small, hot and dense to 

begin with, before expanding rapidly. According to Weinberg, it is 

                                                                 
51 Ralph Alpher, James Follin & Robert Herman, “Physical Conditions in the Initial 
Stages of the Expanding Universe”, in: Physical Review, vol. 92 (1953): 1347‒1361; 
Steven Weinberg, The First Three Minutes: A modern view of the origin of the universe 
(1977); Jonathan Allday, Quarks, Leptons and the Big Bang. Second edition (2002): 244–
266. 
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impossible to say for sure what really happened during the time interval 
from t = 0 to t = 10-43: 

   “We do not know enough about the quantum nature of gravitation even 
to speculate intelligently about the history of the Universe before this time. 

We can make a crude estimate that the temperature of  was 

reached some 10-43 seconds after the beginning, but it is not really clear 

that this estimate has any meaning. Thus, whatever other veils may have 

been lifted, there is one veil, at a temperature of , that still 

obscures our view of the earliest times.”52    

      We do not have a theory that would allow a hypothetical reconstruction 

of this phase, as John Barrow points out: 

   “Suppose we take the whole mass inside the visible Universe and 
determine its quantum wavelength. We can ask when this quantum 

wavelength of the visible Universe exceeds its size. The answer is when the 

Universe is smaller than the Planck length in size (10-33 cm), less than the 

Planck time in age (10-43 secs) and hotter than the Planck temperature 

(1032 degrees). Planck’s units mark the boundary of applicability of our 
current theories. To understand what the world is like on a scale smaller 

than the Planck length we have to understand fully how quantum 

uncertainty becomes entangled with gravity... The constants of Nature 

mark out the frontiers of our existing knowledge...”53    

   To understand the point Barrow makes, one must know that in quantum 

physics there are minimum quantities of time and length that cannot be 

subdivided further. These are two of the so-called Planck units. The Planck 

unit of time is t = 5.4*10-44  and of length, 1.616 *10-35 . When it comes 

                                                                 
52 Steven Weinberg, The First Three Minutes: A modern view of the origin of the universe 
(1977): 125. 
53John Barrow, The Constants of Nature (2002): 43.  
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to temperature, there is a minimum, which is, of course, zero degrees , but 

also a maximum, 1.4*1032 . Math box 1.7 contains all the Planck units. 

Math box 1.7 Planck units of mass, length, time and temperature54 

In the following equations,  is the velocity of light;  is the gravitational 

constant; and  is the Boltzmann constant. 

Planck mass:  = 2.1*10-5  = 2.1*10-8 . 

Planck length:   = 1.616 *10-35 .  

Planck time:  = 5.391*10-44 . 

Planck temperature: = 1.416808 *1032 . 

Planck constant: h = 6.6260755 *10-34 Js = kgm2s-1 and ħ = h /2π = 

1.0546 *10-34 Js. 

   The Planck length and the Planck time are the smallest possible units. 

The Planck temperature is the hottest possible temperature. The Planck 

mass, however, is not the smallest possible mass. Many things weigh less, 

like, for example, a flea’s egg or a proton. The Planck mass is big, 

because the gravitational force constant  is relatively very weak. 
 
   Three of these units (length, time and temperature) are crucial for 

reconstructing the first fraction of a second of the Universe. George Smoot 

makes the same point as Weinberg and Barrow: that currently there is no 

theory of physics that allows us to have a look behind the veil that covers 

                                                                 
54Max Planck, "Über irreversible Strahlungsvorgänge”, in: Sitzungsberichte der Königlich 
Preußischen Akademie der Wissenschaften zu Berlin (1899): 478–480.  
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what happened before the Universe was t = 5.3*10-43 old.55 Smoot calls this 

stage from t = 0 to t = 10-43 the quantum gravity epoch, the physical laws of 
which are unknown.56 Roger Penrose too, in the context of his criticism of 
theories that see the Big Bang as a big bounce in an infinite succession of 

big bangs and big crunches, argued, as recently as 2016, that a theory of 

quantum gravity, the Holy Grail of quantum physics, still eludes us: 

“We cannot expect any reasonable classical equations of state to provide 

us with a bounce within the context of Friedmann-Lemaître-Robinson-

Walker models, and the issue must be raised as to whether the equations of 

quantum mechanics will enable us to fare better... space-time curvature 

radii would become indefinitely small near the classical singularity, 

eventually becoming smaller even than the Planck scale of ... 

At this scale, there would have to be drastic departures from the normal 

smooth-manifold picture of space-time... the procedures of general 

relativity will necessarily have to be modified in order to fit in with those 

of quantum mechanics in the vicinity of such a violently curved space-time 

geometry. That is to say, some appropriate quantum gravity theory 

appears to be needed to cope with those situations where the classical 

procedures of Einstein lead to singularity... A trouble here is that, even 

now, there is no generally accepted quantum-gravity proposal.”57 

II. From 10-43 to 10-34 seconds, the temperature fell from 1032 to 1027 

degrees Kelvin. The Universe was pure energy. Three of the four great 

forces of the Universe were still unified: the strong nuclear force, the weak 

nuclear force and the electromagnetic force. The gravitational force was a 
separate force.  

                                                                 
55 George Smoot & Keay Davidson, Wrinkles in Time (1993): 283. 
56 George Smoot & Keay Davidson, Wrinkles in Time (1993): 150–151. 
57 Roger Penrose, Fashion, Faith and Fantasy: on the New Physics of the Universe 
(2016): 228. 
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III. From 10-34 to 10-10 seconds, the temperature fell from 1027 to 1015 
degrees Kelvin. This epoch saw the separation of the strong nuclear force 
from the weak nuclear force and the electromagnetic force, which were still 

unified. In terms of matter, quantum physicists speculate that quarks and 
anti-quarks abounded at this stage. Since these elementary particles break 

the rule that charges must be whole numbers, some physicists doubt about 

their independent existence.58 However, as a mathematical construct, the 

concept of the quark is extremely useful. As well as quarks, the Universe 

also abounded in highly energised photons, electrons, positrons and other 

particles and anti-particles that annihilated each other. 

IV. From 10-10 to one second, the temperature fell from 1015 to 1010 degrees 

Kelvin. The weak nuclear force and the electromagnetic force separated. 

The annihilation of matter and anti-matter ended, leaving just one billionth 

of the original matter, which is all the matter that exists today. Matter was 

organised into protons and neutrons. Alpher and Herman envisaged the 

generation of protons and neutrons in two phases. First, high-energy 

photons produced protons and anti-protons and neutrons and anti-neutrons, 

and vice versa, in a period referred to by Alpher and Herman as the ‘inter-
conversion’ of radiation and matter.59 In their study of the early Universe, 

Kolb and Turner estimated the ratio of baryons and photons resulting from 

this inter-conversion to be .60 This number 

gives the relative abundance of baryons, not the absolute figure. According 

to Alpher, the matter–radiation inter-conversion phase was followed by a 

proton–neutron inter-conversion phase in which neutrons and protons were 

                                                                 
58 Jonathan Allday, Quarks, Leptons and the Big Bang (2002): 167–180. 
59 Ralph Alpher, James Follin & Robert Herman, “Physical Conditions in the Initial 
Stages of the Expanding Universe”, in Physical Review, vol. 92 (1953): 1347–1361; see 
also Jonathan Allday, Quarks, Leptons and the Big Bang (2002): 244–266. 
60 Edward Kolb & Michael Turner, The Early Universe (1994): 16, 127. 
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kept in thermodynamic equilibrium by certain interactions, as defined in 
Math box 1.8.61 

Math box 1.8 Matter-radiation and neutron–proton inter-conversion 

Inter-conversion (as indicated by ) of radiation and matter occurs as 

follows. High energy photons collided and produced protons and anti-

protons, and neutrons and anti-neutrons, and vice-versa, matter and anti-

matter annihilated, when colliding, producing gamma-ray photons: 

(1) . 

(2)  . 

   The radiation field also generated pairs of electrons and positrons, which 

then annihilated each other when colliding:62 

(3)  . 

  The production of protons and neutrons stopped at  after 

temperature had dropped to  , and the production of electrons 

stopped a few seconds later, when temperature had dropped to 

. The inter-conversion of radiation and matter was followed by 

the inter-conversion of neutrons ( ) and protons ( ): 63   

                                                                 
61 See Ralph Alpher, James Follin & Robert Herman, “Physical Conditions in the Initial 
Stages of the Expanding Universe”, in Physical Review, vol. 92 (1953): 1354‒1358. 
62 Fred Hoyle & Roger Tayler, “The Mystery of the Cosmic Helium Abundance”, in: 
Nature, vol. 203 (1964): 1108–1110. 
63 See Jeremy Bernstein, Kinetic Theory in the Expanding Universe (1988): 109; Edward 
Kolb & Michael Turner, The Early Universe (1994): 89. Alpher writes , 
although in the context it is clear this should be . See also See Fred Hoyle 
& Roger Tayler, “The Mystery of the Cosmic Helium Abundance”, in: Nature, vol. 203 
(1964): 1108–1110; Jonathan Allday, Quarks, Leptons and the Big Bang (2002): 262; 
Malcolm Longair, The Cosmic Century (2006): 322 and John Barrow & Frank Tipler, The 
Anthropic Cosmological Principle (1986): 398; Michael Barnett et al., The Charm of 
Strange Quarks (2000): 162.  Barrow mistakenly writes interaction (4) as 

, whereas, as a matter of fact, we do not have an electron neutrino, but an electron anti-
neutrino . 
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   (4)   . 

(5)   . 

(6)   . 

   A small fraction (about one in 1000) of free neutrons decay producing the 

same particles, but emitting an extra particle in the form of a gamma ray: 

 (7)    + . 

   Note that in all these processes of inter-conversion, nature upholds the law 

of conservation of charge. A proton has two up quarks and one down quark 

( ), with a total charge of  , a neutron has one 

up quark and two down quarks ( ), with a total charge of 

. An electron has a charge of -1, and a positron of +1. Anti-

particles have the same mass as their particle counterparts, but a contrary 
charge. 

Table 1.2 The characteristics of quarks 
type up down charm strange top bottom 

symbol u D c S t b 
mass  

  
0.005 0.01 1.5 0.2 175 4.7 

electric 
charge 

+ 2/3 - 1/3 + 2/3 - 1/3 +2/3 - 1/3 

spin ½ ½ ½ ½ ½ ½ 

    
   When a neutron decays, to produce a proton, an electron, and an electron 

anti-neutrino, it so happens that a down quark transforms into an up quark, 

in the process emitting an electron: 

   (8)    
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   In 1953, Alpher and Herman calculated the ratio of the relative abundance 
of protons and neutrons in the Big Bang taking into account the instability 
of the neutron, which they assigned a half-life of 12.8 minutes, yielding a 

ratio of .64 As a matter of fact, a free neutron has a 

shorter half-life, of 10.2 minutes, which means the authors slightly 

overestimated the amount of neutrons produced. In 1977, Steven Weinberg 

corrected the figure, allowing for slightly more protons, with a ratio of 

, equivalent to 13% neutrons and 87% protons.65 In 

1994, Kolb and Turner estimated the ratio of neutrons and protons at the end 

of inter-conversion when the numbers freeze out as . 

Since 50% of the neutrons decay after a little more than ten minutes, this 

ratio falls to , when, a few minutes later, the 

remaining neutrons are ‘trapped’ and stabilised in helium nuclei by 

nucleosynthesis.66 

   After the production of protons and neutrons, at t = 0.01 s, the temperature 

was 1011 K and the energy density of the Universe 21*1044 eV per litre, 

roughly equivalent to 3.8 billion kilograms per litre. At this point, according 

to Weinberg, the circumference of the Universe was possibly “about four 

light years”, which implies a radius of about  light years.67 

Such an estimate would imply that during the first hundredth of a second 

after the Big Bang, the expansion velocity of the Universe was 2*107 times 

the velocity of light! With an expansion velocity equal to the velocity of 

light, the radius of the Universe would have been only 3,000 km.  

                                                                 
64 Ralph Alpher, James Follin & Robert Herman, “Physical Conditions in the Initial 
Stages of the Expanding Universe”, in Physical Review, vol. 92 (1953): 1357–1358. 
65 Steven Weinberg, The First Three Minutes: A modern view of the origin of the universe 
(1977): 98. 
66 Edward Kolb & Michael Turner, The Early Universe (1994): 88–89, 95. 
67 Steven Weinberg, The First Three Minutes: A modern view of the origin of the universe 
(1977): 94. 
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   In the Math box 1.9, I give a more conservative estimate of this rapid 
expansion, maintaining, however, Weinberg´s implicit point that during a 
fraction of a second, expansion velocity was faster than light. This point is 

not to be confounded with Alan Guth’s inflationary period (see Chapter 4). 

Math box 1.9 The volume and radius of the Universe at  

The estimate of the quantity of protons and neutrons at   is the 

following: 

(1)  protons +  neutrons =  baryons. 

   Photons do not compete for space, but baryons do. The volume of one 
proton or neutron is approximately: 

(2) . 

   From (1) and (2), we obtain a total volume of the Universe of: 

(3)  . 

    From the volume of a sphere, we obtain its radius: 

(4)  . 

   From (2) and (4), we obtain the radius of the Universe at : 

(5) . 

   Since this distance was covered in one hundredth of a second, the 
expansion velocity per second was: 

(6) . 

   Since light travels at a lesser speed: 

(7) , 
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it follows from (6) and (7) that during one hundredth of a second after 

, the expansion velocity was a hundred thousand times the velocity 

of light: 

(8) . 

   This estimate is a bit more conservative than Weinberg’s  

, which is ten million times the velocity of 

light. The reader must take into account that these values and figures are 

estimates, based on ‘reverse engineering’ of the ‘machinery’ of the 

Universe at a later point in time where it can be observed today, looking 

backwards in time. It is not exact science, rather an approximation. 

 

V. From one second to three minutes, the temperature fell from 1010 to 109 

degrees Kelvin. Neutrinos separated from matter and electrons and positrons 

were annihilated, leaving an excess of electrons equal to the quantity of 

protons. The cosmic background radiation separated from matter but 

remained invisible, since photons were continuously colliding with different 

particles and the Universe was opaque. The ratio of neutrons to protons fell 

slightly because, on the one hand, neutrons decayed into protons, and, on 

the other, the temperature had fallen to a point of no return, preventing the 

transformation of protons into neutrons. There would have been no neutrons 
left at all if nuclear reactions had not started at the end of this period, 

producing stable helium nuclei, in which neutrons were trapped.68 

VI. From around three minutes to between 15 and 20 minutes, the 
temperature fell from 109   to 108 degrees Kelvin, and the Universe 
transformed into a giant hydrogen bomb with a radius of almost one light 

year, producing large quantities of helium nuclei and leaving a large 

                                                                 
68 Edward Kolb & Michael Turner, The Early Universe (1994): 16. 
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quantity of hydrogen that did not undergo fusion.69 The production of 
helium in the Big Bang was discovered by Gamow, Alpher and Herman, as 
we shall now see. 

   George Gamow (1904–1968) was a Russian physicist who first discovered 
Friedmann’s work in 1923 during his time in Leningrad. In 1933, Gamow 
and his wife escaped from the Soviet Union to continue his work in 

cosmology at George Washington University in the United States. He 

remained sceptical of Lemaître’s model of the repeated nuclear fission of a 
primitive super quantum, since both nuclear fusion and fission ultimately 

give rise to nuclei in the middle of the Mendeleev periodic table, converging 

upwards (fusion) or downwards (fission) on iron, which has 26 protons and 

30 neutrons and is extremely stable. It is simply not feasible that abundant 

quantities of light elements such as helium and hydrogen were formed by 

the repeated fission of a super-heavy atom, as argued by Lemaître. 

   Gamow understood that while fission was impossible, nuclear fusion at 

the heart of stars also failed to account for the volumes of helium observed 

in the Universe. Current estimates are similar to the values that Gamow 

considered: for every 10,000 hydrogen atoms, there are 1,000 helium atoms, 

6 oxygen atoms, 1 carbon atom and less than 1 atom of the remaining 

elements. Based on the speed at which helium is produced in the heart of 

stars, it would take 27 billion years to produce the quantity of helium 

observed in the Universe,70 so most of the helium must have been produced 
during the Big Bang, before the formation of the stars. 

   Gamow was not a strong mathematician and was helped by Ralph Alpher 
and Robert Herman, a student born in 1921. The trio realised there was a 

window of just 15 minutes in the evolution of the Universe, shortly after the 

Big Bang, in which it would have been possible to produce helium. At 
temperatures in excess of millions of millions of degrees, particles travel too 
                                                                 

69 See Jeremy Bernstein, Kinetic Theory in the Expanding Universe (1988): chapter 9. 
70 Simon Singh, Big Bang. The Origin of the Universe (2004): 310. 
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fast to undergo fusion and when they fall below a few million degrees they 
are already too slow to bond. Protons must come into frequent contact at a 
high enough speed to allow the strong nuclear force (which joins the 

baryons in the nucleus) to overcome the electromagnetic repulsion of the 
positive charges.  

   Another limit on this critical time is the average half-life of neutrons of 

just 10 minutes. After years of calculations and verifying the data, in April 

1948 they published a mathematical proof in the journal Physical Review 

showing that the Big Bang model produced hydrogen and helium in the 

same proportions as currently observed. In 1953, the relative abundance of 

helium atoms was estimated to be between 9% and 12.5% by Alpher and 

Herman, making the corresponding figure for hydrogen between 91% and 

87.5%.71 In 1964, Hoyle and Tayler arrived at the figures of 12.3% and 

87.7% ( ).72  

   In a classic study from 1974, the US astrophysicist Wagoner calculated 

the abundance of primordial helium mass, estimating it to be between 26% 

and 32%.  

   Wagoner also calculated the relative abundances of other light elements 

and isotopes produced by nucleon-synthesis shortly after the Big Bang and 

compared them with the levels currently observed in the Universe. 
   After examining Table 1.3, it is hard not to admire the ability of modern 

astrophysics to reconstruct the initial conditions of the early Universe, 

though there are also serious problems due to the difficulty in calculating 

the relative abundances of the light elements and the ratio of baryons and 

photons during the Big Bang.  

                                                                 
71 Ralph Alpher, James Follin & Robert Herman, “Physical Conditions in the Initial 
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Table 1.3 Relative abundance of light elements according to Wagoner73 

Element Fraction of 
total mass 

Location Production P and  
destruction D 

Produced in 
Big Bang 

Deuterium 
2H 

≤ 4.1*10-4 Planets, 
meteorites,  

interstellar 
medium 

Some P in solar 
system, 10–75% D 

in stars 

(0.3 to 5) *10-4 

Tritium 3He ≤ 2.46 *10-4 Meteorites,  

solar wind 

P possible in stars,  

10–75% of D in 
stars 

≤ 1*10-4 

Helium 4He 0.26 to 0.32 Galaxies, stars, 
interstellar 

medium 

1–4% P in stars,  
≈0% D in stars 

0.22 to 0.32 

Lithium-6 
6Li 

0.4*10-9 Earth, meteorites Sufficient P from  
cosmic radiation 

≤ 1*10-9 

Lithium-7 
7Li 

< 2.35 *10-8 Meteorites, stars, 

interstellar 
medium,  

P possible in stars,  

10–75% D in stars 

≤ 2*10-8 

Beryllium 
8Be 

< 5.9*10-10 Meteorites, 
 interstellar 

medium 

Sufficient P from  
cosmic radiation 

≤ 3*10-10 

Boron-10 10B 0.3*10-9 Meteorites Sufficient P from  
cosmic radiation 

≤ 1*10-9 

Boron-11 11B ≤ 3*10-9 Meteorites, Sun Sufficient P from  

cosmic radiation 

≤ 3*10-9 

A ≥ 12 1.5 *10-2 Stellar 

photosphere 

Sufficient P in stars ≤ 10-5 

    
 
                                                                 

73 Robert Wagoner, “Big Bang Nucleosynthesis Revisited”, in: Astrophysical Journal, 
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   The method used by astrophysicists to establish Big Bang nuclear 
synthesis has five steps: i) measure the relative abundance of deuterium D / 
H at present; ii) use this data to estimate the relative abundance of deuterium 

in the Big Bang; iii) use this data to estimate the ratio of baryons to photons 
in the Big Bang; iv) use this data to calculate the relative abundances of 

helium and lithium–7 in the Big Bang; and v) compare these values with 

those currently observed. The margin of error increases with each step.  

   In 1994, Prantzos and others reached a more accurate estimate of the 

abundance of helium mass of between 22.0% and 23.7%.74 An outstanding 

problem of considerable difficulty, however, was the fact that the relative 

abundances of deuterium and lithium appeared not to coincide with the 

same baryon/photon ratio, as Steigman explained in 1996.75 In 1998, more 

precise measurement of deuterium in five quasars, where deuterium is not 

burnt like in stars, yielded a primordial quantity of deuterium of D/H = 3.4 

*10-5.76 This did not solve the problem, however, but only revealed it much 

more clearly than before, since the abundances of deuterium and lithium-7 

were not concordant. 

   Another problem also arose at the same time. A new method for deriving 

the baryon/photon ratio, by measuring cosmic background radiation, gave a 

baryon density of ΩB  0.0653, which was incompatible with the density of 

ΩB  0.041 derived from the observation of the relative abundances of light 

elements (both figures having a confidence interval of 95%). Burles, Nollett 

and Turner warned that the relative abundances of helium, deuterium and 

lithium-7 derived from this new estimate of ΩB and η based on the cosmic 
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background radiation “would conflict significantly with observed 

abundances”.77 Thus, instead of solving the problem, advances in modern 
observation technology in fact exacerbated it, according to Juan Lara.78 

   Graph 1.4, from Steigman’s 2006 paper, shows that the permitted range of 
η (where ), derived from the cosmic background radiation (the 

Wilkinson Microwave Anisotropy Probe, or WMAP) was compatible with 

the ranges of the relative primordial abundances of tritium (3He) and of 

deuterium (D), but not of lithium-7 (7Li) and helium (4He). It also shows 

that the ranges for lithium-7 and deuterium were mutually incompatible, as 

well as the ranges for helium and deuterium.  

Graph 1.4 The baryon/photon ratio and light elements abundances79 

 

                                                                 
77 Scott Burles, Kenneth Nollett & Michael Turner, “What is the Big Bang 
Nucleosynthesis Prediction for the Baryon Density and How Reliable Is It?”, Physical 
Review D (2001): 63‒69 (quote on p. 68). 
78 Juan Lara, “Deuterium and 7Li Concordance in Inhomogeneous Big Bang 
Nucleosynthesis models”, Frontier in Astroparticle Physics and Cosmology: Proceedings 
of the 6th International Symposium, K. Sato and S. Nagataki eds, (2004): 87 ss. 
79 Gary Steigman, “Primordial Nucleosynthesis: Successes and Challenges”, in: 
International Journal of Modern Physics E vol. 15 (2006):1–36. 
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   New models of atomic physics have helped close the gap between cosmic 
background radiation (WMAP) observations and the relative abundances of 
deuterium and helium, though the conservative range for the baryon/photon 

ratio remains as large as Kolb and Turner described it 20 years ago (3*10-10 
< η < 10*10-10).80 

   The problem of helium lying outside the range of the baryon/photon ratio 

derived from the WMAP, as can be seen in Steinberg’s graph, was solved in 

2007 by the Peimberts (father and son), astrophysicists at the Universidad 

Nacional Autónoma de México, as can be seen in the results of Table 1.4. 

They calculated the abundance of primordial helium mass in the Universe to 

be 24.77%, making the proportion of hydrogen 75.23%. Since helium 

makes up 25% of the total mass of baryonic material, this implies that 

approximately 8% of the atoms are helium atoms.  

Table 1.4 Baryon/photon ratio η and the baryon density 81 

Method 
  

  c 

YP 0.2477 ± 0.0029a b 5.813 ± 1.81b 0.0433 ± 0.0135b 

DP 0.2476 ± 0.0006b 2.82 ± 0.28a 5.764 ± 0.360b 0.0429 ± 0.0027b 

WMAP 0.2482 ± 0.0004b 2.57 ± 0.15b 6.116 ± 0.223b 0.0456 ± 0.0017a 

Notes: a observed value; b theoretically expected value; c it is assumed h  0.7 
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   Only one incompatibility remains, e.g., the range for lithium-7, which was 
therefore left out Peimbert’s table. Only by abandoning the Standard Big 
Bang Nucleosynthesis (SBBN) and adopting a new model that does not 

assume the Universe to be homogeneous, as proposed in Juan Lara´s 
Inhomogeneous Big Bang Nucleosynthesis (IBBN), can we allow for “a 

larger range of acceptable 7Li depletion factor, to bring deuterium and 7Li 

in concordance with each other”.82 This model, however, is still in its early 

stages.  

   Let us return to our brief history of the Universe after the Big Bang. After 

little more than half an hour, the temperature was 3*108 K and the mass to 

energy density of the Universe was just 10% greater than the normal density 

of water. The nuclear reactions had come to an end, and would only restart 

in the hearts of the first stars, one billion years later. 

VII. From half an hour to 300,000 years after the Big Bang, the temperature 

fell from 100 million to 3,000 degrees Kelvin. Hydrogen and helium nuclei 

existed as plasma because electrons were still free and continued to prevent 

the free passage of photons, meaning that the Universe was still opaque. At 

the end of this period, an event referred to as ‘recombination’ occurred, 
when the electrons were trapped by the nuclei to form hydrogen and helium 

atoms and the cosmic background radiation became visible, lighting up the 

entire Universe. This radiation is now observed as the cosmic microwave 
background radiation (CMBR), as the wavelength of light was stretched out 

because of the expansion of the Universe. 

   The history of the discovery of CMBR has been covered by various 
authors83 and I shall now summarise it briefly. Ralph Alpher was set on an 
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academic career and the muted reception of his theory on the relative 
abundance of helium based on the Big Bang convinced him to pursue 
another line of enquiry. Working with a fellow scientist, Robert Herman, he 

explored the events that took place after the first 20 minutes of the 
Universe’s evolution, concluding that although the critical temperature and 
pressure required for the nuclear fusion of new elements other than helium 

were not present, the temperature (a few million degrees Kelvin) was 

nonetheless high enough to allow hydrogen and helium to behave as a 

plasma. Plasma is a hot ionised gas state in which the high speed of nuclei 

and electrons stops them bonding together and prevents the free passage of 

photons, resulting in an optical ‘fog’. 
   They calculated that around 300,000 years after the Big Bang, the 

temperature had fallen to 3,000 degrees Kelvin, allowing for recombination, 

in which plasma transitioned to a normal gas, to take place. During this 

transition phase, electrons had slowed down enough to be trapped by the 

positive charge of the nuclei in the gas and started to rotate around them at 

different fixed distances, just like in normal atoms. Some 300,000 years 

after the Big Bang, the electrons were trapped by hydrogen and helium 

nuclei and from this point on photons could travel freely in all directions, 

without colliding with free electrons. The ‘cloud’ cleared and the Universe 

was illuminated by a bright light that was none other than the relic of the 

incandescent radiation from the explosion of the Big Bang itself. 

   Alpher and Herman argued that if we accept that the Universe is in 

continuous expansion, the wavelength of this radiation has been increasing 

as space itself is stretched by the Universe’s expansion, while the frequency 
of this radiation has been falling at the same time. They calculated that weak 

radiation with the frequency and wavelength of electromagnetic microwaves 

and a temperature of 5 degrees Kelvin should still be detectable as an 
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ancient relic of the light originally emitted by the Big Bang, stretched by the 
expansion of space for some 13 to 14 billion years. Alpher and Herman 
published the results of their research on the CMBR in 1948,84 but 

unfortunately the scientific community continued to ignore them and 
attempts were not made to detect this CMBR in the cosmos. Disappointed, 

Gamow, Alpher and Herman published a final paper in 1953, summarising 

and improving in their calculations, results and predictions, before turning 

their backs on cosmology to pursue research in other areas.85 

   Corroboration of Gamow, Alpher and Herman’s theory, however, would 
come forward in the most unexpected manner. Arno Penzias, a German-US 

physicist born in 1933, and Robert Wilson, a US astronomer born in 1936, 

were both working at Bell Laboratories on a project to determine the 

properties of radio waves originating from the outermost layers of our 

galaxy. In 1964, they discovered an inexplicable ‘noise’: while controlling 
all possible sources of error (including pigeon excrement inside the 

antenna), they realised there was an independent source of radiation with a 

wavelength of 1 mm coming from everywhere in equal quantities. 

   At an astronomy conference in Montreal in 1964, Penzias casually 

mentioned this mysterious radiation to Robert Burke, an astronomer at MIT 

who had read a draft paper on the work of Robert Dicke and James Peebles, 

two astronomers at Princeton University who ‒ unaware of Gamow, Alpher 

and Herman’s theory ‒ had independently predicted the existence of CMBR 

with a wavelength of 1 mm. Penzias rang Dicke, dragging him out of a 

meeting on the possibility of constructing a CMBR detector, and informed 

him that he had discovered the CMBR… By sheer coincidence, Bell Labs 
had discovered the CMBR!  

                                                                 
84 Ralph Alpher & Robert Herman, “Evolution of the Universe”, in: Nature, vol. 162 
(1948): 774‒775. 
85 Ralph Alpher, James Follin & Robert Herman, “Physical Conditions in the Initial 
Stages of the Expanding Universe”, in: Physical Review, vol. 92 (1953): 1347–1361. 
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   Penzias and Wilson published the results of their experiments in 
Astrophysical Journal in 1965,86 with Dicke and his team publishing the 
theoretical explanation of the phenomena in the same issue.87 Dicke and 

Peebles made no reference to the previous work by Alpher and Herman. In 
1978, Penzias and Wilson received the Nobel Prize for their discovery of 

CMBR. 

    More recent measurements have arrived at a more accurate temperature of 

the CMBR of 2.728  degrees Kelvin, with a confidence interval of 

95%.88 It is in the micro-wave range of frequencies at 160.23 GHz, with a 

peak wavelength of 1.063 mm. The very low photon energy is about 
6.626534 × 10-4 eV. 

Image 1.1 The CMBR in the microwave range of frequencies, and its 
anisotropy89 

 

 

 
                                                                 

86 Arno Penzias and Robert Wilson, “A measurement of excess antenna temperature at 
4080 MHz”, in: Astrophysical Journal, vol. 142 (1965): 419–421.  
87 Robert Dicke, James Peebles et al., “Cosmic black-body radiation”, in: Astrophysical 
Journal, vol. 142 (1965): 414–419. 
88 Dale Fixsen et al., “The cosmic microwave background spectrum from the full COBE 
FIRAS data set”, in: Astrophysical Journal, vol. 473 (1996): 576–587. 
89 Copyright NASA, http://lambda.gsfc.nasa.gov/product/cobe. 
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   As the expansion of space stretched the wavelength of the CMBR beyond 
the lengths of visible light, the Universe became dark. These so-called 
“Dark Ages” ended with the formation of the first stars, four hundred 

million years after the Big Bang, when the processes of nuclear fusion 
inside the stars illuminated the Universe once again. At about that time, the 

first galaxies emerged, which can be observed in Image 1.2, that allows us 

to look back in time 13.2 thousand million years! 

Image 1.2 Photo of eXtreme Deep Field, a sequel to the original Hubble 
Ultra Deep Field90 

 

   The eXtreme Deep Field or XDF, seen in the photo, was assembled by 

combining 10 years of NASA Hubble Space Telescope photographs taken 
of a patch of sky at the centre of the original Hubble Ultra Deep Field, a 

picture the Hubble Space Telescope took in 2003 and 2004, which collected 
                                                                 

90 Credit: NASA, ESA, G. Illingworth, D. Magee, and P. Oesch (University of California, 

Santa Cruz), R. Bouwens (Leiden University), and the HUDF09 Team. Image released 
September 25, 2012. 
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light over many hours to reveal thousands of distant galaxies in what was 

the deepest view of the universe so far. The XDF is a small fraction of the 
angular diameter of the full Moon.  

   Why did these galaxies form where they did? The anisotropy of the 
CMBR, referring to variations in its temperature and wavelength, is 

indicative of the irregularities of the original gravitational field, which lie at 

the basis of the ‘lumpiness’ of the Universe, i.e., the concentration of matter 

in certain areas (the ‘walls’ of galaxy clusters) and not in others (the voids) 

giving the Universe the structure of a sponge. In a lecture in Mexico City, in 

June 2007, George Smoot conjectured that both the anisotropy of the CMBR 

and the perturbations in the gravitational field, which concentrates matter in 

a hundred thousand million galaxies, originated in a hundred thousand 

million quantum fluctuations during the first fraction of a second of the Big 

Bang. Half a billion years after the Big Bang, dust clouds started to 

condense, embedded in this structure, producing galaxy clusters and 

galaxies.    

   The discovery of the anisotropy of the CMBR owes much to the tenacity 

of George Smoot who dedicated many years of his life to finding and 

mapping it.91 He first tried to send his instruments to the stratosphere with a 

balloon, but to no avail. With the help of NASA, he then constructed a 

satellite, name COBE (Cosmic Background Explorer) that had three 
instruments, two for observing the background radiation in the infrared 
wavelength, and one  Differential Microwave Radiometer, to observe this 

radiation, in the micro-wave frequency discovered by Penzias and Wilson, 

simultaneously in two different parts of the sky, with an angle of 

, in order to detect the variation of the CMBR in these two parts 

of the heavens. By taking these photos millions of times, it would be 
possible to map the anisotropy of the CMBR.  

                                                                 
91 George Smoot & Keay Davidson, Wrinkles in Time. The Imprint of Creation (1993). 
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   The COBE was programmed to be launched in 1988, but when the Space 
Shuttle Challenger was consumed in flames, in a tragic accident in January 
1986, everything was postponed. However, Smoot found an old rocket, and 

his 1000-man strong team, coordinated by another astrophysicist, John 
Mather, was finally able to launch their three COBE instruments into space, 

in 1989. The COBE made the journey around the Earth 14 times mapping 

the CMBR anisotropy. After eliminating ‘noise’ and error in the data, Smoot 
was finally able to publish the results at a Conference of the American 

Physical Society, in 1992, and then in the Astrophysical Journal.92 Smoot 

and Mather won the 2006 Nobel Prize in Physics for their work with COBE 

that led to the “discovery of the black body form and anisotropy of the 

cosmic microwave background radiation”.93 

   Later measurements further improved on Smoot’s original map. In 2001, 
Charles Bennett, Gary Hinshaw and their team launched a NASA Explorer 

Satellite (the Wilkinson Microwave Anisotropy Probe), which mapped the 

CMBR anisotropies with much more precision. After publishing their results 

from 2002 to 2009,94 they received “the 2012 Gruber Cosmology Prize for 

their exquisite measurements of anisotropies in the relic radiation from the 

Big Bang: the Cosmic Microwave Background [Radiation]”.95 

 
                                                                 

92 George Smoot, John Mather, Charles Bennett et al., “Structure in the COBE differential 
microwave radiometer first-year maps”, in: Astrophysical Journal, vol. 396 (1992): L1–
L5.  
93 Nobel Prize Announcement, October 3, 2006. 
94 Charles Bennett, et al. “The Microwave Anisotropy Probe (MAP) Mission”, in: Astro-
physical Journal, vol. 583 (2003a): 1–23; Charles Bennett et al., “First-Year Wilkinson 
Microwave Anisotropy Probe (WMAP). Observations: Foreground Emission”, in: Astro-
physical Journal Supplement. vol. 148 (2003b): 97–117; Gary Hinshaw et al., “Three-
Year Wilkinson Microwave Anisotropy Probe Observations: Temperature Analysis”, in: 
Astrophysical Journal Supplement, vol. 170 (2007): 288–334; Gary Hinshaw et al., “Five-
Year Wilkinson Microwave Anisotropy Probe Observations: Data Processing, Sky Maps 
and Basic Results”, in: Astrophysical Journal Supplement, vol. 180 (2009): 225–245. 
95 2012 Gruber Cosmology Prize Press Release. 
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Section 1.3 Production and evolution of the elements in the stars 

The discovery of the structure of the atom (see Math box 7.1 in Chapter 7) 
gave rise not only to quantum physics, but also to nuclear physics. The latter 

area is important to astrophysics because of the fusion of elements in the 
Big Bang and inside stars. In 1900, the German physicist Friedrich Dorn 

(1848–1916) showed that radium, first discovered by Marie and Pierre 

Curie, was not only radioactive, but transformed into another hitherto 

unknown element called radon, an inert gas. The Scottish chemist Sir 

William Ramsay (1852–1916) had already discovered other inert gases 

(those whose valence is zero, meaning they do not combine with other 

elements to form molecules), specifically helium, neon, argon, krypton and 

xenon, in the very column predicted by Mendeleev, who determined the 

atomic mass of radon. Furthermore, in 1903, Ramsay and the English 

chemist Frederick Soddy (1877–1956) showed that the gas helium was 

formed during the radioactive process of the nuclear fission of uranium and 

radium. When radium, which has 88 protons and 138 neutrons, decays, it 

transforms into radon, with 86 protons and 136 neutrons, and helium, which 

has a nucleus with 2 protons and 2 neutrons. A small loss of mass occurs 

during this slow transformation (the element has a half-life of 1,600 years), 

which is released as a vast amount of energy,96 in line with Einstein’s 
famous equation E = mc2.    

   Following up on previous work on quantum tunnelling by George Gamow 

(1904‒1968), Ronald Gurney (1898‒1953) and Edward Condon 

(1902‒1974)97, Fritz Houtermans (1903‒1966) and Robert d’Escourt 
Atkinson (1898‒1982) were the first ones to explain the nuclear fusion that 
                                                                 

96 A radium nucleus has 226.025402 amu (atomic mass units), a radon nucleus radon, 
222.01757, and helium 4.002602, so that 0.00523 amu are released as energy. One amu is 
equivalent to . 
97 Ronald Gurney & Edward Condon, “Quantum Mechanics and Radioactive 
Disintegration”, in: Nature, vol. 122, number 3073 (1928): 439 ss. and in: Physical 
Review, vol 33 (1929): 127‒140. 
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occurs in main sequence stars like the Sun.98 I will come back to the tunnel 
effect shortly. Houtermans was captured twice, first by the KGB, then by 
the Gestapo, but survived on both occasions. During his imprisonment, the 

German physicist Hans Bethe (1906‒2005) completed the work Houtermans 
and Atkinson had begun.99 Bethe, who received the 1967 Nobel Prize, was 

born to a Jewish mother in 1906 and escaped from the Nazis in 1933. He 

showed how hydrogen is transformed into helium in stars.  
   Nuclear physics plays a major role in cosmology’s understanding of the 
production of helium during the Big Bang, which we have already analysed 

in Section 1.2 of this chapter, as well as in the production of helium from 

hydrogen inside stars, and the formation of carbon and oxygen from helium 

and of other heavier elements, as we shall now see. 

   In what follows, I will first analyse how the gravitational force overcomes 

the electromagnetic force in the centre of stars allowing the strong nuclear 

force to start the process of nuclear fusion (Section 1.3.1); then we will see 

the production of helium from hydrogen in the centre of the stars (Section 

1.3.2); and finally, the production of carbon and oxygen from helium 

(Section 1.3.3). 
 
Section 1.3.1 How gravity overcomes the electromagnetic force 

Let us consider proto-stars and see how the gravitational force, which on its 
own is extremely weak, can overcome the electromagnetic force, 
responsible for the repulsion of two protons, giving rise to the strong nuclear 

force, which holds protons together in the nuclei of atoms. 
    The electromagnetic force, responsible for the repulsion of two protons, is 

much stronger than the gravitational force, which causes them to collide. 

However, the strong nuclear force, which binds protons together in the 

                                                                 
98 Fritz Houtermans & Robert Atkinson, “Zur Frage der Aufbaumöglichkeit der 
Elemente in Sternen“, in: Zeitschrift für Physik, vol. 54 (1929):656–665. 
99 Simon Sing, Big Bang. The Origin of the Universe (2004): 301‒303. 
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nuclei of atoms, only overcomes the electromagnetic force at very short 
distances. To do so, it needs gravity’s help. Graphs 1.5 and 1.6 give us an 
idea of the ratio of the electromagnetic and gravitational forces (Graph 1.5), 

and the ratio of the strong nuclear and electromagnetic forces (Graph 1.6): 

Graph 1.5 The ratio of the electromagnetic and the gravitational force 

 

Graph 1.6 The ratio of the strong nuclear and the electromagnetic force 

 

   The increasing pressure of the gravitational force is needed to bring 
protons close enough together to allow the nuclear force to overcome the 

electromagnetic force and bind protons together within nuclei. Under 
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normal circumstances, when a cloud of gas is in hydrostatic equilibrium, the 
kinetic energy of the particles exerts an expansive pressure equivalent to the 
gravitational energy that causes them to collapse. In dense clouds, the 

gravitational energy produces so much kinetic energy that collisions 
between protons become so strong that the strong nuclear force overcomes 

the electromagnetic repulsion between protons. However, for this to happen, 

it is first necessary to reach a critical mass (see Math box 1.10). 

Math box 1.10 Critical mass of a star needed for start of nuclear fusion 

The critical mass at which the gravitational energy produces sufficient 

kinetic energy so that the strong nuclear force overcomes the 
electromagnetic repulsion is the Jeans mass M J, which is a function of  the 

pressure P, the gravitational constant G and the mass density ρ,100 or of the 

Jeans length lJ and mass density ρ.101 Both functions are identical. 

(1) . 

   Since  and  

            (2)  

            (3)  . 

 

  If the mass of the gas cloud does not reach this critical threshold, the 
gravitational force will not be strong enough to overcome the thermal 

pressure and initiate the production of helium through the nuclear fusion of 
hydrogen, resulting in the death of the proto-star and its transformation into 

a brown dwarf, similar like our planet Jupiter. However, if the star’s mass 
exceeds the critical threshold, the situation changes completely. 

                                                                 
100 Hannu Karttunen, Pekka Kröger, Heikki Oj, Markku Poutanen, Karl Donner, 
Fundamental Astronomy (2003): 123‒124. 
101 Sergio Mendoza, Astrofísica relativista, www.mendozza.org/sergio (2007): 113‒116. 
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   Gravitational force is proportional to mass and inversely proportional to 
distance squared. The work that can be done by the gravitational force is a 
function of the total mass of a gas cloud divided by the radius of its sphere. 

As gravity exerts itself within the gas cloud, the density of ionised atoms in 
the sphere increases. Furthermore, as gravity causes the density of the gas 

cloud to increase, gravitational energy decreases. The conservation of 

energy (see Chapter 5) means that as gravitational energy decreases, the 

kinetic energy of protons and neutrons increases, which is the same as 

saying that their velocity—or, in other words, their temperature—increases.  

   When the temperature and density pass a critical threshold, a phenomenon 

known as the ‘tunnel effect’ occurs. The tunnel effect refers to the small 
probability that two colliding protons combine with two neutrons to form a 

helium nucleus. The probability is low because the repulsive electro-

magnetic force between two protons normally prevents this from happening, 

but above a certain critical mass, gravity, which increases the pressure, 

density and temperature of the sphere, can overcome the electromagnetic 

repulsion between protons, which is  times stronger.  

   Let us imagine a series of gas clouds, or spheres, filled with hydrogen 

atoms, each with 10 times more atoms than the previous one. The first 

sphere has just 10 atoms, the next 100, the next 1000, and so on. The 
electromagnetic force that prevents two protons meeting has a big advantage 

in the first sphere but doesn’t change as the number of atoms in the sphere 
increases. On the other hand, the work done by the gravitational force is 

squared every time the sphere’s mass is cubed. This means that when the 

number of hydrogen atoms in the sphere reaches approximately 1057, the 
work done by the gravitational force results in collisions between protons 
that are so strong that the distance between them is sufficiently reduced to 

allow the strong nuclear force to overcome the electromagnetic force (which 

makes the positive charged protons repel each other) as I shall now explain 

in Math box 1.11. 
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Math box 1.11 The critical number of particles required for the 
                          gravitational force to overcome the electromagnetic force  

The gravitational force must overcome the electromagnetic repulsion 
between protons, which have a positive charge. However, the 

electromagnetic force is  times stronger than the gravitational 

force. How can the gravitational force, being so weak, overcome the 

electromagnetic force? Based on empirical observations, we know that the 

critical threshold at which nuclear fusion begins is where the mass of the 

sphere is greater than or equal to 80% of the mass of the Sun: 

(1) . 

   How can we explain this theoretically? The gravitational force is 

proportional to mass and inversely proportional to distance squared: 
 

(2)  

   The work of the gravitational force is equivalent to the gravitational force 

multiplied by distance. In this case, the distance is the radius of the sphere 

(the gas cloud). Hence, the work that can be done by the gravitational force 
is a function of the total mass of a given gas cloud divided by the radius of 

the sphere, specifically: 

(3)   

   In a sphere with constant density, mass is proportional to volume (equation 

4) and, since volume is proportional to radius cubed (equation 5), the radius 

is therefore proportional to the cube root of the mass (equation 6): 

(4)  

(5) . 

   From equations (4) and (5), we obtain: 

(6)  

      By (3) and (6), the work done by gravity must increase in proportion to 
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the cube root of the mass squared: 

(7)  

   Hence, for a sphere with 10n gravitationally colliding atoms of mass m, the 
work done by the gravitational force is: 

(8) . 

   The work done by the gravitational force is a function of the total mass of 

the gas cloud. We reach a point at which the gravitational force exceeds the 

electromagnetic force. How is this possible? Imagine a series of gas clouds, 
or spheres filled with hydrogen atoms. Each sphere has 10 times more atoms 

than the previous one. The first sphere has just 10 atoms, the next one 100, 
the next one 1,000 and so on. The electromagnetic force, which prevents two 

protons from colliding, begins in the first sphere with an advantage of: 

(9)    

(10)   . 

   However, this electromagnetic force does not change as the sphere grows 

( ). In contrast, the work done by the gravitational force is squared 

every time the mass of the sphere is cubed: 
 

(11)    

(12)   . 

And so, it follows from equation (12) that: 

(13)   . 

   So, when the sphere has approximately  hydrogen atoms, the work 

done by the gravitational force exceeds the force with which the protons 
repel each other, and the strong nuclear force can take over. 
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   Once gravity ‘defeats’ the electromagnetic force, there will be enough 
protons that collide with sufficient velocity to set the processes of nuclear 
fusion in motion. When there are many collisions of protons at an extremely 

high speed, two will occasionally combine to form a helium nucleus. If the 
probability that two protons combine is p = 10-n and there are 10n high-

speed proton collisions per second per cubic centimetre, a helium atom will 

be formed every second in every cubic centimetre. 

Section 1.3.2 The fusion of helium from hydrogen at the centre of stars 

To understand the language of nuclear physics we have to become familiar 

with a few units, as shown in Math box 1.12.  

Math box 1.12. Some units used in nuclear physics 

Concept Unit metre, kilogram, second (MKS) 

Force   (Newton)  

Energy   (Joule)  

Mega-electronvolt MeV  

Electronvolt eV

 

 

Neutron mass   

Proton mass   

Electron mass   

Atomic mass unit 
612C

 
 

 

Mass carbon 

nucleus  612C  

612C
=   

Velocity of light   
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   Nuclear fusion is the main source of energy produced in stars, particularly 
the fusion of 1H1 hydrogen nuclei (protons) into 4He2 helium (alpha 
particles). The atomic number at the right represents the number of protons 

in a nucleus, for example, two protons in the helium nucleus. The atomic 
number at the left represents the number of neutrons plus protons, for 

example two neutrons and two protons in the case of helium. The mass of 

the nucleus is less than the sum of the masses of the nucleons (protons and 

neutrons). The difference is referred to as the binding energy.  

Math box 1.13 The production of energy in the Sun 

In the fusion of atomic nuclei, from hydrogen to helium and from helium 
to carbon and oxygen, and from there all the way up to iron, part of the 

original mass of the nuclei is released as energy. The transformation of 

mass into energy occurs according to Einstein’s famous formula . 

For example, the mass of four 1H1 atoms is 4.0313 amu; that of one 4He2 is 

4.00268 amu. So, 0.02862 amu, which is about 0.7% of the original mass 

of the four hydrogen nuclei, is released as energy, about . 

Hence, in the transformation of one kilogram of hydrogen, 0.993 kg 

becomes helium and 0.007 kg is released as energy: 
 

(1) . 

   In the Sun, 584 million tonnes of hydrogen are transformed into 580 

million tonnes of helium every second, with 4.27 million tonnes of mass 
released as energy, an amount that is more or less equivalent to: 

(2)  

   The mass of the Sun at present is about 2 , of which about 70% 

is hydrogen, 28% helium, and 2% consists of other elements. Only about a 
seventh part of that hydrogen mass is available at any time for hydrogen 

fusion in the core of the Sun. So, it still has enough hydrogen fuel to burn 

for about ten thousand million years. 
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   We must now turn our attention to the several ways how hydrogen can be 
fused into helium. It has three pathways: 
1) From hydrogen, through deuterium and an isotope of helium, to helium 

(ppI). 
2) From hydrogen, through beryllium and lithium to helium (ppII). 

3) From hydrogen, through various isotopes of beryllium and borium, to 

helium (ppIII). 

   In Math box 1.14, we find the exact description of these different paths. 

Math box 1.14 Three ways how helium is produced in the stars 

The first proton–proton chain reaction has three steps, forming helium 

(4He2) from hydrogen (1H1), via deuterium (2H1 = one proton + one 

neutron): 
 

(1) 1 1 1 1 2 1   or 

(2)    1 1 1 1 2 1 . 

(3) 2 1 1 1 3 2 . 

(4) 3 2 3 2 4 2 1 1 1 1 . 

   The first reaction (equations 1 and 2), in which two protons undergo 
fusion to form a deuterium nucleus, has an extremely low probability. A 

proton in the centre of the Sun takes an average of 1010 years to collide with 

another proton and form deuterium. If the process was quicker, the Sun 
would have spent all its fuel a long time ago.  

   The neutrino νe from the first step escapes from the Sun and the positron 
e+ and an electron e− annihilate each other, causing the emission of two 

gamma rays. In contrast, the second reaction (equation 3), in which 

deuterium and hydrogen fuse to produce a helium isotope occurs frequently. 
This is why there is so much hydrogen (protons) and so little deuterium in 

the centre of stars. 
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   The first steps of the ppII and ppIII chain reactions are the same as for 

ppI, but then they follow different routes. In the ppII chain reaction, helium 

is formed from hydrogen through the intermediate steps of the production of 

beryllium and lithium. In the ppIII, the same is achieved through the 

intermediate production of beryllium and boron. 

   In the ppII chain reaction helium is produced through  and : 
 

(5)   4 2 4 2 7 4 . 
 

(6)   7 4 7 3 . 

 
(7)   . 

   In the ppIII chain reaction, a beryllium isotope is produced, then a boron 

isotope, then another beryllium isotope, which then immediately 

disintegrates into two helium nuclei, since this isotope has a half-life of just 
7*10-17 seconds: 

           (8) . 

           (9) . 
 
          (10)    . 
          (11)    . 

 
 

Section 1.3.3 The production of carbon and oxygen from helium in stars 

While Bethe solved the problem of the formation of helium from hydrogen, 

it was Fred Hoyle (1915‒2001) who solved the enigma of the formation of 

carbon from helium. 
 
   In the triple alpha process, three 4He2 helium nuclei combine in such a 
way as to produce a 12C6 carbon nucleus. Historically, seemingly 
insurmountable obstacles had prevented scientists from explaining the 
formation of carbon in stars. To understand this, we first need to familiarise 
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ourselves with the concept of nuclear resonance. Resonance is said to occur 
when the sum of the intrinsic and kinetic energy of particles A and B 
undergoing fusion is equal to or slightly less than the energy of the new 12C6 

nucleus that is formed. The fusion of new nuclei from other lighter nuclei is 
much easier when there is resonance because it significantly reduces the 

time required for fusion. If, on the other hand, there is a slight shortfall in 
the mass of the new nucleus, the surplus mass from the nuclei undergoing 
fusion is transformed into energy in line with Einstein’s famous formula, in 
a transformation that releases vast amounts of energy and takes relatively 
more time. Because it slows the fusion process down, the half-life of one of 

the nuclei undergoing fusion may be less than the duration of the fusion 
process itself, stopping the process from taking place. This is precisely what 
happens when beryllium 8Be4 and helium 4He2 are about to fuse to produce 

carbon 12C6: the process is stopped in its tracks.  
   In the triple alpha process, two 4He2 alpha particles must first combine to 
form a beryllium 8Be4 isotope, which must then combine with another alpha 
particle to form carbon 12C6 with six protons and six neutrons. While 
normal beryllium 9Be4 has four protons and five neutrons, the beryllium 
8Be4 isotope has only four protons and four neutrons. The seemingly 
insurmountable obstacle in the triple alpha process is that the beryllium 
isotope’s half-life is 7*10-17 seconds, much less than the time required for 
the fusion of the beryllium 8Be4 nucleus and the helium 4He2. In other 
words, before the carbon 12C6 carbon nucleus has formed, the 8Be4 nucleus 
will already have dissolved due to the absence of resonance in the fusion of 
an 8Be4 nucleus and a 4He2 nucleus. This makes it impossible to form 
carbon, which is the missing link in the creation of all elements heavier than 
carbon and of carbon-based life on Earth: “There would be no carbon, nor 
carbon-based life in the Universe.”102 Before carbon has the chance to form, 
the beryllium isotope disintegrates into two alpha particles. 
                                                                 

102 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 253. 
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   The English astrophysicist Fred Hoyle argued that the existence of carbon 

implies there must be a way for it to produce it in the centre of the stars. He 

concluded that there must be an excited state of carbon, with 7.6549 MeV 

more energy than normal carbon in an intermediate stage, providing the time 

required for normal, non-excited carbon to form. If this higher-energy state 

of carbon existed, when 8Be4 and 4He2 collide, instead of a surplus of +7.365 

MeV, there would be a shortfall of -0.29 MeV (subtracted from the kinetic 

energy of the neighbouring particles with extremely high temperatures) and 

resonance would occur: the excited 12C6 carbon would form before the 8Be4 

isotope disintegrated into two particles. 

   In 1953, shortly after having postulated the existence of the excited carbon 
nucleus, Hoyle spent a year’s sabbatical at the California Institute of 
Technology, close to the Kellogg Radiation Laboratory, where Willy 

Fowler had risen to fame as a prestigious experimental nuclear physicist. 
Hoyle asked Fowler to look for this excited state of carbon, which Fowler 

managed to find in just 10 days. The excited state of carbon had  

more energy than carbon in its normal state.103 In Math box 1.15, I first 
analyse the bottleneck that seems to prevent carbon from being produced 
and then the actual process of nuclear resonance and an excited state of 

carbon, that as a matter of fact permits carbon to be produced in the stars. 
 

Math box 1.15 How carbon is produced in the Sun and other stars 
I first analyse the bottleneck which would occur if no excited state of carbon 

were to exist. Let us have a look at the numbers. Beryllium 8Be4 has an 

atomic mass of 8.005305 amu and helium 4He 2, 4.002602 amu.104 

                                                                 
103 Simon Singh, Big Bang. The Origin of the Universe (2004): 395‒396. 
104 David Lide ed., CRC Handbook of Chemistry and Physics (1994-95): 11‒36. 
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    (1)  8 4 4 4 . 

    (2)    12 6 . 

   From (1) and (2), we obtain a surplus mass of : 

(3) . 

   The surplus mass-energy of  is released as 
gamma rays. Since the surplus atomic mass is transformed into energy 
before the 12C6 carbon nucleus is produced, the window of opportunity for 
the 8Be4 beryllium isotope, with its short half-life of 7*10-17s, to fuse with 

helium 4 2, to produce carbon 12 6, disappears before it can be used to 
actually produce carbon. So, what were to happen if no excited state of 
carbon would exist, is the following: 

    (4)     8 5 8 4   or 

    (5)     4 2 4 2 8 4. 

    (6)     8 4 4 2 4 2  

   No carbon would be produced! Let us now see what actually happens 
thanks to nuclear resonance. Whether carbon is produced depends on the 
existence of its excited state: 

(7)   8 4 4 2 . 

(8)   excited state of carbon: 12 . 

   The missing energy is subtracted from the surrounding kinetic energy:  

(9)   . 

   The absence of the transformation of surplus mass into energy, gives 

beryllium time to fuse with helium, before its very short life comes to an 

end, and produce an excited state of carbon 12 : 

      (10)   8 4 4 2 12 . 
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   Once the carbon has ‘calmed down,’ its survival faces another threat. 

Carbon 12C6 often fuses with helium 4He2 to produce oxygen 16O8. If 

resonance were to occur during nuclear fusion (if the carbon and helium 

nuclei had a combined atomic mass less than that of the oxygen nucleus), 

the carbon would be very short-lived and would immediately produce 

oxygen, once again leaving the Universe without carbon. However, the 

presence of surplus atomic mass that is transformed into energy in this 

nuclear fusion process means the process slows down significantly, 

allowing a large part of the carbon to survive. Once again, the carbon is 

‘lucky,’ this time because of the absence of nuclear resonance. To conclude, 

the carbon is ‘lucky’ twice: first because there is resonance in the fusion of 

the beryllium isotope and helium to form the excited carbon and then 

because of the lack of resonance in the fusion of carbon and helium to form 

oxygen. This double dose of ‘luck’ means there is enough carbon in the 
Universe to allow carbon-based life on Earth. 

 

Math box 1.16 The production of oxygen in the stars 

The absence of resonance in the nuclear fusion process means all the 

available carbon does not disappear when oxygen is produced: 

(1)    12 6 4 2 16 8  

(2)    12 6 4 2 . 

(3)    16 8 . 

(4)   surplus: . 
  
    
   I will come back to the production of carbon and oxygen in the stars in 

Chapter 3, where I will analyse the fine-tuning of physical constants in the 
axiomatic laws of physics, necessary to create the conditions that make the 
evolution of complex life in some solar system possible.  
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   Table 1.5 summarises the process of the production of elements in a star 
with a mass of ME = 25 MS, with a notably short lifecycle. 

Table 1.5 Creation of elements in stars with 25 times mass of the Sun105 
       

 

Section 1.4 The lifecycle of stars with different masses 

In 1930, the astronomer Subrahmanyan Chandrasekhar, who was born in 

India in 1910 and who worked in the United States and received the Nobel 

Prize in 1983, discovered that once all the nuclear fuel is spent, the final 
destiny of a star is highly dependent on its total mass. A brief summary of 
                                                                 

105 Simon Singh, Big Bang. The Origin of the Universe (2004): 388. 

Nuclear fusion temper
ature  

density 
g/cm3 

lifetime protons 
nucleus 

neutrons  
nucleus 

hydrogen → 
helium 

4*107 

°C 

5 107 

years 

2 2 

helium → carbon 2*108 7*102 106 

years 

6 6 

carbon → neon + 
magnesium 

6*108 2*105 600 

years 

10 

12 

10 

12 

neon → oxygen + 
magnesium 

1.2*109 5*105 1 year 8 
12 

8 
12 

oxygen → sulphur 
+ silicon 

1.5*109 1*107 ½ year 16 
14 

16 
14 

silicon → iron 2.7*109 3*107 1 day 26 30 

collapse of centre 5.4*109 3*1011 ¼ s N/A N/A 

rebound of centre 23*109 4*1014 0.001 s N/A N/A 

supernova → 
heavy elements 

±1*109 varies 10 s >26 >30 
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the lifecycle of stars with different masses is given below.106 The symbol MS 
represents a unit of mass equivalent to one solar mass. The different 
lifecycles of stars depend on their mass and determine the different heavy 

elements that are produced.  
   The phases of a life cycle are represented by integer numbers as explained 

below. The number sequences of Table 1.6 are explained in the text. 

Table 1.6 The lifecycle of stars depends on their initial mass 

Mass of star Lifecycle   

0.08 MS ≤ M ≤ 0.26 MS 1 → 2 → 3 → 4 

0.26 MS ≤ M <1.5 MS 1 → 2 → 5 → 6 → 7 → 8 → 9 → 10 → 11 → 12 

M >1.5 MS 1 → 2 → 5 → 13 → 14 

M  5 MS 1 → 2 → 5 → 13 → 14 → 15 → 16 → 17 → 18 

M  30 MS 1 → 2 → 5 → 13 → 14 → 19 → 20 → 21 → 22 

 

   The birth of a star occurs when a cold interstellar cloud of gas and 

hydrogen dust with sufficient volume and a temperature of 100K = –263°C 

begins to collapse in freefall due to the effects of gravity. The critical mass 

required for this collapse to occur is the Jeans mass, named after James 

Jeans, the astronomer who discovered the law in 1902 (see Math box 1.1). 

 

 

 

 

                                                                 
106 Hannu Karttunen, Pekka Kröger, Heikki Oj, Markku Poutanen, Karl Donner, 
Fundamental Astronomy (2003): Chapters 8 and 11. 
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Image 1.3 Interstellar gas clouds and the birth of new stars in M16107 

 

   Multiple fragments form, each transforming into a globule that turns 

slowly around its axis. The globule has two different parts: the proto-

planetary disc, from which planets are born; and a nucleus, which will give 

rise to a sun. When the growing density of the nucleus starts to prevent the 

transport of energy, the gas heats up and ionises, resulting in the emission 

of radiation waves. A temperature of 10,000 degrees Kelvin is required for 

the ionisation of hydrogen. At a temperature of tens of thousands of 

degrees Kelvin, all the gas ionises, depriving the hydrogen atoms of 

electrons.  

1) A proto-star is formed when the two opposing forces of gravity and 

the pressure created by the high temperature form a hydrostatic 

equilibrium. The star’s subsequent evolution depends on the mass of this 
proto-star. 

                                                                 
107 NASA/ESA/STScl, latest update Feb. 14, 2017, photo by J. Hester and P. Scowen 
(Arizona State Univ.). 
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Math box 1.17 The equation of hydrostatic equilibrium 

The following equation describes the point of hydrostatic equilibrium: 

(1)  . 

 

2) If a proto-star’s mass (ME) is greater than or equal to 8% of the Sun’s 
mass (ME ≥ 0.08 MS) and the temperature of the nucleus is 4*106 K, 

protons will begin to collide at fast enough speeds to trigger the processes 

of nuclear fusion, transforming hydrogen into helium (1H1 → 4He2, see 

Math box 1.14). When heat is transported by convection in the layers of 

the spheres, the hot hydrogen rises to the surface and the cold hydrogen 

sinks. 

3) Small stars whose mass (ME) is between 8% and 26% of the mass of 

the Sun (0.08 MS < ME < 0.26 MS) will take between 30 and 100 billion 

years to use up all their fuel before collapsing. Since the Pauli exclusion 

principle prevents two electrons being in the same quantum state, the 

electrons exert pressure against the gravitational force. This results in the 

birth of a white dwarf, which gradually cools and burns out but is 

nonetheless stable. 

4) Stars with a mass of ME > 0.26 MS evolve in a different way. The 

nucleus where the nuclear fusion processes occur grows bigger as the 

opaquer outer layer of hydrogen that is not subject to nuclear fusion 

shrinks. 

5) Stars in the range 0.26MS < ME < 1.5MS take between 2 and 30 billion 
years to transform hydrogen into helium via the p–p I, p–p II and p–p III 

chains that we saw in Section 1.3. 

6) Helium is first produced in the centre then, as time passes, in an outer 
layer, such that there are three spheres: a) an inert helium nucleus; b) a 
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middle layer where hydrogen is transformed into helium; and c) an inert 
outermost layer of hydrogen. Since the spectra of the stars show the 
elements present on their surface, they show few helium spectral lines and 

mostly hydrogen. 

7) The red giant phase marks the end of the lifecycle of a 0.26 MS < ME 

< 1.5MS star, such as our Sun: the star inflates as the centre collapses and 

heats up. At a temperature of 108 K, carbon production via the triple alpha 

process that we analysed in Section 1.3 sets in, by mean of a sudden 

explosion. 

8) However, the explosion does not destroy the star and in its nucleus 

helium continues transforming into carbon. 

9) Eventually, an inert carbon nucleus is produced. The helium continues 

to undergo fusion to produce carbon in a middle layer, while in another 

outer layer hydrogen continues to transform into helium, with a final, more 

opaque outermost layer of inert hydrogen. 

Figure 1.1 Layers of a star with two nuclear fusion processes108 

 

                                                                 
108 Adapted by the author from Habbal Astro 110-01, page 10, 3/18/09. 
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10) Stars with a mass less than three times that of the Sun (ME < 3MS) never 
get hot enough to produce carbon from helium, before the red giant phase. 
As the red giant inflates, it loses mass from its outer layers, which are thrust 

into space to form a planetary nebula. As the star contracts, it heats up and 
the outer layers become visible as a result of the ionisation of the gas once 

the temperature exceeds 10,000 K, leaving a white dwarf in the centre. 

Image 1.4 End of a red giant with a mass ME < 3MS 
109 

 

11) The star ends as a white dwarf, with carbon in the nucleus, helium in 

the middle layer and a thin layer of hydrogen on the surface. In 1980, 

Hazard and others were unable to provide explanations for the greater-than-

expected heavy elements observed in stars at the centre of planetary nebulae 

(referred to as ‘hydrogen deficient stars’). In 1983, Iben proposed the idea of 
the late helium flash, which occurs according to the following sequence: 

inert nucleus continues to contract → density of the nucleus increases → 

high density with triple alpha process → temperature rises to 108 °C → 
helium burns again → layers get mixed up. However, Iben’s theory could 
not be proven because it would require witnessing the explosion of a star 

and scientists had calculated that such an event can only be seen once every 
50 years or so, and even then, only for a few days. There were doubts as to 

                                                                 
109 M57 ring nebula in Lyra NASA/ESA/Hubble & Habbal Astro 110-01, p. 12, 3/18/09. 
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whether it would be possible to detect an event that occurs in such a short 
period of time, but it was detected by the Japanese amateur astronomer 
Sakurai in 1996, and has since been observed and analysed by many 

scientists. The phenomenon of the late helium flash provides an exceptional 
opportunity to observe the chemical composition of the star’s nucleus. 

12) When the mass of the star is ME ≥ 1.5MS, the CNO cycle (carbon → 
nitrogen → oxygen) begins. The energy of the star’s nucleus is transported 
to the surface of the nucleus by a convection current in which hot gas moves 

towards the surface and cold gas moves towards the centre, making the 

nucleus convective and the outer layer of the star radiative. 

13) When all the hydrogen in the centre has been burnt, the star begins to 

burn the outer layer of hydrogen around a nucleus of helium. 

14) For stars with a mass of ME ≥ 1.5MS, the star’s helium centre remains 
convective and the triple alpha process by which carbon is produced begins. 

There are now four spheres: the centre, where helium is transformed into 

carbon; a layer of helium; a layer where hydrogen is transformed into 

helium; and an opaque layer of hydrogen on the surface. 

15) After the production of carbon from helium, the helium moves to an 

outer layer around the existing carbon nucleus. 

16) In stars with a mass of 3MS ≤ ME ≤ 15MS, the carbon in the centre 

degenerates due to gravitational pressure and a carbon flash occurs. 

17) The carbon flash results in a supernova and the partial destruction of 

the star. 

18) In stars with a mass of ME ≥ 15MS, things occur as in (15) occur, but 
all the hydrogen is fusing to produce helium, so there is no outer layer of 

inert and opaque hydrogen. 

 



 89 Chapter 1 | Fact: the evolution of the Universe 

19) Stars with a mass of ME ≥ 15MS follow the same process as lighter 
stars (see 15), although the carbon nuclei in the centre of the star undergo 
fusion to produce oxygen, magnesium, silicon and iron. Each time a given 

fuel is exhausted, the star tends to collapse, resulting in the fusion of a 
new, heavier element, whose temperature stops the gravitational pressure, 

forming a new hydrostatic equilibrium. Each nuclear fusion process takes 

place in a different layer: iron, for example, is produced in the centre and 

silicon, magnesium, oxygen, carbon and helium are produced in successive 

outer layers, with hydrogen in the outermost layer. In some cases, sulphur 

and calcium are also produced – the alchemist’s dream comes true at last, 

although not at temperatures that can be reached in earthly laboratories! 

20) In the final phase, big stars have approximately six spheres: a) an iron 

( 26) nucleus; followed by b) silicon (28 14); c) oxygen (16 8); d) neon 

(2 ); e) carbon (12 6); f) helium (4 2); and g) hydrogen (1 1). 

Figure 1.2 A massive star is factory of elements, layered like an onion110 

 

                                                                 
110 Wikipedia, Stellar evolution, author/user: Rursus. Layers not to scale. 
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21) The final result of the nuclear fusion processes is iron ( 26). With 

all the fuel spent and the high temperatures of nuclear fusion no longer 
present, there is no pressure to counteract gravity. If the nucleus of nickel 

and iron in the centre is greater than the Chandrasekhar limit, the star can 
no longer support the outer layers, collapsing at 23% of the speed of light. 

This collapse results in a supernova, which can shine brighter than the 

galaxy to which it belongs for a number of weeks. Fred Hoyle was the first 

to mention the probability of supernova nucleosynthesis.111
  

   These supernovas expel the elements produced in the different 

nucleosynthesis layers when the star was in hydrostatic equilibrium, 

including oxygen (16 8), neon (2 ), magnesium (2 ) and silicon 

(28 14), and produce other elements, through explosive oxygen (16 8) and 

silicon (28 14) burning,112 such as sodium (2 11), sulphur ( 1 ), 

( 17), argon ( ), potassium ( 19), calcium ( 2 ), scandium 

( S 2 ), titanium ( 2 ), vanadium ( 23), chromium ( 2 ), manganese 

( 2 ), iron ( 26), cobalt ( 2 ) and nickel ( 2 ). These elements 

are called ‘primary’, since they can be fused starting from hydrogen (1 1) 

and helium (4 2).113   

   Elements heavier than iron (except cobalt an nickel), which are much less 

abundant than the primary ones, are also produced, by fusion and the 
capture of free neutrons, in a process called the r-process (r for rapid), or 

even of protons, in a process called rp-process. These processes absorb, 

rather than release, energy. So much energy is released, however, during 

these huge supernovas explosions, that there is plenty of it available for 

                                                                 
111 Fred Hoyle, “Synthesis of the Elements from Carbon to Nickel", in: Astrophysical 
Journal Supplement, vol. 121 (1954): 121-146 
112 Stanford Woosley, William Arnett & Donald Clayton, “The Explosive burning of 
oxygen and silicon”, in: The Astrophysical Journal Supplement, vol. 26 (1973): 231–312.  
113 Friedrich Thielemann, Ken-ichi Nomoto & Michio Hashimoto, “Explosive 
Nucleosynthesis in Supernovae”, in: Nicos Prantzos, Elisabeth Vangioni-Flam & Michel 
Cassé, eds, Origin and Evolution of the Elements (1994): 297–309 
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these fusion processes that need energy to fuel them. Besides, there are 

plenty of free neutron and protons flying around to be able to get stuck to 
atomic nuclei. The exact nature, however, of the physics of the production 

of these elements heavier than iron is still not well understood.114  

22) The pressure of gravity in extremely massive stars is so great that it 

exceeds the counter pressure of the electrons (see 4). As electrons collide 

fiercely with protons, an electron and a proton combine to form a neutron, 

leaving an extremely heavy neutron star with a diameter of around 30 km. 

Stars that are even more massive give rise to a black hole. 

   Table 1.7 summarises the stages in the lifecycles of stars of different 

masses. 

Table 1.7 Stages in the lifecycle of a star in millions of years 115 

Mass 
(n*MSOL) 

Contraction to 
main sequence 

Main 
sequence 

Main sequence 
to red giant 

Red 
giant 

30 0.02 4.9 0.55 0.3 

15 0.06 10 1.7 2 

9 0.2 22 0.2 5 

5 0.6 68 2 20 

3 3 240 9 80 

1.5 20 2,000 280 N/A 

1 = Sun 50 10,000 680 N/A 

0.5 200 30,000 N/A N/A 

0.1 500 10,000,000 N/A N/A 

    

                                                                 
114 M. Arnold & Kazataka Takahashi, “The synthesis of the nuclides heavier than iron: 
Where do we stand?”, in: Nicos Prantzos, Elisabeth Vangioni‒Flam & Michel Cassé, eds, 
Origin and Evolution of the Elements (1994): 395–411. 
115 Hannu Karttunen, Pekka Kröger, Heikki Oj, Markku Poutanen, Karl Johann Donner, 
Fundamental Astronomy, Sixth edition (2003): 264 (Table 12.1). 
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   Contrary to their appearance, the stars we observe in the sky do not have a 
fixed luminosity and spectrum, but will slowly vary as their lifecycle 
evolves, in line with their birth, death, re-birth and final death.  

Section 1.5 The emergence and evolution of life 

The final phase of the evolution of the Universe is the emergence of life and 

human intelligence on planet Earth. How did this come about? Almost five 

billion years ago, a star with a mass a dozen times the Sun's mass, exploded 

in a supernova, creating a cloud of gas and dust with all the elements of the 
periodic table. This cloud then started to collapse, triggering the formation 

of our solar system, with the Sun and the planets, and the subsequent 

emergence and evolution of life on Earth. 

   The conditions needed to create a planet like the Earth, and trigger the 

emergence of life, are very special indeed. In Section 8.2 of Chapter 8, I 
shall argue that at least 20 special circumstances were needed, each of them 

relatively improbable, and all of them simultaneously. This has been 
explained in detail by Peter Ward and Donald Brownlee in Rare Earth. Why 

Complex Life is Uncommon in the Universe, and by Guillermo Gonzalez 

and Jay Richards in The Privileged Planet.  

   In the same chapter, I shall also argue, however, that the immensity of our 

Universe, through the law of large numbers, produced a probability of 

almost one for intelligent life to emerge somewhere, in at least one solar 
system of the Universe, and possibly also in other galaxies. 

   In Major Transitions in Evolution, John Maynard Smith and Eörs 

Szathmáry have specified the steps needed for life to emerge and evolve on 
planet Earth. The first step is the transition from individual molecules that 

replicate themselves to populations of molecules in compartments that 

replicate themselves. The second step is from nucleic acid molecules that 
reproduce independently to chromosomes where molecules are integrally 
replicated. The third step is the transition from RNA as a gen and enzyme to 
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DNA (the genome or genetic code) and proteins. The fourth step is the 
transition from ancestors of mitochondria and chloroplast, that live 
independently as prokaryotes, to eukaryotes, where these organelles live 

within in the host cell. The fifth step is the transition from replication of the 
eukaryotes by means of asexual cloning to sexual reproduction that 

enhances genetic diversity. The sixth step is the transition from unicellular 

protists to multicellular living organisms (animals, plants, fungi). The 

seventh step is the transition from individual organisms to non-reproductive 

colonies of animals. The eighth step is the transition from social primates to 

human societies, with human intelligence and language, which are necessary 

to succeed in the complexities of human interaction. 

   In The Mind and Its Brain, Karl Popper and John Eccles explained that the 

eighth transition is not only a socio-cultural one, but implied a neurological 

evolution, which produced the emergence of a self-conscious mind that 

interacts with the brain, which, so they argue in their theory of interactionist 

dualism, certainly had evolutionary advantages. 
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CHAPTER  2 

MYTH: DARK MATTER AND DARK ENERGY 

 

 

In the following sections, I shall analyse two well established myths in 

modern astrophysics: dark matter and dark energy. So many astrophysicists 

adhere to these myths, that  has become the standard model in 

modern astrophysics, where  stands for dark energy, and , for cold 

dark matter. I will show that these myths arise from using models based on 

Newtonian gravitational dynamics, and the implicit concept of absolute, 

homogeneous time, which yield erroneous results. If we use the theory and 

mathematics of orthodox general relativity, however, it can explain the 

rotation velocity of galaxies and galaxy clusters, and the apparent 

acceleration of the expansion of the Universe, with remarkable precision, 

without any need to speculate about dark matter and dark energy. 

Section 2.1 How general relativity refutes the theory about dark matter 

I shall first explore how the myth of dark matter came into being, and then 

explain how the observations of the rotation velocity of galaxies and galaxy 

clusters can be exactly predicted by general relativity, without resorting to 

dark matter. 

Section 2.1.1 The origin of the dark matter myth 

The myth of non‒baryonic dark matter came into being in order to explain 

the apparent discrepancy between the observed visible mass – which is 
baryonic – and the total mass calculated from certain effects generated by 

gravitational fields modelled on Newtonian dynamics. The first person to 
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draw attention to the supposedly missing mass in galaxies and galaxy 
clusters was Fritz Zwicky (1898‒1974), in 1933. Zwicky, a Swiss 
astronomer working in Pasadena, California, compared the redshift of 

individual galaxies belonging to a cluster with the redshift of the entire 
cluster, and so was able to establish the proper velocity of a galaxy. Thus he 

could prove that the orbital velocity of galaxies in a cluster is higher than 

expected if one would only look into the mass of visible matter (stars and 

ionized gas) from the point of view of Newtonian gravitational dynamics.116 

   Along this same line of reasoning, Vera Rubin (1928‒2016), an 

American female astronomer, and George Coyne (born 1933), a Jesuit priest 

and astronomer, speculated that the method of establishing the peculiar 

velocities of galaxies within a cluster through their redshift, serves to reveal 

“the relative distribution of dark and luminous matter” and “indicates the 

existence of large amounts of (dark) matter”.117 

   Rubin made observations of the orbital velocities of stars in spiral galaxies 

that seemed to reveal the existence of a halo of non‒baryonic dark matter 

which extends further than the visible disk of the galaxy. Newtonian 

gravitational dynamics predict that acceleration due to gravity diminishes in 

proportion with the inverse square of the distance from the central mass and 

that orbital velocity diminishes in proportion with the inverse square root of 

the distance. In a series of ten publications, in The Astrophysical Journal 

from 1977 to 1985, she and her team observed about 60 spiral galaxies (20 
of type Sa, 20 of type Sb and 20 of type Sc118) and reported that the orbital 

                                                           
116 Fritz Zwicky, “Die Rotverschiebung von extragalaktischen Nebeln”, Helvetica 
Physica Acta, vol. 6 (1933): 110‒127; “On the Masses of Nebulae and of Clusters of 
Nebulae”, in: The Astrophysical Journal, vol. 86 (1937): 217‒246. 
117 Vera Rubin & George Coyne, eds, Large Scale Motions in the Universe (1988): 262, 
101‒102. 
118 Spiral galaxies type Sa have a big centre, with the arms close to each other; galaxies 
type Sb, a smaller centre with distinguishable arms; and type Sc, an even smaller centre 
with arms quite separate from each other. 
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velocity was almost constant, independent of the distance from the centre of 
the galaxy.119 
   It is important to distinguish between the astrophysical observations of 

Vera Rubin and her team and the interpretations they made of these 
observations. Two cosmographic observations are beyond any doubt: 

1) First observation. In the solar system, the orbital velocity of the 

planets diminishes in proportion with the inverse square root of the 

distance, so the velocity diminishes as the distance increases. 

2) Second observation. The rotational velocity of stars about the centre 

of a spiral galaxy first increases rapidly at a short distance from the 

galaxy centre, then stops diminishing with distance remaining more 

or less constant (the curve flattens out: see Image 2.1 with Rubin’s 
original drawings on a photo of spiral galaxy M31)). However, the 

visible, baryonic mass diminishes rapidly as one moves away from 

the galaxy centre, as can be inferred from its luminosity. 

 

                                                           
119 Vera Rubin & Kent Ford et al. “Extended rotation curves of high‒luminosity spiral 
galaxies. I. The angle between the rotation axis of the nucleus and the outer disk of NGC 
3672”, The Astrophysical Journal, vol. 217 (1977): L1‒L4;  
“II. The anomic Sa galaxy NGC 4378”, The Astrophysical Journal, vol. 224 (1978): 
782‒795;  
“III. The spiral galaxy NGC 7217”, The Astrophysical Journal, vol. 226 (1978): 770‒776;  
“IV. Systematic dynamical properties”, The Astrophysical Journal, vol. 225 (1978): 
L107‒L111;  
“V. NGC 1961, The most massive spiral known”, The Astrophysical Journal, vol. 225 
(1979): 35‒39;  
“VI. Rotational properties of 21 Sc galaxies with a large range of luminosities and radii, 
from NGC 4605 (R=4 kpc) to UGC 2885 (R=122 kpc)”, The Astrophysical Journal, vol. 
238 (1980): 471‒487;  
“VII. Rotation and mass of the inner 5 kilo parsecs of the SO galaxy NGC 3115”, The 
Astrophysical Journal, vol. 239 (1980): 50‒53;  
“VIII. Rotational properties of 23 Sb galaxies”, The Astrophysical Journal, vol. 261 
(1982): 439‒456; 
“IX. Rotation velocities of 16 Sa galaxies and a comparison of Sa, Sb, and Sc rotation 
properties”, The Astrophysical Journal, vol. 289 (1985): 81‒104. 
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Image 2.1 The spiral galaxy M31 with Rubin’s flat rotation curve120 

 
 

   These factual observations of facts in spiral galaxies were interpreted by 

Vera Rubin from the point of view of a cosmological model with Newtonian 

gravitational dynamics: 

1) First part of the interpretation. Rubin and her team started from the 

assumption that in spiral galaxies the gravitational dynamics 

operating are Newtonian. According to Newton, the gravitational 

acceleration diminishes with the inverse square of the distance, and 

orbital velocity diminishes with the inverse square root of the 

distance, as is explained in Math box 2.1. 
 
Math box 2.1 Orbital velocity with Newtonian gravitational dynamics 

In Newtonian mechanics, a body orbiting at a distance r from the centre of a 

spherically symmetrical collection of bodies may be treated as if the total 
mass M out to the radius r were concentrated at the central point (the Shell 

Theorem). According to Newton’s second law of movement, the 

acceleration a is given by: 

(1)       .    

                                                           
120 Malcolm Longair, Galaxy Formation (2008): 67. 
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The acceleration of a body in orbit around a big central mass is: 

(2)  . 

From (1) and (2) we obtain: 

(3)   . 

From (3) we deduce the orbital or rotational velocity: 

(4)  , 

which means that the orbital velocity is proportional to the square root of the 
mass and inversely proportional to the root of the distance: 

(5)  . 

   Since it is reasonable to assume that the mass of the galaxy is concentrated 
at its centre and diminishes if one moves away from the centre, one would 

expect, according to equation (5) that the rotational velocity v would rapidly 

decrease as one moves away from the centre, since according to that 
assumption, the total mass M (within the range r) increases more and more 

slowly and r increases linearly so that M / r diminishes rapidly. The surprise 

is that one observes the contrary: the orbital velocity, at a certain distance 
from the centre and beyond, remains constant even as we move away from 

the centre. The only way to explain this strange phenomenon is to assume 
that the mass, instead of gradually stopping to increase, actually increases 

linearly with radius, up to a certain, far away distance. For example, at twice 

the distance from the centre, we would have twice the mass. That would 
explain why the rotational velocity remains constant with distance: 

(6)  . 

   So, in the context of Newtonian gravitational dynamics there is no other 
option, but to assume the existence of a halo of non‒baryonic dark matter. 
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2) Second part of the interpretation. Within the context of Newtonian 
gravitational dynamics, an apparent incompatibility arises between 
the visible galaxy mass (stars and gas), observed as the radiation in 

some frequency of the electromagnetic spectrum, and the observed 
constancy of the orbital velocity. This is interpreted as requiring 

enormous quantities of additional and invisible mass, that increase 

linearly with distance from the centre. Given the observation of the 

orbital velocity in these dynamics and given the fact the gravitational 

constant G and the orbital velocity v appear to be constant, i.e. more 

or less independent in regard to the distance from the galaxy centre 

r, it follows that the only way, within the context of these Newtonian 

dynamics, to resolve this problem is the speculation that the total 

mass M contained in the sphere with radius r increases linearly with 

the radius. Graph 2.1 shows the essence of the problem. 

Graph 2.1 Observed and expected Newtonian rotation velocity of galaxy 

 
3) Third part of the interpretation. Given this speculation of the total 

galaxy mass increasing linearly with the radius and given the fact 
that the visible mass decreases rapidly with the distance from the 

galaxy centre, it follows logically that ‘dark matter’, which is 
supposed not to interact with light, and increases with distance from 
the galaxy centre, is not associated to the visible matter. As a 
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consequence, the mass luminosity ratio of the galaxy (M/L) increases 
dramatically when one moves away from the galaxy centre. 

   It is important to point out that in this interpretation, NO observations 

corroborate the speculations about dark matter as such. Dark matter is not 
observed, precisely because it is supposed not to interact with light, as 

Rubin pointed out in 1983:  

“All attempts to detect a halo by its visual, infrared, radio or X‒ray 

radiation have failed... In sum, the only requirement for the halo is the 

presence of matter in any cold, dark form that meets the M/L 

constraint.”121  

   The conjecture about dark matter depends on the assumption that orbital 

velocities in spiral galaxies can be explained by Newtonian gravitational 

dynamics. This assumption then leads to the speculation that the total galaxy 

mass increases linearly with distance from the centre (see Graph 2.1). 

   Once the idea of a halo of exotic dark matter was published in the 

Scientific American in 1983, many cosmologists started making references 

to the speculation about a halo of exotic dark matter in spiral galaxies, 

dissociated from visible matter, as though it was a scientific fact. For 

example, in 1994, Kolb & Turner reproduced some flat rotation curves and 
affirmed that: “Rotation curve measurements indicate that virtually all 

spiral galaxies have a dark, diffuse ‘halo’ associated with them which 
contributes at least 3 to 10 times the mass of the visible matter”.122 Stephen 

Hawking too attributed to dark matter the fact that the stars at the edge of 

spiral galaxies are kept in their orbits and not thrown into outer space: “stars 

on the outskirts of spiral galaxies like our own Milky Way orbit far too fast 

to be held in their orbits only by the gravitational attraction of all the stars 

                                                           
121 Vera Rubin, “Dark Matter in Spiral Galaxies”, in: Scientific American vol. 248 (1983): 
98. 
122 Edward Kolb & Turner, The Early Universe (1994): 17‒18. 
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that we observe”.123 What Hawking asserts would be true if Newtonian 

mechanics were valid to explain the rotation velocity of galaxies. The 
problem is that they are not: only Einstein’s general relativity is valid. 

   Not all cosmologists reflected on the Newtonian assumptions of this 
theory, but some did. For example, in 2006, Malcolm Longair reproduced 

Rubin’s original M31 spiral galaxy image with the flat rotation curve and 

commented on the Newtonian dynamics underlying these speculations: 

“Vera Rubin and her colleagues pioneered systematic studies of the 

rotation curves of galaxies... [I]n the outer regions of galaxies, the velocity 

curves are generally remarkably flat, (  constant). The significance 

of this result can be appreciated from a simple Newtonian calculation. If 

the galaxy is taken to be spherical and the mass within the radius r is M, 

the circular rotational velocity at distance r is found by equating the 

inward gravitational acceleration ( ), to the centripetal acceleration 

( ), and so . Thus, if  is constant, it follows 

that , so that the total mass within radius r increases linearly with 

the distance from the centre. This result contrasts strongly with the 

variation of the surface brightness of spiral galaxies, which decrease much 

more rapidly with distance from the centre than as .”124 

   Jim Peebles went a step further than Longair, stating that Newtonian 
dynamics may not be applicable in the cases of galaxy clusters and spiral 

galaxies: “discovering the nature of the dark matter, or explaining why the 

Newtonian mechanics used to infer its existence has been misapplied, has 

to be counted as one of the most exciting and immediate opportunities in 

cosmology today.”125 He did not follow up, however, on his own suggestion. 

                                                           
123 Stephen Hawking, The Universe in a Nutshell (2001): 186. 
124 Malcolm Longair, The Cosmic Century (2006): 248‒249, bold characters are mine. 
125James Peebles, “Dark Matter”, in: Principles of Physical Cosmology (1993): 417‒456 
(my bold characters). 
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   The speculation about the existence of non‒baryonic dark matter extends 
to galaxy clusters. Zwicky established that one can determine the total mass 
of a galaxy through the observation of the curvature of light coming from a 

star or galaxy that is located behind the Sun or a galaxy cluster. This 
method, derived from the theory of general relativity, served originally to 

corroborate this theory. Since it has been corroborated, one now proceeds in 

the opposite order: “the angle representing the change of the direction of the 

light ray is of the order of magnitude [of]   radians”, which allows 

us to calculate the total mass of a galaxy that is located between a luminous 

object and the Earth.126 According to Zwicky, the observation of these 

effects of gravitational lensing provides us with the most simple and most 

exact determination of the masses of galaxies.127 In Math box 2.2, I explain 

how total galaxy cluster mass is estimated in the standard  model, 

following a procedure based on Newtonian gravitational dynamics. 

Math box 2.2 Total galaxy cluster mass with Newtonian dynamics 

The equation for kinetic energy is derived directly from Newton’s second 
law of movement: 

(1)  . 

If we assume that the distribution of the velocity is isotropic, in the three 
directions of the system of coordinates and we assume also spherical 

symmetry in the galaxy cluster, we obtain: 

                                                           
126 The curvature is    radians, where l is the distance travelled by light through a 

gravitational field,  is the velocity of light and g is the gravitational acceleration. The 

term g depends directly on the mass of the object that causes the bending of the light. See 

George Gamov, Mr. Tompkins in Wonderland (1958): Lecture 4 “On Curved Space, 

Gravity and the Universe”, equation (7). 
127 Fritz Zwicky, “On the Masses of Nebulae and of Clusters of Nebulae”, in: The 
Astrophysical Journal, vol. 86 (1937): 238. Zwicky sees the galaxies as “nebulae”. 
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(2) , 

where   is the average radial velocity. Let us assume also the validity of 

the virial theorem, that supposes Newtonian gravitational dynamics: 

(3) . 

and we obtain the equation for potential gravitational energy, derived from 

Newtonian physics: 

(4)  , 

where  is the weighted average of the distance between objects with 

mass M. From equations (3) and (4), we obtain: 

(5)   . 

From equations (2) and (5), we obtain (with Longair128): 

(6)      , 

where M is the galaxy cluster mass;  the average rotational velocity of a 

galaxy; and   the average distance between galaxies. From (6) we obtain: 

(7)  . 

 
   The same dependence on Newtonian gravitational dynamics is manifest in 

the speculation about the location of dark matter in galaxy clusters. The 

Newton‒modelled reasoning goes as follows. When galaxies or galaxy 

clusters collide and cross each other, stars do not collide, but the gas does, 
so that the heated gas is separated from the stars. Douglas Clowe and his 

team analysed the case of the galaxy cluster , also known as 

                                                           
128 Malcolm Longair, Galaxy Formation (2008): 66. 
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the Bullet Cluster, which we see side on.129 The clouds of hot plasma of 
each cluster collide and reduce their relative velocity, but the stars of the 
galaxies do not collide physically, so that the visible plasma and the galaxies 

are spatially separated. The separation of galaxies and plasma permits us to 
estimate the proportions of visible baryonic matter of both on the basis of 

their respective luminosities. By observing the effect of weak gravitational 

lensing ‒ a slight distortion of the elliptic form of the galaxies ‒, which is 

more accentuated where galaxies are found (with relatively little visible 

matter), than in regions with plasma (with relatively more visible matter), 

the observed gravitational lensing appears to indicate that the location of the 

dark matter is in and around the galaxies. The variations of gravitational 

lensing “are in agreement with the galaxy positions and offset from the 

gas”,130 so, according to Clowe, dark matter is associated with the visible 

matter of the galaxies. The team does not speculate about the character of 

this dark matter, but it believes it has corroborated its existence.131 

   The analysis of the Bullet Cluster , first realised by Clowe 

and his team, in 2006, then replicated by Marusa Bradac132 and her team in 

the case of another merger of clusters, catalogued as 

, and indirectly corroborated by Richard Massey and his team,133 who 

used the observed distortion of the form of half a million galaxies, leads to 

                                                           
129 Douglas Clowe et al., “A Direct Empirical Proof of the Existence of Dark Matter”, in: 
Astrophysical Journal Letters, vol. 648 (2006) and idem, “Colliding Clusters Shed Light 
on Dark Matter”, in: Scientific American (2006). 
130 Douglas Clowe et al., “Catching a Bullet: Direct Evidence for the Existence of Dark 
Matter”, arXiv:astroph/ 0611496, p. 4. 
131 Dennis Zaritsky, a member of Clowe’s team, admits that he does not know what this 
dark matter is. His remarks are referred to in “Colliding Clusters Shed Light on Dark 
Matter”, in: Scientific American (August 2006). 
132 Marusa Bradac et al., “Revealing the Properties of Dark Matter in the Merging Cluster 

 ”, in: arXiv:0806.2320. 
133 Richard Massey et al., “Dark Matter Maps Reveal Cosmic Scaffolding”, in: Nature 
(January 2008). 
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the conclusion that “baryons follow the distribution of dark matter even on 

large scales”.134 

Image 2.2 Dark matter (blue) in galaxies, dissociated from plasma (pink) 

  

   In a recent survey of galaxy clusters, Hans Böhringer conjectured that the 

proportions of non‒baryonic dark matter and baryonic visible matter are 

85% and 15%, respectively and that the 15% corresponding to baryonic 

visible matter is distributed between stars, 2%, and gas, 13%, in big clusters; 

and 5% and 10%, respectively in small clusters.135 

   In all these cases, the model used to measure the amount of mass through 

weak gravitational lensing, is a mixture of general relativity ‒ as far as 
gravitational lensing is concerned ‒ and “Newtonian gravity” (Clowe)136, 
“Newtonian” dynamics (Massey)137, so that this proof of the existence of 

dark matter rests on the validity of the assumption that Newtonian 
                                                           
134 Richard Massey et al., “Dark Matter Maps Reveal Cosmic Scaffolding”, in: Nature 
(January 2008): 5. The colours of Graph 2.2 are not real, but added to the image by 
Massey. 
135 Hans Böhringer, “Galaxy Clusters as Cosmological Probes”, lecture given at the 
Universidad Iberoamericana, April 16, 2008. 
136 Douglas Clowe et al., “Catching a Bullet: Direct Evidence for the Existence of Dark 
Matter”, arXiv:astroph/0611496, p. 3 (my italics). 
137 Richard Massey et al., “Probing Dark Matter and Dark Energy with Space‒Based 
Weak Lensing”, arXiv:astroph/0403229, p. 4, see also Richard Massey et al., “Dark 
Matter Maps Reveal Cosmic Scaffolding”, in: Nature (January 2008) (my italics). 
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gravitational dynamics explain the observations in these cases. In using 
Newtonian models, however, the total galaxy cluster mass is overestimated 
by several orders of magnitude, just as is the case with spiral galaxies. In the 

next section, I shall show that no dark matter is needed, if one uses 
Einstein’s general relativity to explain the rotation velocity of galaxies and 

galaxy clusters and gravitational lensing. 

Section 2.1.2 How the rotation velocity is explained by general relativity 

Fred Cooperstock138 and Steven Tieu, following previous suggestions by 

Eddington, offer an orthodox solution, along the lines of Einstein’s general 
relativity, by which the discrepancy between observation and prediction 

disappears. Eddington had mentioned this non‒linearity for a system that is 

variable in time, and the authors extend it to non‒linear, but stationary 

(non‒time dependent) problems, as in galactic gravitational dynamics: 

“In dismissing general relativity in favour of Newtonian gravitational 

theory for the study of galactic dynamics, insufficient attention has been 

paid to the fact that the stars that compose the galaxies are essentially in 

motion under gravity alone (‘gravitationally bound’). It has been known 

since the time of Eddington that the gravitationally bound problem in 

general relativity is an intrinsically non‒linear problem even when the 

conditions are such that the field is weak and the motions are 

non‒relativistic, at least in the time‒dependent case. Most significantly, we 

found that under these conditions, the general relativistic analysis of the 

problem is also non‒linear for the stationary (non‒time‒dependent) case 

at hand. Thus, the intrinsically linear Newtonian‒based approach used to 

this point has been inadequate for the description of galactic dynamics... 

We demonstrate that via general relativity, the generating potentials 

                                                           
138 Fred Cooperstock, General Relativistic Dynamics. Extending Einstein’s Legacy 
Throughout the Universe (2009). 
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producing the observed flattened galactic rotation curves are necessarily 

linked to the mass density distributions of the flattened disks [of ordinary 

baryonic matter], obviating any necessity for dark matter halos in the total 

galactic composition.”139 

   Cooperstock, collaborating first with Tieu and then with Carrick, analysed 

a total of seven spiral galaxies from the relativistic point of view. In his first 

publication of 2005, he analysed four spiral galaxies (the Milky Way, NGC 

3031, NGC 3198, and NGC 7331).140 In December 2010 he added another 

three spiral galaxies proving the same point (NGC 2841, NGC 2903 and 

NGC 5033).141 The authors conceive the spiral galaxies as systems that are 

analogous to “fluids rotating uniformly without pressure and symmetric 

around the axis of rotation”,142 and explained the rotational dynamics by the 

gravitational attraction exercised by baryonic matter, within the known form 

of the visible disk, in relativistic gravitational dynamics (see Math box 2.3). 

Math box 2.3 Spiral galaxy mass in relativistic gravitational dynamics 

We start from the line element of an object in free fall in general relativity, 
adapted to the polar, cylindrical coordinates r and z:  

(1) , 

where u, v, w and N are coefficients whose value is a function of the 

coordinates r and z. For various reasons,143 one may simplify this equation 
equating u=1 and w=0: 

 (2) . 

                                                           
139 Fred Cooperstock & Steven Tieu, “General Relativity Resolves Galactic Rotation 
Without Exotic Dark Matter” arXiv:astro-ph/0507619 (2005): 2‒3. 
140 Ibidem. 
141John Carrick and Fred Cooperstock, “General Relativistic Dynamics Applied to the 
Rotation Curves of Galaxies”, arXiv:1101.3224 (December 2010). 
142 Fred Cooperstock & Steven Tieu, “General Relativity Resolves Galactic Rotation 
Without Exotic Dark Matter” arXiv:astro-ph/0507619 (2005): 4. 
143 Ibidem: 4‒5. 
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   We obtain the relation between angular velocity , and tangential velocity 

V and the coefficient N (using  ):  

(3)    and  

(4)   , 

so that by (3) and (4), we obtain:  

    (5)  . 

   We use Einstein’s field equations for N and  in a weak field with a cloud 

of particles in rotational motion, subject neither to pressure neither nor to 

friction:  

      (6)  and  

      (7)   . 

   Equation (6) can be represented as a function of the gravitational potential 

 for rotating galaxies:  

       (8)  . 

where the zero value is due to the absence of pressure and friction in a 

system of particles in rotational motion. If there were no rotational motion, 

the system would need pressure (a non‒zero value) to be stable, as in the 

Poisson equation of Newtonian gravity for weak fields:  

       (9)   . 

   In a way analogous to the derivation of the Newtonian gravitational field 
and potential, we obtain the gravitational potential of a system of particles in 

rotational motion subject neither to pressure, nor to friction:  

     (10)   . 
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   From equations (5) and (10), we obtain the rotational velocity:  

     (11)   . 

   In polar cylindrical coordinates, the solution to equation (8) is:  

     (12)   , 

where  is the Bessel function  of zero order (m=0) and C is an 

arbitrary constant. We can rewrite equation (12) as a linear summary: 

    (13)   . 

      From equations (11) and (12), we obtain:  

    (14)   = - , 

and from (11) and (14), we obtain: 

    (15)    - . 

   By solving  for n=1 to n=10, we obtain the theoretical rotational 

velocity curves, with the Bessel function of order one: 

    (16)   and  

    (17)  . 

   From (16) and (17), we confirm (11):  

    (18)   . 

   Each galaxy is different, and has its proper coefficients and . 

Cooperstock and Tieu attached the respective values of these coefficients to 

their article for four galaxies, among them the Milky Way, for n=1 to n=10. 
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   What many astrophysicists and cosmologists attribute to a halo of cold 
dark matter is explained by Cooperstock and Tieu with ordinary baryonic 
matter in the context of relativistic gravitational dynamics, with the result 

that the flat velocity curve is produced by a disk mass much smaller than the 
envisaged halo mass of exotic dark matter: “The non‒linearity for the 

computation of density inherent in the Einstein field equations for a 

stationary axially‒symmetric pressure‒free mass distribution, even in the 

case of weak fields, leads to correct galactic velocity curves as opposed to 

the incorrect curves that had been derived on the basis of Newtonian 

gravitational theory.”144 The predictions of the relativistic model are 

corroborated (see Graph 2.2). 

Graph 2.2 The corroboration of the general relativity in Milky Way145 

 
Explanation: the curve is prediction by theory; the points, the observations. 

   With Wolfram’s program Mathematica, using equations (16) and (17) of 

Math box 2.3, Alfredo Sandoval and myself were able to reproduce exactly 
the same flat rotational velocity curves as obtained by Cooperstock. We 

discovered, however, that variations in the fourth or fifth or sixth decimal of 

                                                           
144 Fred Cooperstock & Steven Tieu, “Galactic Dynamics via General Relativity”, in: 
International Journal of Modern Physics A vol. 22 (2007): 29. 
145 Fred Cooperstock & Steven Tieu, “General Relativity Resolves Galactic Rotation 
Without Exotic Dark Matter”, arXiv:astro-ph/0507619 (2005): 8. 
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the value of the coefficients  and  may affect the results in a non‒trivial 

way. This means we cannot use figures that are rounded up to the third or 
fourth decimal. Graph 2.3 replicates our results of the rotational velocity of 

the Milky Way: 

Graph 2.3 Predictions of general relativity replicated by the author  

 
   Cooperstock comments that if we have two options, either orthodox 

physics (general relativity), or inventing something esoteric (dark matter), 

applying Ockham’s razor means that we opt for orthodox general relativity: 

“The scientific method has been most successful when directed by 
‘Ockham’s razor’, that new elements should not be introduced into a 
theory unless absolutely necessary. If it should turn out to be the case that 
the observations of astronomy can ultimately be explained without the 
addition of new exotic dark matter, this would be of considerable 
significance.”146 

   The work of Cooperstock and Tieu has generated much interest and also 
some criticism, from Korzynski,147 Vogt and Letelier,148 and Garfinkle.149 
Cooperstock and Tieu responded adequately to their critics.150  

                                                           
146 Fred Cooperstock & Steven Tieu, “Galactic Dynamics via General Relativity”, in: 
International Journal of Modern Physics A, vol. 22 (2007): 30. 
147 Nikolaj Korzynski, “Singular Disk of Matter in the Cooperstock‒Tieu Galaxy Model”, 
arXiv:astro-ph/0508377. 



 113 Chapter 2 | Myth: dark matter and dark energy 

   Other astrophysicists feel that even with relativistic gravitational 
dynamics, the baryonic mass in the spiral galaxies is not enough to explain 
their rotational velocity. One of them (David Wiltshire) wrote to me that 

“the masses of the galaxies Cooperstock and Tieu find are greatly in excess 

of any reasonable estimate of the baryonic mass”.151 He referred to Stephen 

Kent’s estimates of spiral galaxy mass.  

   Actually, Cooperstock and Tieu themselves make that comparison. Kent 

has three articles on this topic, published between 1986 and 1988.152 I do not 

think that Kent’s estimates validate the missing mass hypothesis, as I will 

now show. First, there is no indication in Kent’s figures of a 1/6 baryon/total 
mass ratio. Kent does not use the term ‘baryonic mass’, but refers to ‘stellar 
mass’, being the sum of the stellar ‘bulge’ mass  and stellar ‘disk’ mass 

 that he obtains by means of estimates of the mass/luminosity ratio  

(the luminosity being the surface brightness of stars) for bulges and disks. 

He derives the total mass estimate   by means of Newtonian equations 

that establish a causal relationship between mass and rotational velocity at 

any chosen radius, where velocity is the observed part (derived from blue 

and redshifts), radius the chosen part, and mass the inferred part. The 

                                                                                                                                                 
148 Daniel Vogt & Patricio Letelier, “Presence of Exotic Matter in the Cooperstock and 
Tieu Galaxy Model”, arXiv:astro-ph/0510750. 
149David Garfinkle, “The Need for Dark Matter in Galaxies”, arXiv:gr-qc/051182 . 
150 Fred Cooperstock & Steven Tieu, “Perspectives on Galactic Dynamics via General 
Relativity”, arXiv:astro-ph/0512048 and “Galactic Dynamics via General Relativity”, in: 
International Journal of Modern Physics A, vol. 22 (2007): 17‒28. 
151 E‒mail of David Wiltshire, December 2010. 
152 Stephen Kent, “Dark Matter in Spiral Galaxies. I. Galaxies with Optical Rotation 
Curves”, The Astrophysical Journal, vol. 9 (June 1986): 1301‒1327; “Dark Matter in 
Spiral Galaxies. II. Galaxies with H1 Rotation Curves”, The Astrophysical Journal, vol. 9 
(April 1987): 816‒832; “Dark Matter in Spiral Galaxies. III. The Sa Galaxies”, in: The 
Astrophysical Journal, vol. 9 (1988): 514‒527. 
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stellar/total mass ratio, for 7 of the 16 galaxies with complete data sets, is 

, that is a ratio of 1/3, not 1/6, as Kent asserts.153 

   Of the three galaxies chosen by Cooperstock & Tieu for analysis in their 

first article (NGC 3031; NGC 3198; and NGC 7331), Kent has complete 
data sets only for two of them, NGC 3031 and NGC 7331, since he has no 

bulge mass estimate for NGC 3198. In the case of NGC 3031 and NGC 

7331, his stellar/total mass ratios are 1/2 and 1/4, respectively. These ratios, 

however, have to be corrected, because Kent neither includes estimates of 

interstellar gas, nor of black holes, but “the contribution from the stellar 

component alone”.154 In galaxies the gas mass is 15% of the baryonic mass, 

and the stellar mass, 85%. The interstellar gas mass, for example in the 

Milky Way, is 15% of the total baryonic mass.155 The additional gas mass 

changes the Kent estimate of baryon mass for NGC 3031 and NGC 7331 to 

8.47*1010 and 14.24*1010 solar masses, respectively. 

   Now we have to add the black hole mass , which is originally 

baryonic matter. The black hole mass is not included in Kent’s  ratios 

because in both galaxies, he has identical  ratios for bulges and disks ‒ 

3.76 and 4.04, respectively ‒, as he explains: “for NGC 3031 and NGC 

7331, the bulge  ratio in the full solution was very poorly constrained 

and so it was kept fixed equal to the disk M/L ratio”.156 The  ratios 

would have been different for bulges and disks if the black hole had been 

included in the bulge  ratio. In NG 3031, the black hole at the centre of 

the galaxy has a mass of  solar masses, and Rohlfs and 

                                                           
153 Stephen Kent, “Dark Matter in Spiral Galaxies. II. Galaxies with H1 Rotation Curves”, 
The Astrophysical Journal, vol. 9 (April 1987): 827. 
154Stephen Kent, “Dark Matter in Spiral Galaxies. I. Galaxies with Optical Rotation 
Curves”, The Astrophysical Journal, vol. 9 (June 1986): 1301. 
155 Katia Ferrière, “The Interstellar Environment of our Galaxy”, arXiv:astro-ph/0106359 
(June 2001): 1‒56. 
156 Stephen Kent, “Dark Matter in Spiral Galaxies. II. Galaxies with H1 Rotation Curves”, 
The Astrophysical Journal, vol. 9 (April 1987): 826. 
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Kreitschmann correct Kent’s estimate of total stellar mass to be 

 solar masses,157 which increases the total baryon mass estimate to 

 solar masses. The NGC 7331 black hole may be as much as 

 solar masses which increases the baryon mass from 14.24 to 

16.04*1010 solar masses. Table 2.1 gives the corrected Kent baryon mass 

estimates, compared to those found by Cooperstock. 

Table 2.1 Baryonic mass estimates for NGC 3031 and NGC 7331 

Galaxy Cooperstock Kent corrected Cooperstock/Kent 
NGC 3031   1.2 
NGC 7331   1.6 

 
   The table reveals that the baryon masses in both cases are in fact almost 

identical. In the case of NGC 7331 there appears to be some missing mass, 

but it certainly is not the case that the Cooperstock and Tieu mass estimates 

are “greatly in excess of any reasonable estimate of the baryonic mass”.158 

The missing mass may be due to many uncertainties, among other things, as 

Kent himself points out, the circumstance that: “the relationship between 

luminous and dark matter shows significant variation among galaxies”,159 

and the “optical rotation curves usually do not place strong constraints on 

the amount of dark matter in these galaxies...[because] in agreement with 

Kalnajs, 1983, some rotation curves fit well without the need to assume the 

existence of any dark halo”.160  

                                                           
157 K. Rohlfs & J. Kreitschmann, “A Two Component Mass Model for M81/NGC3031”, 
Astronomy & Astrophysics (1980): 175‒182. 
158 David Wiltshire’s email to the author, December 2010. 
159 Stephen Kent, “Dark Matter in Spiral Galaxies. II. Galaxies with H1 Rotation Curves”, 
The Astronomical Journal, vol. 9 (April 1987): 816. 
160 Kent, Stephen, “Dark Matter in Spiral Galaxies. I. Galaxies with Optical Rotation 
Curves”, The Astronomical Journal, vol. 91 (1986): 1301, 1326. Kent is referring to A. J. 
Kalnajs, Internal Kinematics of Galaxies, IAU Symposium (1983). 
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   What is implied in these comments by Kent, though he himself does not 
make that point, is that there are two ways to estimate the mass of a galaxy, 

one being the mass/luminosity ratio  and the other, the mass inference 

from rotation velocity interpreted with Newtonian gravitational dynamics. 
The first method is very insecure, because of the significant variation of the 

 ratio among galaxies, and the second one, based on Newtonian 

gravitational dynamics, is erroneous. Even so, for some galaxies, both 

methods – one insecure, and one wrong − sometimes coincide in yielding 

the same galaxy mass estimate, without resorting to dark matter, as Kent 

points out. Given the fact that the Newtonian model grossly overestimates 

the galaxy mass needed to explain the rotation velocity, it follows that, in 

these cases of coincidence between the two measures, the mass/luminosity 

model also grossly overestimates the real galaxy mass. The point here is 

that, given the significant variation of the mass/luminosity model in 

different galaxies, the  ratio may sometimes grossly overestimate the 

galaxy mass, and sometimes grossly underestimate it. The NGC 7331 

galaxy might be one of these cases, we simply do not know. Here, 

astrophysics is not so exact as the uncritical adherence to the results of the 

mass/luminosity  ratio appears to assume. The gravitational dynamics 

of spiral galaxies (see next image) are well explained by general relativity, 

without any need of speculations about non‒baryonic dark matter. Even in 

the case of weak gravitational fields, we need Einstein.  

   Can we extend this analysis of galaxy rotational velocity to galaxy 

clusters? Cooperstock and Tieu think so:161 

“For the dynamics of clusters of galaxies, the virial theorem is used. This 

is based on Newtonian gravity theory. It would be of interest to introduce a 

general relativistic virial theorem for comparison. It is only after possible 
                                                           
161 Fred Cooperstock & Steven Tieu, “Perspectives on Galactic Dynamics via General 
Relativity”, arXiv:astro-ph/0512048 (2005) and Fred Cooperstock, “Clusters of 
Galaxies”, in: General Relativistic Dynamics (2009): 135‒159. 
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effects of general relativity are explored that we can be confident about the 

viability or non‒viability of exotic dark matter in nature.”162 

Image 2.3 The dynamics of spiral galaxies are explained by general 
relativity163 

 

  Cooperstock and Tieu applied general relativity to the gravitational 

dynamics of galaxy clusters, and corroborated their theory about total 

cluster mass and the rotational velocity of galaxies in the cluster164. Math 

box 2.4 summarises their main argument, based on a relativistic model of a 

weak gravitational field constituted by many bodies under the effect of 

mutual gravitational attraction with no friction or pressure. 

                                                           
162 Fred Cooperstock & Steven Tieu, “Perspectives on Galactic Dynamics via General 
Relativity”, arXiv:astro-ph/0512048, p. 3. For the virial theorem, see Appendix VIII, 
Section C 1, in: John Auping, El Origen y la Evolución del Universo  e‒book (2009): 736 
163 The spiral galaxy NGC 6946. Photo by John Duncan, Astronomía (2007): 223. 
164 Fred Cooperstock & Steven Tieu, “General Relativistic Velocity”, in: Modern Physics 
Letters A vol. 23 (2008): 1745‒1755 and Fred Cooperstock, “Clusters of Galaxies”, in: 
General Relativistic Dynamics (2009): chapter 10. 
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Math box 2.4 Galaxy cluster mass in a relativistic gravitational model 

Cooperstock starts with Schwarzschild’s solution to Einstein’s equations, 
using a metric of spherical coordinates for a spherical mass M,165 the same 

that one uses to derive the perihelion rotation of Mercury in a plane:166 

   (1)   . 

   The terms between parentheses constitute the metric coefficients, that 

together determine Schwarzschild’s metric tensor in four‒dimensional 

space‒time, where the mass M is not small. Following Landau and Lifshitz, 
two Soviet era astrophysicists, but normalizing the equations, so as to make 

c=G=1 and inverting the signs of the metric, Cooperstock obtains:167  

   (2) . 

   A big difference between this procedure and the analysis of Mercury’s 
perihelion168 is that we do not make the simplifying assumption, justifiable 

in the solar system, that the proper time  of the observed mass and the 

time  of the observer are one and the same. Normally, this difference is 

only considered to be important in the case of strong gravitational fields, but 
Cooperstock and Tieu show that in the case of a weak gravitational field 

too, the difference between the proper time  of the observed mass and the 

time  of the observer is crucial. The transformation of the coordinates of 

                                                           
165 Fred Cooperstock & Steven Tieu, “General Relativistic Velocity: the Alternative to 
Dark Matter”, in: Modern Physics Letters A vol. 23 (2008): 1746, equations (1) and (2). 
166 See equation (382) of Appendix VI B and equation (4) of Appendix VI C of John 
Auping, Origen y Evolución del Universo e‒book (2009): 692, 698. 
167 Fred Cooperstock & Steven Tieu, “General Relativistic Velocity: the Alternative to 
Dark Matter”, in: Modern Physics Letters A vol. 23 (2008): 1746, equations (1) and (2) 
and note 6 (c=G=1). This is equation (100.2) of L. Landau & E. Lifshitz, The Classical 
Theory of Fields (2002): 321, if one takes into account that  (the ‘gravitational radius’) 
in Landau and Lifshitz is the mass m in Cooperstock and Tieu. 
168 See Appendix VI C of John Auping, Origen y Evolución del Universo, e‒book (2009). 
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the observer (  and ) into the co‒moving coordinates of the observed object 

with its proper time (  and ) is the following:  

   (3)    ,   

   (4)       and  

   (5)    , 

which gives us the following transformed Schwarzschild metric, that 
Cooperstock took from Landau and Lifshitz’s Classical Theory of Fields, 

and that depends on the proper time of the massive object:169 

(6) 

. 

   In the case that the value of  comes close to the value of R, we are in a 

strong gravitational field and the singularity of a black hole arises where 

. But Cooperstock and Tieu are interested in the case of a weak 

gravitational field, where  for all R, implying that  r for all r 

and the coordinates ( ). The radial velocity, measured by the external 

observer is:  

(7) . 

                                                           
169 This is equation (102.3) of L. Landau & E. Lifshitz, The Classical Theory of Fields, 4ª 
revised ed. (2002): 332, if one takes into account that  (the gravitational radius) in 
Landau and Lifshitz is the mass m in Cooperstock and Tieu, and that Landau and Lifshitz 
normalise only half way (G=1, but c≠ 1). 
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   The radial velocity in the proper time of the observed moving object is:170  

(8)    . 

   In a weak gravitational field, the radial velocity measured in the proper 
time of the co‒moving object is equal to the radial velocity measured in the 
time of the terrestrial observer, because the mass m of the field is so reduced 

that the factor , as Cooperstock explains: “the 

local measures, both proper and external, of the radial velocity are 

approximately equal in the value of ”.171 

   However, this is only true in the case that almost all the mass of the 

system is concentrated in the centre of mass, as for example in the solar 

system, where the weak gravitational field is originated by one massive 
object.  

   But things get complicated, when we focus on the collapse of a cloud of 

particles, where each particle contributes to the total mass and field. It is in 

this case that the radial velocity as measured in the proper time of the 

co‒moving object, even in the case of non‒relativistic velocities, starts 

differing considerably from the time of the external, terrestrial observer. 

Parting from the geodesic equation in general relativity, for a cloud of dust 

particles, taken from the classic work of Landau and Lifshitz,172 

                                                           
170 The Schwarzschild metric in Cooperstock and Tieu is   and 

. The difference with the Schwarzschild metric in John Auping, Origen y 

Evolución del Universo (2009), Appendix VI B, equation 382, p. 692, is that  in 
Cooperstock is my , with , and  in Cooperstock is my 

, with , and Cooperstock normalizing with G=1 and c=1. 
171 Fred Cooperstock and Steven Tieu “General Relativistic Velocity: the Alternative to 
Dark Matter”, in: Modern Physics Letters A vol. 23 (2008): 1748. 
172 The equation (103.1) in L. Landau & E. Lifshitz, The Classical Theory of Fields, 
(2002): 339 is equation (9) in Fred Cooperstock and Steven Tieu, “General Relativistic 
Velocity: the Alternative to Dark Matter”, in: Modern Physics Letters A vol. 23 (2008): 
1748. 



 121 Chapter 2 | Myth: dark matter and dark energy 

Cooperstock obtains the following geodesic equation for dust particles or 
objects, as measured by an external (terrestrial) observer:  

(9) . 

   In this case, “a freely falling dust particle maintains constant space 

coordinates for all time”, and the exact solution of the four non‒trivial 

Einstein field equations that apply in this case, assumes the form of the 

following two equations:173 

(10)     and 

(11)   , 

where E(R) and F(R) are functions of integration. This leads to the 

following average radial velocity equation: 

(12)  , where 

(13)  , 

(14)    and  

(15)  . 

   The factor F is the accumulated mass function conceived as a function of 
the radius R of the galaxy cluster (wherein the average radial velocity is 

supposed to be known): 

(16)  and  

(17) .174 

                                                           
173 Fred Cooperstock, General Relativistic Dynamics (2009): 142. 
174 Ibidem: 148‒149. 
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   These equations permit us to reconstruct the relation between radial 
velocity, galaxy cluster mass and galaxy mass density, in a relativistic 
model, without necessity of non‒baryonic dark matter. For example, in the 

case of the Coma cluster, Cooperstock has the following values of the mass 

function: 

 and the radial velocity expressed as the ratio 

 is of the order of  “if we assume, as would a Newtonian, 

that there exists dark matter present to account for the observed velocities”, 

but it is of the order of  “if we accept only the existence of the matter 

that we see”.175  

   Now the problem we face is whether we can reconcile the observed 

velocities and the baryonic matter that we see, without resorting to dark 

matter. Cooperstock argues that we can, with the help of the relativistic 

radial velocity equation and the accumulated mass function (see Math box 

2.4). Instead of boosting the mass of the galaxy by inventing dark matter, 

Cooperstock’s model boosts the radial velocity based on visible baryonic 

matter, using relativistic gravitational dynamics, which is then corroborated 

by the observed radial velocity. Assuming the baryonic, visible mass is 20% 

or 30% or 40% of the supposed total mass within a sphere of 3 Mpc of 

1.3*1015 solar masses, we obtain a boost factor n of the wrongly inferred 

Newtonian radial velocity, associated with only observed baryonic mass 

( ) of ,  and , respectively, to obtain the 

relativistic radial velocity. Since the observed average radial velocity and all 
the terms at the right‒hand side of the relativistic radial velocity equation 

(13) are known, we can obtain the value of the change of mass density over 

time ( ), that is 2.13*10-41 kg /m3/s, 2.62*10-41kg/m3/s and 3.02*10-

41kg/m3/s, respectively. “Rates of density changes of the order of magnitude 

                                                           
175 Fred Cooperstock, General Relativistic Dynamics (2009): 148. 
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10-41kg/m3/s are quite reasonable as over a period of one billion years”, 
which is the time of the evolution of the Coma galaxy cluster.  
   Cooperstock concludes that, while this is only one example, he has been 

able to account for the observed velocities of galaxies within this cluster, 
solely within the framework of general relativity and without any 

extraneous dark matter.176 Cooperstock draws the following conclusion to 

his analysis which is worth quoting: 

“When the gravity was deduced to be weak within these clusters, 

astronomers naturally turned to Newtonian gravity to correlate the 

seemingly anomalously large galactic velocities that they measured with 

the masses that they believed to be present. They initially deduced that 

there must be unseen ‘dark matter’ in the order of 100 times as much as 

the visible matter to make the mass totals accord with the velocities. 

However, with the later discovery of very large quantities of gaseous 

matter, this figure was reduced dramatically but there still remained a 

large quantity of matter yet to be accounted for. This apparent need is still 

promoted vigorously by researchers throughout the world [in] a plethora 

of papers advocating new particles that would conceivably play the role of 

this exotic missing material. However, insofar as high rotational velocities 

of stars in galaxies as the basis for the need for dark matter is concerned, 

the replacement of Newtonian gravity by general relativity removes this 

requirement. The nonlinearities of general relativity play an important 

role in systems of freely falling gravitating masses, leading to expressly 

non‒Newtonian behaviour, even when the gravitational field is weak... 

Had Zwicky done this calculation 70 years ago with general relativity in 

mind, he might have come to very different conclusions regarding the 

requirement for vast stores of exotic dark matter.”177 

                                                           
176 Fred Cooperstock, General Relativistic Dynamics (2009): 152. 
177 Ibidem: 148, 152‒153. 
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Section 2.2 How general relativity eliminates the myth of dark energy 

I shall first explore how the myth of dark energy came into being, and then 
show how general relativity makes it possible to explain the apparent 

acceleration of the expansion velocity of the Universe, without resorting to 
dark energy. 

Section 2.2.1 The acceleration of the expansion velocity of the Universe  

The cosmological constant was once proposed by Einstein in order to 

explain why a steady state universe did not collapse. When Einstein 

conceived the Universe as a stable distribution of matter that did not 

collapse gravitationally, which is impossible (see Section 1.1.1), he 

introduced the cosmological constant , representing a negative 

gravitational force to solve the paradox. When Hubble published data on the 

redshift of galaxies, that corroborated the Friedman‒Lemaître model of an 

expanding Universe, Einstein publicly accepted that the facts refuted his 

model of a static universe and subscribed to the model of a dynamic one, 

with no need for gravitational repulsion by a cosmological constant.178  

   Apart from Hubble’s observations, an additional problem with Einstein’s 
cosmological constant was pointed out by Steven Weinberg in a 1989 

article,179 ten years before the observations about the apparent acceleration 

of the Universe’s expansion velocity were made public. Weinberg 

demonstrated that astronomical observations indicate that the cosmological 

constant is many orders of magnitude smaller than it should be according to 

modern theories of elementary particles: “theoretical expectations for the 

cosmological constant exceed observational limits by some 120 orders of 

                                                           
178 See Chapter 1. 
179 Steven Weinberg, “The Cosmological Constant Problem”, in: Review of Modern 
Physics, vol. 61 (1989): 6‒23. 
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magnitude”180 and he added, that if no solution is found to overcome this 
enormous discrepancy between theory and observation, “we will have to fall 

back on the anthropic principle to explain why  is not enormously 

larger than allowed by observation”.181 Weinberg’s analysis, originally 

aimed at Einstein’s cosmological constant, is also relevant for the modern 

version of the cosmological constant, which is invoked to explain the 

apparent acceleration of the expansion velocity of the Universe. 

   The cosmological constant has recently reappeared in the cosmology of an 

expanding universe, after the recent discovery of the apparent acceleration 

of its expansion velocity.182 I am referring to the observations of luminosity 

and redshift of supernovae type 1a, discovered in the Supernova Cosmology 

Project of Saul Perlmutter and his team183 and the High‒z Supernova Search 

Team of Robert Kirshner and Adam Riess.184 The observation of the 

redshift and distance of these supernovae yields a Hubble constant of 

. According to these data, type 1a supernovae that are 

relatively close by have a redshift that is larger than would be expected in 

the case of a decelerating expansion of the Universe, indicating that in the 

last thousands of millions of years the expansion is accelerating.  

   A couple of years later, both teams again presented observations of the 

same phenomenon, but this time more precise ones, made with the Hubble 
Space Telescope and reduced the error margin of the observed luminosity 

considerably. In 2003, Knop and Perlmutter and their team presented data of 

                                                           
180 Steven Weinberg, “The Cosmological Constant Problem”, in: Review of Modern 
Physics, vol. 61 (1989): 1. 
181 Ibidem: 20. 
182 Perlmutter, Riess and Schmidt received the 2011 Physics Nobel Prize for this finding, 
leaving out Robert Kirshner who should have been included in this Noble Prize. 
183 Saul Perlmutter, “Measurements of Omega and Lambda from 42 High‒Redshift 
Supernovae", in: Astrophysical Journal, vol. 517 (1999): 565‒586. 
184 Adam Riess, “Observational Evidence from Supernovae for an Accelerating Universe 
and a Cosmological Constant”, in: Astronomical Journal, vol. 116 (1998): 1009‒1038; 
and Robert Kirshner, The Extravagant Universe (2002). 
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11 supernovae of high redshift observed by the Hubble Space Telescope185 
and in 2004,186 Riess and Kirshner and their team used the same telescope 
for more precise observations of 16 recent supernovae and revaluated the 

past evidence of 170 type 1a supernovae and corroborated once again the 
hypothesis of the recent acceleration of the expansion of the Universe.187 

They also affirmed that the historical transition from deceleration to 

acceleration occurs at a distance that corresponds to a redshift of 

. 

    Kirshner, Knop, Perlmutter, Riess and Schmidt provide the data of the 

apparent acceleration of the expansion velocity of the Universe. Many 

cosmologists interpret these data with the help of a modern version of the 

ancient cosmological constant , first proposed and then abandoned by 

Einstein. They speculate about a mysterious dark energy, a negative 

gravitational force . The sum of the mass density of  0.3 and the dark 

energy density of  0.7 results in a total density of 1.  

   Together with the speculation about dark matter, which I analysed in the 

previous section, dark matter and dark energy constitute the cornerstones of 

the standard model in modern astrophysics, named . There are, 

however, two different explanations of this observation, either the 

speculation on dark energy, or orthodox general relativity. If we take 

general relativity seriously, there is no need for dark energy, as we shall 
now see. 

                                                           
185 Rob Knop, Saul Perlmutter et al., “New Constraints on   ,  and   from an 
Independent Set of Eleven High‒Redshift Supernovae Observed with the HST”, 2003, 
arXiv:astro-ph/0309368. 
186 Ibidem. 
187 Adam Riess et al., “Type Ia Supernova Discoveries at z<1 From the Hubble Space 
Telescope: Evidence for Past Deceleration and Constraints on Dark Energy Evolution”, 
arXiv:astro-ph/0402512 and in: Astrophysical Journal, vol. 607 (2004): 665‒738. 
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Section 2.2.2 How to explain the acceleration of the expansion velocity  

Some astrophysicists, outstanding among them David Wiltshire, show that 
the observation of the apparent acceleration of the expansion velocity of the 

Universe results from the fact that the watch of an observer, embedded in 
the strong gravitational field of a galaxy cluster, runs more slowly than the 

watch in a void, or the average watch of the Universe, that has many voids 

surrounded by walls of galaxies clusters. This means that a receding 

supernova that travels a certain distance, at the other side of a large void, 

makes that journey in less time, according to the slower running observer's 

watch, as compared to the faster running watch mounted on the supernova, 

or according to the Universe's average watch, creating the perception of a 
recent acceleration of the expansion velocity.  

   In the International Conference on Two Cosmological Models, held at the 

Universidad Iberoamericana in 2010, and using the Buchert‒Wiltshire 

paradigm, I presented a physical‒mathematical proof of the fact that dark 

energy is an unnecessary speculation, once we take general relativity 

seriously,188 and so did Wiltshire himself.189 If the reader wants to have a 

closer look at this physical‒mathematical evidence, he can consult the 

Proceedings, available in English, on the internet.190 

   I will now synthesise these arguments, as presented at that International 
Conference.  

   General relativity establishes that gravitational fields do not only curve 

space, but also slow down time. Both space and time are relative, differing 
                                                           
188 See John Auping, “Putting the standard  model and the relativistic model in 
historical context”, in: John Auping & Alfredo Sandoval, eds, Proceedings of the 
International Conference on Two Cosmological Models, e‒book (2012): 35‒115. 
189 David Wiltshire, “Gravitational energy as dark energy: cosmic structure and apparent 
acceleration”, in: John Auping and Alfredo Sandoval, eds, Proceedings of the 
International Conference on Two Cosmological Models (2012): 361‒384. 
190 Taking the following steps: 1) www.ibero.mx; 2) publicaciones; 3) publicaciones 
electrónicas; 4) [choose among various title pages:] Proceedings of the International 
Conference on Two Cosmological Models. 
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in voids and galaxy clusters. Our galaxy cluster is located in an enormous 

void of 200 to 300 Mega parsecs ( ) that expands between 20% and 30% 

more rapidly than could be expected according to the global Hubble 

constant; there is a superstructure of 400  known as Sloan’s Great Wall, 
surrounding part of this void; more locally there are two other minor voids 

of 35 to 70  each, and Shapely’s super cluster with a diameter of 40 
, at a distance of some 200  from our galaxy. One  is 

3,261,600 light years, or .  

   In general, “some 40‒50% of the volume of the universe at the present 

epoch is in voids of 30  [ between 40 a 50 , JA] in diameter... 

and there is much evidence for voids 3 to 5 times this size, as well as local 

voids on smaller scales”.191 

   Wiltshire estimates that today 75.9% of the observable Universe is in 

voids ( ) and 24.1% in walls ( ). Obviously, with the 

passing of time, due to the expansion of the Universe, the contribution of 

voids in the total volume increases, and that of the gravitationally collapsed 

regions decreases. 

   Wiltshire's theory of the differential running of watches in voids and 

walls, establishes that after the moment of recombination, some 300,000 

years after the Big Bang, the imaginary clocks, located in different regions 

of the Universe, started to differ increasingly, because in regions with high 
matter density, gravity makes watches run slower, and in voids, relatively 
faster. Wiltshire revived one of the implications of general relativity, long 

overlooked by astrophysicists, though already explained by Einstein 
himself, who said: “Let us examine the rate of a unit clock, which is 

                                                           
191 David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic Averages”, in: New 
Journal of Physics (2007): 80. 
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arranged to be at rest in a static gravitational field...: the clock goes more 

slowly if set up in the neighbourhood of ponderable masses.”192 

   In 2007, Wiltshire proposed his  model of differential clock 

rates in an inhomogeneous universe.193 This model is capable of explaining 
the apparent acceleration of the expansion of the Universe and other 

phenomena that have motivated other cosmologists to speculate about dark 

energy to explain them. Wiltshire distinguishes three different clocks, i.e. 

slow running clocks in gravitationally dense and collapsed regions that 

measure time   (  for walls), rapid clocks in the voids with time  (v for 

voids), and a global‒average clock with time . These clocks yield three 

differential clock ratios, e.g.  , also called the lapse 

function194;  ; and  . Only at the beginning 

of the Universe, at the moment of recombination, the Universe was an 

almost perfectly smooth and homogeneous cloud of hydrogen and helium 

and, consequently, at that time, the different clocks yielded equal times, so 

that shortly after the Big Bang, = = =1.  

   The deceleration of the expansion velocity of the Universe is less in voids 

than in walls. Since our galaxy cluster is at the centre of a huge void, we 

observe a nearby expansion deceleration that is less than the global average. 

In general, the expansion deceleration in walls with time  differs 5.5  

per  ( ) from the deceleration in voids with time . This 

seems little, but the accumulated effect through the entire history of the 

Universe, since the Big Bang, is large. I shall come back to this point 

                                                           
192 Albert Einstein, “The foundation of the general theory of relativity”, in: Annalen der 
Physik, vol. 49 (1916), translated into English in: The Collected Works of Albert Einstein, 
vol. 6 (1989): 197‒198. 
193 David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic Averages”, in: New 
Journal of Physics (2007): 337‒442. 
194 David Wiltshire, “Cosmological Equivalence Principle and the Weak Field Limit”, in: 
Physical Review D, vol. 78 (2008): 8‒9. 
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shortly. The fact that we measure this acceleration with our galaxy cluster 
wall clock, which runs slower than a global average clock, enhances this 
apparent acceleration even more. 

   The unequal deceleration in voids and walls implies that the Hubble 
parameter is not equal in different regions of the Universe. In order to 

establish the value of a Hubble constant, one must make measurements with 

different clocks, for example, one with the global average‒time  and one 

with the proper time of the observer in our galaxy cluster . The value of 

the Hubble constant is different, when measured with the same global 

average clock measuring time  in walls , voids , or the Universe at 

large . The values of the Hubble constant for the global average Universe 

are ,  and , 

respectively. The present global average Hubble constant of the Universe at 

large  also varies when measured by wall clocks, which run slower, and 

therefore register a higher expansion velocity; void clocks, which run faster, 

and so register a lower velocity; or global average clock, resulting in a 

global Hubble constant of ,  and 

, respectively.  

   In a recent publication, the Wiltshire team has begun to map the Hubble 

flow anisotropy, starting with the different regions of the Local Group, the 

Local Void and the Great Attractor, taking into account the differential 

cosmic expansion rates in walls, voids and the Universe at large.195 They 

restrict their ‒Szekeres model to be consistent with the observed 

CMB anisotropy, which seems to be appropriate, since both anisotropies are 
supposed to have had their origin in the original, first fraction of a second 

Big Bang quantum fluctuations. 

                                                           
195 Krzysztof Bolejko, Ahsan Nazer and David Wiltshire, "Differential Cosmic Expansion 
and the Hubble Flow Anisotropy", in: Journal of Cosmology and Astroparticle Physics, 
vol. 6 (2016): 35. 
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   The following equation gives us the Hubble constant as measured with our 
terrestrial wall clock, as well as its rate of decrease over time:196    

 . 

   In order to establish its value, one must make measurements with two 

clocks, that is the one with the global average time  and the other one, with 

the proper time  of the observer in a galaxy cluster. 

   The cosmological redshift , as determined by wall observers, is related to 

the redshift determined by volume average co‒moving observers , by the 

following transformation: 

. 

Section 2.2.3 The backreaction  

In order to define the past and present‒day parameters as a function of the 

global average time, Buchert’s backreaction formalism is needed to average 

the values of parameters measured with clocks in walls and voids, 

respectively. 

   Since I have referred to the term ‘backreaction’, it is necessary to say a 

few words about its meaning. The Universe is a collection of regions with 

high matter density (walls), where local clocks run slowly, and regions with 
low matter density (voids), where clocks run faster. We can make this 

inhomogeneity disappear through a process of averaging also known as 

smoothing, but that does not take away the fact that the values of 
cosmological parameters in walls and voids differ among themselves and 

from the global average. The curvature of space is not homogeneous. How 

                                                           
196 David Wiltshire, “Exact Solution to the Averaging Problem in Cosmology”, 
arXiv:0709.0732 (2007): equation 8; and David Wiltshire, “Cosmic Clocks, Cosmic 
Variance and Cosmic Averages”, in: New Journal of Physics (2007): 25 (equation 42). 
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can we obtain the global‒average values of the cosmological parameters? 
Obviously, that could be done in theory by obtaining a weighted average of 
their values in different regions of the Universe, in its voids and walls. 

There is a complication, however, since the values of these parameters 
evolve and change with time, so that their magnitude is not constant, neither 

on the local scale, nor on the large scale. Consequently, we have two 

options, the first one of which would be to obtain the average of the original 

values of the parameter in different regions at the beginning of the Universe, 

and then see how this average evolves. The second option would be to let 

the parameter evolve with time in different regions of the Universe, and 

obtain a present time average of these independently evolving values at this 

stage of the evolution of the Universe.  

   Normally, the operation of averaging (smoothing) and that of evolving in 

time (deriving over time) are commutative, so that the same result is 

obtained, independently of the order in which these two operations are 

executed, as can be seen in the following example ( ): 

1)   . 

2)   . 

   The problem with general relativity is that the operations of averaging and 
deriving over time of its tensor equations are NOT commutative operations. 

It is not the same to let an average matter distribution and its corresponding 

spatial geometry evolve in time, or let the matter distributions of different 

regions and their corresponding spatial geometries evolve in time and then 

average the final results. Cosmologists tend to first obtain a hypothetical, 
original average matter‒energy distribution and its corresponding geometry, 
and use Einstein’s equations to obtain the homogeneous geometry that 
results from the evolution in time of this average. Actually, the proper 
procedure would be to first resolve Einstein’s equations for the different 
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geometries of the different regions of the Universe, then let these results 
evolve in time, and then average the final results.  
   The first one to draw attention to the fact that the operations of averaging 

and resolving Einstein’s equations are not commutative, was George Ellis, 
in 1984:197 “Thus, a significant problem at the foundation of cosmology is to 

provide suitable definitions of averaged manifolds198... of metric ( ) and 

stress‒tensor ( ) averaging and smoothing procedures, and to show these 

have appropriate properties."199 The backreaction constitutes the difference 

between the average of different densities that has evolved in time, and the 

average of different densities after they have evolved in time. Ellis obtained 

Einstein's tensor, integrating the backreaction term , but without being 

able to give an estimate of its solution: 

. 

   Roustam Zalaletnidov has obtained the exact solution to the averaging 

problem of Einstein's tensor equations.200  

   Regrettably, during fifteen years, Ellis’ warnings were not taken into 
account by many cosmologists in the construction of their models. There 

was a general tendency to estimate the values of the global cosmological 

parameters at the present time, and then project them back to the origins of 

the Universe, in simplified models, where Newtonian gravitational 
dynamics were assumed to be valid at so‒called non‒relativistic velocities, 

                                                           
197 George Ellis, “Relativistic cosmology: its nature, aims and problems”, in: Bruno 
Bertotti et al., eds, General Relativity and Gravitation (1984) 215‒288. 
198 ‘Manifolds’ are multiples of different space‒time regions of the Universe. 
199 George Ellis, “Relativistic cosmology: its nature, aims and problems”, in: Bruno 
Bertotti et al., eds., General Relativity and Gravitation (1984) 231. 
200 See Roustam Zalaletnidov, “Averaging out the Einstein’s Equations”, in: General 
Relativity and Gravitation, vol. 24 (1992): 1015‒1031; and Roustam Zalaletnidov, 
“Averaging Problem in General Relativity, Macroscopic Gravity and Using Einstein’s 
Equations in Cosmology”, in: Bulletin of the Astronomical Society of India (1997): 
401‒416. 
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and the Universe was assumed to be homogeneous, from beginning to end. 
Often these assumptions were not even consciously made.  
   However, the problems became more acute at the end of the 1990s, when 

the apparent acceleration of the expansion of the Universe was discovered 
by Kirshner, Knop, Perlmutter, Riess and Schmidt. Only in the case that the 

local expansion rates were equal to the global‒average expansion rate, as 

would be the case in a homogeneous and isotropic Universe, the magnitude 

of this backreaction term would be zero ( ), but, as we shall now see, 

this assumption proves to be invalid. Not following the proper order of 

operations yields erroneous results: “the geometry which arises from the 

time evolution of an initial average of the matter distribution does not 

generally coincide, at a later time, with the average geometry of the full 

inhomogeneous matter distribution evolved via Einstein’s equations”.201 

   Thomas Buchert, a German astrophysicist working in France, followed up 

on Ellis’s suggestions. In the case of expanding, spherical, inhomogeneous 

volumes , the operations of averaging and evolving in time are NOT 

commutative, so, in that case,  , and as a result, a 

backreaction  is generated, which represents the difference between the 

present average of the domains that evolved separately in time , and 

the evolution of the original average of these domains . Buchert did 

not give empirical estimates of this difference. Following this idea, Edward 

Kolb, Sabino Matarrese and Antonio Riotto suggested that  might be 

equal to ,202 making speculations on dark energy  superfluous. 

   As we saw in Math box 1.2, omega (Ω)  is the ratio of the density ρ of the 

Universe and its critical density ′, which, if exceeded, would cause the 

                                                           
201 David Wiltshire, “Exact Solution to the Averaging Problem in Cosmology”, 
arXiv:0709.0732. 
202 Edward Kolb, Sabino Matarrese & Antonio Riotto, “On Cosmic Acceleration without 
Dark Energy”, in: New Journal of Physics (2006): 322‒346. 
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Universe to start collapsing. Its empirical value determines the final destiny 
of the Universe, as we may appreciate in Table 2.2. 

Table 2.2 Friedmann‒Lemaître model of the Universe  

Universe Density 
ρ 

Omega 
′ 

Constant 
k 

Expansion 
rate  

Final 
destiny 

Closed ′  Ω   
decreases, 
and then  
negative  

collapse 

Flat ′  Ω   decreases 
to zero 

in ∞ 

eternal 
expansion 

Open ′  Ω   always 
positive 

eternal 
expansion 

 

   Omega’s total sum value is determined by its components, which are the 

matter‒energy density of the Universe ( ), the dark energy component 

( ), and/or the component due to the backreaction ( ). Kolb’s, 

Matarrese’s and Riotto’s conjecture was that the standard cosmological 
 model, which has Ω , could be replaced with another 

one, which has Ω . It is at this point in the recent history of 

cosmology that Wiltshire appears on the scene. He demonstrates two 

important things: 

1. The value of  is very small and, besides, negative, so as to make it 

impossible for it to be a candidate to replace . 

2. In a cosmological model that drops the supposition of homogeneity, and 

makes serious use of Einstein’s general relativity, both on the theoretical 

and the practical‒mathematical level, the apparent, recent acceleration of the 
expansion velocity of the Universe can be explained without any need for 

speculations on the repulsion produced by dark energy. 
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   In Math box 2.5, proof is delivered that corroborates the first point. Then, 
in Section 2.2.4, with Math boxes 2.6 and 2.7, I prove the second point. 

Math box 2.5 The backreaction according to Buchert and Wiltshire 

The term  indicates a certain space‒time domain of the Universe;  is the 

Hubble constant in that domain;  is the expansion of that domain’s 
volume;  represents the difference between the present average of the 

domains that evolved separately in time , and the evolution of the 

average of the original quantities ;  represents the shear, which is 

the distortion of elements of a flow caused by the interaction with the matter 

surrounding it. Buchert has the following backreaction203: 

  (1)   . 

   Giving a zero value to the shear ( ), Buchert obtains: 

  (2)   . 

   Wiltshire further developed these equations, in the context of his own 

relativistic model, to obtain an empirical value of :204 

  (3)   . 

  (4)   .  

    By definition, the volume of walls  in the Universe equals its total 

volume minus the volume of voids : 

                                                           
203 Thomas Buchert, “On Average Properties of Inhomogeneous Cosmologies”, arXiv:gr-
qc/00010556 (2000): 306‒321; and Thomas Buchert, “Averaging Inhomogeneous 
Newtonian Cosmologies”, in: Astronomy and Astrophysics, vol. 320 (1997): 1‒7. 
204 David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic Averages”, in: New 
Journal of Physics (2007): 21. 
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(5) . 

   Combining (2), (3), (4) and (5), we obtain:  

(6)  

. 

(7)  . 

(8)  . 

(9)   . 

   Since   , it follows 

that: 

   (10)  . 

   The value of  gives us the value of Omega due to the backreaction : 

  (11)  . 

   The global average Hubble constant for the Universe as a whole, 

measured with a global average clock,  is: 

  (12) . 

   From (10), (11) and (12) we obtain: 

  (13) . 

   I will now reformulate the equation of   in terms of the different Hubble 

constants for walls , voids  and the Universe at large , as 

measured with the global average clock , in order to have a better look at 

the evolution in time of the backreaction  and the value of the Omega 

component  that depends on it. As we saw,    
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    (14)  and 

    (15)  ,205 

and the lapse function is: 

    (16) .  

   Also, by definition: 

    (17)   . 

   From (12), (15) and (17), we obtain: 

(18) . 

   Also, by definition, the Hubble constant for walls is the recession 

velocity in walls divided by distance: 

(19)  . 

   By definition: 

(20) . 

   From (19) and (20), we obtain: 

(21) .     

   Also, by definition, the Hubble constant for the Universe at large is a 

weighted average of the Hubble constants for walls and voids: 

                                                           
205 Ben Leith, Cindy Ng & David Wiltshire, “Gravitational Energy as Dark Energy: 
Concordance of Cosmological Tests”, in: Astrophysical Journal Letters, vol. 672 (2008): 
L94; and David Wiltshire, “Cosmological Equivalence Principle and Weak Field Limit”, 
in: Physical Review D, vol. 78 (2008): 9. 
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(22) .  

   From (21) and (22), we obtain:  

(23) .  

   From (19) we obtain: 

(24) , 

and from (23) and (24), and remembering that , we obtain: 

(25) .  

     We multiply both terms with : 

(26)  .        

From (18) and (26), we obtain: 

(27) . 

From (27), we derive: 

(28)  .   

Since, by definition: 

(29) ,    

we obtain from (28) and (29): 

(30)   . 

   With (9), (28) and (30) we obtain the backreaction in terms of the three 

Hubble constants, as measured with a global‒average clock: 
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(31)  .  

     Let us define: 

(32) . 

   From (14), (15), (17) and (32), we obtain: 

(33) .

   We can simplify the equation (31) with the help of equation (32): 

(34) .206 

   Now let us remember the definition of Omega due to the backreaction: 

   (11)    . 

   From (11) and (34), we obtain: 

(35) .207 

   The purpose of this exercise is to show the evolution of the backreaction 

in time, as observed in Graph 2.4. The present, local time value of   is at 

the left‒hand side of the graph, with  and .      

   It can be inferred from Graph 2.4 that there are two points in time when  

 and  are zero. These zero values are outside the scope of the graph, 

much higher up than , and at the left of  and the right 

of . One point in time when the backreaction  and  were zero, 

were the first 300,000 years of the history of the Universe, when , 

                                                           
206 David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic Averages”, in: New 
Journal of Physics, vol. 9 (2007): equation 31. 
207 Ibidem:  equation 10. 



 141 Chapter 2 | Myth: dark matter and dark energy 

so that  (see equations (35) and (36), respectively).  

   A value of   means that the wall clocks, void clocks and global 

average clocks had not yet differentiated and registered the same time, 

 = = 1.  

Graph 2.4 The value   of as a function of redshift 208 

 

   The other point in time when , will be when the Universe is 

much older and so that   = 0. This would be the case, 

because the Universe will end up as an immense, almost infinite, void (see 

Chapter 6). 

                                                           
208 Courtesy of David Wiltshire, in a private e‒mail to the author, dated May 5, 2009. 
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Section 2.2.4 Wiltshire’s timescape model 

Taking into account not only the backreaction, but also the consequences of 

differential clock rates in the Universe for , we obtain the following 

values for Omega in Wiltshire’s relativistic model of an inhomogeneous 
Universe, which he presents as the timescape model (see Math box 2.6): 

; ;   1. 

Math box 2.6 Omega in model 

   We remember from chapter 1 that the matter‒energy density is 

(1)   ρ π π .  

   The critical density ρ´ is obtained when k = 0:  

(2)   ′ . 

   The constant  is the ratio of the density of the Universe and its critical 
density: 

(3)    ,  

where  is the curvature parameter, with standing for a closed 
universe,  for an open one, and  for a flat one.  
   In the  model, the equation governing the expansion of the 
Universe contains the different contributions to the energy‒matter density:  

    (4)    , 

where  is the radius of the Universe and  is the cosmological constant. 

What is the value of ? We know  and , but we do not know the 

average energy‒matter density of the Universe , so an estimate has to be 

made, based on observations. In 1997, Dekel, Burnstein and White gave a 

very broad estimate of  , leaving open the question whether 

the Universe is open, closed or flat, and whether dark energy exists or 
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not.209 Three years later, Bahcall made an estimate, based on the relationship 

between  mass and galaxy cluster luminosity, of .210 A year later, 

Peacock and his team of  27 astrophysicists used data on the anisotropy of 

the CMBR and the redshift of 200,000 galaxies of the Sloan Digital Sky 

Survey (=SDSS) and gave an estimate of .211 Finally, in 2004, 

Max Tegmark and his team of 36 astrophysicists, together with the SDSS 

collaborators, used the SDSS redshift data, the Wilkinson Microwave 

Anisotropy Probe (=WMAP) data and supernova type SN1a data, and 

obtained six possible results, lying between 

.212 The wide range of results is due to the fact that the estimates 

are model‒dependent, that is, they depend on whether one introduces certain 

parameters in the model, or not. The authors express a certain preference for 

the result that supposes , that leads to .  

   The value of  represents the consensus of today’s adherents to 
the  model. With respect to the model‒dependency of these results, 

the authors express the following warning: 
“The cosmology community has now established the existence of dark 

matter, dark energy and near‒scale invariant seed fluctuations. Yet we do 

not know why they exist or the physics responsible for generating them. 

Indeed, it is striking that standard model physics fails to explain any of the 

four ingredients of the cosmic matter budget: it gives too small 

                                                           
209 Avishai Dekel, David Burnstein & Simon White, “Measuring Omega”, in: Neil Turok 
ed., Critical Dialogues in Cosmology (1997): 175‒192. 
210 Neta Bahcall, “Clusters and Cosmology”, in: Physics Reports, vol. 33 (2000): 233‒244 
211 John Peacock et al., “A Measurement of the Cosmological Mass Density from 
Clustering in the 2nd Galaxy Redshift Survey”, in: Nature, vol. 410, number 6825 (2001): 
169‒173. 
212 Max Tegmark, “Cosmological parameters from SDSS and WMAP”, in: Physical 
Review D, vol. 69 (2004): 19 (Table 7). There are many other estimates in this survey, 
depending on whether certain parameters are introduced in the model, or not. The WMAP 
team has . 
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CP‒violation to explain baryogenesis, does not produce dark matter 

particles, does not produce dark energy at the observed level and fails to 

explain the small yet non‒zero neutrino masses.”213 

   In retrospect, this warning was quite warranted, since, as a matter of fact, 

dark matter and dark energy are myths, as I argue in this chapter. In 

Wiltshire’s timescape model, where dark energy is being disposed of, the 

global average omega  is the sum of different components: 

(5)   . 

   Wiltshire’s matter density  is a function of the  value in the  

model, corrected for the differential clock rates   in walls and the 

global‒average Universe. Since Wiltshire takes  to be , it 

follows that: 

(6) = . 

   The contribution of the backreaction to Omega is, as we saw (equation 

(36) of Math box 2.5): 

(7)  .    

   So, the Omega for the total matter‒energy density in the  model is: 

(8)  0.1009. 

   This means that , and that our Universe is open ( ). 

     

                                                           
213 Max Tegmark, “Cosmological Parameters from SDSS and WMAP”, in: Physical 
Review D, vol. 69 (2004): 21. For dark energy not being produced at the observed level, 
see also Steven Weinberg, “The Cosmological Constant Problem”, in: Review of Modern 
Physics, vol. 61 (1989): 6‒23 



 145 Chapter 2 | Myth: dark matter and dark energy 

   We are now ready to understand that the apparent acceleration of the 
expansion velocity of the Universe is actually an optical illusion, derived 
from the fact that our observations are made with wall clocks, mistakenly 

taken for global‒average clocks. Why do I speak, like Wiltshire, of apparent 
acceleration? Is the acceleration not real? Yes, and no. The fundamental 

relativistic principle that guides us is the following one, formulated by 

Wiltshire: “Systematically different results will be obtained when averages 

are referred to different clocks.”214  

   If we observe a supernova, that moves away from us, and is located at the 

other end of the immense void that surrounds our galaxy cluster, the 

velocity and redshift of its light, passing through this large void, and 

reaching an observer in a strong gravitational field, will be higher when 

measured by the observer’s wall clock than by the clock in the void, or a 

global‒average clock. The clock in the denser region runs more slowly than 

the one in the void. For that reason, the deceleration measured with the wall 

clock will be different from the one measured with the clock in the void, or 

a global‒average clock. When measured with the clock in the void, or the 

global‒average clock, the supernova will appear to move away from us at a 

slower rate, and its light will appear to have a smaller redshift, than when 

measured with the wall clock, which is the one we use, because of the 

differential clock rates.  

   A terrestrial observer, measuring the redshift of the supernova’s light with 

his own slower running wall clock, will observe an acceleration, whereas an 

observer located in the void surrounding us, will measure, with his faster 

running clock, a deceleration: “it is quite possible to obtain regimes in 

which the wall observers measure apparent acceleration, , even 

though void observers do not”.215  Void observers would measure a normal 

                                                           
214 David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic Averages”, in: New 
Journal of Physics, vol. 9 (2007):  27. 
215 Ibidem: 29. 
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deceleration of the expansion velocity, yielding a positive deceleration 

parameter .  

   Besides, the volume of the less rapidly decelerating voids increases 

dramatically, as compared to the walls. Today, the parameter of the global 
deceleration, as observed by wall observers like Kirshner, Knop, Perlmutter, 

Riess and Schmidt, has a negative value of  (an apparent 

acceleration). This same parameter, in the proper time of the global‒average 

observer has a value of 3 (a deceleration),216 as I explain in 

Math box 2.7. This is why Einstein’s theory is called general relativity: time 

and space are relative. The history of the Universe has three periods:  

1) a brief period that was dominated by energy; 

2) a long period that is now reaching its end, dominated by matter; and 

3) a third epoch that is now beginning, dominated by voids.  

   Right now, we live in a transition period between the matter dominated 

epochs and the following one dominated by ever larger volumes of voids. It 

is precisely in such a transition period that we may observe an apparent 

acceleration (see Math box 2.7): 

 “Depending upon parameter values, it is possible for wall observers to 

register an apparent acceleration with the deceleration parameter taking 

values of . Backreaction and the rate of decrease of   are largest 

in an epoch during which the universe appears to undergo a 

void‒dominance transition, or equivalently a transition in which spatial 

curvature  becomes significant. The reason for apparent acceleration at 

such an epoch [is that] in the transition epoch the volume of the less 

rapidly decelerating regions increases dramatically, giving rise to 

apparent acceleration in the volume‒average.”217 

                                                           
216 David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic Averages”, in: New 
Journal of Physics, vol. 9 (2007): 34. 
217 Ibidem: 30. 
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Math box 2.7 The deceleration parameter in the relativistic model 

Wiltshire obtains the following value for the deceleration parameter, when 

measured with wall clock time  : 

    (1)   .218 

   Since , we see an apparent expansion acceleration: 

    (2)  . 

    Now the relationship between  and  is the following: 

    (3) . 

     In equation 4 of Math box 2.6, we saw   has the following value: 

    (4) . 

   Wiltshire obtains the following value for the real deceleration parameter 

as measured with the global‒average clock time : 

    (5)  . 219 

   Since  ;  ;  ,  , and the density 

derived from the backreaction is , we obtain: 

    (6)  . 

 

   The fact that the deceleration parameter , when measured with a 

global‒average clock, has a positive value (equation 6), means that the 
expansion velocity of the Universe is decelerating, as might normally be 

                                                           
218 David Wiltshire, “Exact Solution to the Averaging Problem in Cosmology”, 
arXiv0709.0732 (2007): equation 26. 
219 David Wiltshire, David Wiltshire, “Cosmic Clocks, Cosmic Variance and Cosmic 
Averages”, in: New Journal of Physics, vol. 9 (2007): equation 61. 
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expected after a big explosion like the Big Bang. The erroneous 
generalization of the negative value of the deceleration parameter, as 
measured with our terrestrial wall clock (equation 2), as if it were the 

global‒average deceleration parameter, has its origin in not taking seriously 
Einstein's general relativity: time is relative. 

Section 2.2.5 Comparing the  and the timescape models 

The speculation about dark energy is not necessary, and things can be 

explained with orthodox, general relativity. This conclusion does not mean 

that the  model does not fit the data. Both the  model and the 

‒Szekeres model fit the data. In order to compare the fitness of 

either model, we must first get a bit more familiar with Bayesian probability 

calculus, named after Thomas Bayes (1701‒1761) (see Math box 2.8). 

Math box 2.8.  The fundamentals of Bayesian probability 

Bayesian evidence  in favour of some cosmological model  is 

defined as the probability  that certain empirical data  are observed in 

a sample, in the case that this model  would be the one that corresponds 

to the physical reality of the Universe: 

(1)  ). 

 and the Bayes factor  is the rate of the Bayesian evidence for both 

models  and  : 

(2) . 

    If the  model has a greater probability of being a good fit for the data 

than the  model, .  

   One subsequently compares each model with a base model under the 

null hypothesis , which is the hypothesis that a particular model, like 

 or  , does NOT explain certain phenomena.  
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   Then we draw the natural logarithm of the Bayes factor, in order to 

compare the respective models  and  with the base model :220 

Table 2.3 Bayesian probability calculus 

 
 

Probability of  
significant 

difference 

Strength of 
evidence 

0 1 =0 No evidence 

0.139762 1.15 0<  <0.75 Almost no 

evidence 

<1 <2.719  <0.75 Inconclusive 

1   =0.75 Weak evidence 

2.5   =0.923 Moderate 
evidence 

5   =0.993 Strong evidence 

   

   This inductive method is analogous to the , where the observed 

distribution is compared to the expected distribution under the null 
hypothesis, and a decision is made whether this difference is statistically 

significant.   

 

   Elgaroy and Multamäki analysed the Riess‒Kirshner and the Astier 

supernovae samples, comparing both with a base model of a flat universe 

with a constant deceleration factor, and concluded there is no evidence for a 
transition of deceleration to acceleration: 

“[T]he best model in both cases has q(z) constant. It therefore seems fair 

to conclude that there is no significant evidence in the present supernovae 

data for a transition from deceleration to acceleration, and claims to the 

                                                           
220 R. Trotta, “Bayes in the sky: Bayesian Inference and Model Selection in Cosmology”, 
arXiv:0803.4089, p. 14. 
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contrary are most likely an artefact of the parameterization used in the fit 

of the data... It is at the moment not possible to say anything about when, 

or indeed if the Universe went from deceleration to acceleration.”221 

   Shapiro and Turner, analysing the Riess‒Kirshner supernovae sample (the 
‘Gold set’), and the Knop‒Perlmutter and Astier samples reached similar 

conclusions: “the present Supernovae 1a data cannot rule out the possibility 

that the universe has actually been decelerating for the past 3 Gyr [=three 

thousand million years] (i.e. since z  3.0)”.222 

   Responding to an inaccurate criticism of Kwan, Francis and Lewis,223 

Smale and Wiltshire showed that one must take into account the different 

fitter used in different datasets. The SALT/SALT II fitters “provide 

Bayesian evidence to favour the spatially flat ΛCDM model over the TS 
model” (as is the case in four supernova samples: the Union sample, the 

Constitution sample, the Salt‒2 sample, and the Union‒2 sample), but if the 

MLCS2k2 fitter is used (as is the case in four other samples: the Riess‒07 

sample, the MCLS‒17 sample, the MLCS‒31 sample and the SDSS‒II 

sample), then “Bayesian evidence favours the TS model over the spatially 

flat CDM model”, so that, “basically, both models are a very good fit”.224 

In both cases the Bayesian evidence is so slight that it is inconclusive and 

the primary question is the fitter, not the fitness of any model. Ishak and 

Sussman, using , compared another relativistic and inhomogeneous 

model, with  (the Szekeres model225), with the homogeneous  

                                                           
221Øystein Elgaroy & Tuomas Multamäki, “Bayesian Analysis of Friedmannless 
Cosmologies”, arXiv:astroph/ 0603053, pp. 5‒6. 
222 Charles Shapiro & Michael Turner, “What do we Really Know about Cosmic 
Acceleration?”, in: Astrophysical Journal vol. 649 (2006): 566. 
223 Juliana Kwan, Matthew Francis & Geraint Lewis, “Fractal Bubble Cosmology: A 
Concordant Cosmological Model?”, arXiv:0902.4249 (2009): 2. 
224 Peter Smale & David Witshire, “Supernova Tests of the Timescape Cosmology”, 
arXiv:1009.5855v1, p. 19. 
225 See P. Szekeres, “A Class of Inhomogeneous Cosmological Models”, in: 
Communications in Mathematical Physics, vol. 41 (1975): 55‒64. 
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model, that has . The observational data of 94 Supernovae type 

1a fitted both models, with  and , respectively, yielding 

no significant differences (see graph 2.5) 

Graph 2.5 Both the  and timescape models fit supernovae data226 

 

                                                           
226 Mustapha Ishak, Roberto Sussman et al., “Dark Energy or Apparent Acceleration Due 
to a Relativistic Cosmological Model More Complex than FLRW?”, arXiv:0708.2943 
(2008): 5. Supernova fits for the Szekeres model (green crosses) and  (blue curve) 

models. The 94 Supernova (up to 1 + z = 1.449) data are from Tamara Davis et al., 

“Scrutinizing Exotic Cosmological Models using ESSENCE Supernova Data”, in: 
Astrophysical Journal, vol. 662 (2007): 716-725; Michael Wood‒Vasey et al., 

“Observational Constraints on the Nature of the Dark Energy: First Cosmological Results 
from the ESSENCE Supernova Survey”, in: Astrophysical Journal, vol. 666 (2007): 

694‒715; and Adam Riess et al., “Type Ia Supernova Discoveries at  From the 

Hubble Space Telescope: Evidence for Past Deceleration and Constraints on Dark Energy 

Evolution”, The Astrophysical Journal, vol. 607 (2004): 665-738. The Szekeres model 

fits the data with a  = 112. This is close to the   = 105 of the  model.  
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   Then there is the Bayesian evidence resulting from comparing the 
luminosity distance of 140 Supernovae that the Riess‒07, Union and 

Constitution samples have in common, in the case of the  and the 

models. The likelihood that one model is a better fit than the 

other, in these three samples, is between 15% and 20%, with ,  

 and , respectively: “the models are statistically 

indistinguishable for the 140 SNe 1a regardless of the fitter used” and 

“both models are a very good fit".227 

   If we have two explanations for the same phenomenon, in this case the 

apparent recent acceleration of the expansion of the Universe, and one is a 

model based on orthodox general relativity, and the other one a model based 

on speculations about something that has never been observed or proven to 

exist in replicable experiments, i.e. dark energy, we find ourselves under the 

obligation, applying Ockham’s razor, to take the orthodox model of general 
relativity without dark energy as the valid one. 

   Perhaps, the reader is wondering how two models, one with , and 

the other with  can both fit the data? As a matter of fact, this is not 

so strange as it seems at first sight. We should take into account that when 

computer software is modelled in conformity with , it integrates the 

assumption of  in the model as a pre-condition. So, the model does 

not prove, but rather supposes, that the observed recent acceleration of the 

expansion velocity is caused by the repulsion of some mysterious dark 

energy overcoming the gravitational attraction. These kinds of assumptions, 

which form part of a computer model, are sometimes called ‘equations of 
state’. This means that the simulations of the computer model do not 

corroborate the  model, they only reveal that the model works, 

meaning that the empirical data are compatible with the model.  

                                                           
227 Peter Smale & David Witshire, “Supernova tests of the timescape cosmology”, 
arXiv:1009.5855v1, pp. 12, 18. 
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   The whole process is rather tautological. It is much like the Ptolemaic 
cosmology explaining the orbits of the planets around the Earth. Again, and 
again, the Ptolemaic model was shown to be compatible with the 

observations of these planetary orbits. That is why, for fourteen centuries, 
the academic community strongly believed in the model. Nobody really 

knew what was the mysterious mechanism that made the planets follow 

these orbits of circles on circles. In the same way, modern astrophysicists do 

not know what dark energy is, it just appears that something out there makes 

the recent expansion velocity of supernovae apparently accelerate and they 

call it dark energy. In both these instances, nothing is really explained, but 

something mysterious is invented or supposed to be there in order to fill the 

gap in our knowledge. 

   It so happened, however, that Newton could explain Kepler's data about 

elliptical orbits of planets around the Sun, as being caused by the 

gravitational force between the Sun and each planet, the same force that is 

familiar to everybody from observing how an apple falls from a tree. In the 

same way, today, the speculation about dark energy can be abandoned since 

the same observations have now been explained by orthodox general 

relativity, a theory that has been corroborated by the facts, again and again. 

This does not mean that planets, seen from Earth, do not appear to follow 

orbits of circles on circles, neither does this mean that the expansion 

velocity of the Universe, as observed from Earth, with our wall clocks, does 

not appear to be recently accelerating. The observations stay in place, but 

scientific explanations of these observations derived from orthodox physics 

replace the speculative pseudo‒explanations. 
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CHAPTER 3 

FACT: THE FINE TUNING OF PHYSICAL 
CONSTANTS 

 

Over the course of the twentieth century, the scientific community reached 

an understanding of the fine tuning of our Universe. Fine tuning is defined 

as the set of initial conditions and specific values of certain universal 

constants in the physical laws that made possible the emergence of stars and 

complex life on Earth. As far as I know, Paul Davies, a theoretical physicist 

from England, born in 1946, was the first one to use the term ‘fine tuning’:        

“[T]he structures of many of the familiar systems observed in nature is 

determined by a relatively small number of universal constants. Had these 

constants taken different numerical values from those observed, then these 

systems would differ correspondingly in their structure. What is especially 

interesting is that, in many cases, only a modest alteration of values would 

result in a drastic restructuring of the system concerned. Evidently the 

particular world organization that we perceive is possible only because of 

some delicate ‘fine tuning’ of these values.”228    

   Roger Penrose claims that our Universe is a very special one in a set of an 

almost infinite number of possible universes: “The Creator’s pin has to find 
a tiny box, just one part in (1010)123 of the entire phase-space volume, in 

order to create a universe with as special a Big Bang as that we actually 

[find]”, 229 as we see in Figure 3.1. 

                                                           
228 Paul Davies, The Accidental Universe (1982): 60. 
229 Roger Penrose, The Road to Reality (2004): 730. 
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Figure 3.1 A very special universe230 

 

   Luke Barnes recently analysed the fine tuning of 15 fundamental and five 

derived physical constants, necessary for the emergence of intelligent life  

‒ and thoroughly refutes Victor Stenger’s denial of this fine tuning ‒.231 In 

this chapter, I analyse six cases, showing that the precise value of a single 

constant is a sine qua non condition for the existence of various complex 

structures and, in the summary, I argue that the precise values of many 

constants and initial conditions must be simultaneously satisfied to make it 

possible for intelligent life to emerge, as in our Universe: 

1. The value of Ω in the Big Bang and star and galaxy formation. 
2. The production and conservation of protons in the Big Bang. 

3. The beginning of nuclear fusion in the stars. 

4. The fusion of carbon, oxygen and other elements in the stars. 

5. The existence of planets and stable, planetary orbits. 

6. The existence of stable atoms and complex molecules. 

7. Summary. 

                                                           
230 Adapted from: Roger Penrose, The Road to Reality (2004): 730 and Roger Penrose, 
The Emperor’s New Mind (1991): 343. The image of the creator does not imply a 
statement of faith in a divine creation on the part of Penrose.  
231 Luke Barnes, “The Fine-Tuning of the Universe for Intelligent Life”, in: Publications 
of the Astronomical Society of Australia, vol. 29 (2012): 529-564, criticising Victor 
Stenger, The Fallacy of Fine-Tuning. Why the Universe is Not Designed for Us (2011). 
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Section 3.1 The value of Ω in the Big Bang and galaxy formation 

There is a delicate balance between the two extremes of a continuously 
expanding Universe and a gravitational collapse that determines if stars 

and galaxies emerge over time, and this depends on the constant Ω, as one 
can see in Table 3.1. 

Table 3.1 Friedmann-Lemaître model of the Universe  

Universe Density 
ρ 

Omega 
′ 

Constant 
k 

Expansion 
rate  

Final 
destiny 

Closed ′  Ω   
decreases, 
and then  
negative  

Collapse 

Flat ′  Ω   decreases 
to zero 

in ∞ 

Eternal 
expansion 

Open ′  Ω   always 
positive 

Eternal 
expansion 

 

   The constant Ω is the ratio of the observed density of the Universe ρ to the 

critical density ρ', i.e. Ω ′. If the observed density exceeds the critical 

density, there would be a gravitational collapse; if the opposite, there would 

be an everlasting expansion. In the limit, when  tends to infinity and ρ to 

zero, vex 
2 tends to -kc2 (see Math box 3.1). So, there are three gravitational 

scenarios in space-time (see Graph 3.1). 

   The possibility of complex life in the Universe depends on a very 

important initial condition, specifically, the value of Ω. For the Universe to 
not collapse on itself, nor expand too quickly, Ω must have initially been 
equal to or slightly less than unity. Too rapid an expansion would have 

hindered the collapse of hydrogen and helium clouds, and consequently, the 
formation of galaxies and stars. Conversely, too slow an expansion would 
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have resulted in a premature collapse of the new-born Universe, before stars 
and galaxies could be formed.232  

Graph 3.1 Three Friedmann-Lemaître models according to value  

 
    

   This does not mean that the value of Ω is exactly one today. However, 

although today Ω is thought to be Ω  (in the  model), or Ω
 (in Wiltshire’s time-scape model), this does not exclude fine tuning 

from the Big Bang:  

“Ω may not be exactly one, but it is now at least 0.3. At first sight, this may 

not seem to indicate fine tuning. However, it implies that Ω was very close 

indeed to unity at the beginning of the Universe.” 233 

                                                           
232 Guillermo Gonzalez & Jay Richards, The Privileged Planet (2004): 197. The graph is 
from ibidem: 185. 
233 Martin Rees, Just Six Numbers (2000): 97‒99. 
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Math box 3.1 The critical density of the Universe 

According to Newton, the escape velocity   is the velocity an object 

requires to escape from a gravitational field of another object with mass  

and radius  . Mathematically, it is defined as: 

(1)    , 

where  is the gravitational constant from Newton's universal law of 

gravitation.  

   We now define the expansion velocity   as the escape velocity   

with a constant , such that  , when the expansion velocity  is 

bigger than the escape velocity ;   , when the expansion velocity 

 is smaller than the escape velocity ; or  , when the expansion 

velocity  is equal to the escape velocity : 

(2)    . 

   The mass  of a spherical object is equal to the product of the volume of 

the sphere ( , where   is the radius of the sphere) and its density 

is : 

(3)    .  

Combining (2) and (3), we obtain: 

(4)   . 

   Albert Einstein published his treatise on general relativity in 1917. In 

1922 and 1927, respectively, Alexander Friedmann and Georges Lemaître, 
one independently of the other, used Einstein's general relativity to 

transform the Newtonian escape and expansion velocities and apply them 

to the Universe, and they obtained: 
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(5)   , 

where  is the Friedmann-Lemaître-Robertson-Walker constant of the 
curvature of the Universe and , the velocity of light. Combining (4) and 
(5) we obtain: 

(6)    , 

such that if   , the Universe is closed, and it collapses before its 

radius  reaches infinity;  if , the Universe is flat and it will expand 

forever, with the expansion velocity reaching zero when its radius  

reaches infinity and its density , zero ( , when  

); and if  , the Universe is open and it will expand forever, with 

the expansion velocity being constant when   and  reach infinity. 

   I now introduce the Hubble constant. The Hubble constant is the ratio of 

the recession velocity of a galaxy (which is equal to the expansion rate of 

the Universe vex at that point in the Universe) and its distance d from Earth: 

(7)    .  

   Suppose that we are looking at a galaxy with a high recession velocity, at 

the limit of the observable Universe. Thus, in this case, the distance d is 

equal to the radius R of the observable Universe. So, equation (7) becomes:  

(8)   .     

   From (6) and (8), we deduce the density of the Universe ρ is: 

(9)    ρ π π . 

   The critical density ρ´ is obtained when k = 0:  

(10)  ′ . 

   Omega is the ratio of the density of the Universe and its critical density: 

(11)   . 
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   Thus, combining equations (9), (10) and (11), we get Ω as a function of 
the constant k, the speed of light c, the radius of the Universe  and the 

Hubble constant : 

(12)  Ω ′  . 

   Equation (12) is equation (366) from my treatise on general relativity in 

my Spanish language e-book on the Universe.234 The reader may not 

immediately grasp how to reach today’s value of Ω  or Ω    

starting with Ω  1 in the Big Bang. Let us look at a numerical example. 

Let us give the critical density the value of ρ´ = 1 and suppose the Big 
Bang begins with a density with an empirical value of almost 1: 

(13)   =999/1,000 . 

   Therefore, shortly after the Big Bang, after  time units have passed, 
Ω has a value of 1: 

(14)  Ω 1. 

   The initial density is very high but it decreases with time because of the 

expansion of the Universe, so that, after  time units have 

passed, Omega, which started as Ω , is reduced to: 

(15)  Ω , or 

(16) Ω . 

 

   Graph 3.2 illustrates how the possibility of the evolution of complex 
structures and life strongly depend on the initial value of Omega: 

                                                           
234 John Auping, "La construcción de la geodésica y el tensor de Einstein", en: El Origen 
y la Evolución del Universo (2016): 631‒696. 
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Graph 3.2 The delicate balance between the expansion of the Universe 
and its gravitational collapse235 

 

   Martin Rees, a British astrophysicist born in 1942, concludes that, at the 

beginning of the Universe, Ω had a very finely tuned value, only slightly 

differing from unity, such that stars and galaxies could form later on:  

“[I]t looks surprising that our universe was initiated with a very finely 

tuned impetus, almost exactly enough to balance the decelerating tendency 

of gravity… the required precision is astonishing: at one second after the 

Big Bang, Ω cannot have differed from unity by more than one part in a 

million billion (one in 1015) in order that the universe should now, after ten 

billion years, be still expanding and with a value of Ω that has certainly 

not departed wildly from unity.”236 

                                                           
235 Adapted from Martin Rees, Just Six Numbers (2000): 98. 
236 Ibidem: 99. 
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Section 3.2 The production and conservation of protons in the Big Bang 

The basic observable building blocks of matter are protons, which have a 
positive charge, causing the nucleus of an atom to have a positive charge, 

which in turn means that an equal number of electrons with negative charge 
orbit this nucleus, so that the atom has a net charge of zero. It so happens 

that in the Universe, neutrons, with zero charge, are unstable nucleons and 

the protons, with charge +1, are the stable ones. If it were not for a type of 

fine tuning, the protons would have been unstable and there would not be 

stable atoms.  

   Previously,237 we saw that from 10-10 to one second of the evolution of the 

Universe, matter was arranged as protons and neutrons. Very energetic 

photons can produce protons and anti-protons and neutrons and anti-

neutrons, which are then annihilated, generating gamma rays.238 However, 

cosmologists agree that after the mutual destruction of matter and anti-

matter, a surplus of matter remained, in the form of protons and neutrons. 

Due to the weak nuclear force, neutrons, which have an average life of just 

over 10 minutes, decay into protons and electrons, or it is also possible for 

neutrons and positrons to combine to produce protons; and vice-versa, 

protons produce neutrons and positrons, or protons combine with electrons 

to produce neutrons.239 While the temperature was high enough, the 
transformation of neutrons into protons and vice-versa was possible, despite 

the rapid expansion of the Universe, and thermodynamic equilibrium 

existed. But when the temperature dropped, the equilibrium was broken and 

the relative abundance of both particles was fixed at the values they had at 

the prevailing temperature when equilibrium was broken.240 Below this 

                                                           
237 In Section 2 of Chapter 1. 
238 Jonathan Allday, Quarks Leptons and the Big Bang (2002): 244‒266. 
239 See Section 2 of Chapter 1. In these transformations, electron neutrinos  and electron 
anti-neutrinos   make up for missing mass-energy and surplus mass-energy. 
240 Paul Davies, The Accidental Universe (1983): 62. 
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temperature, neutrons decay to generate protons, but not vice-versa, so in 
the Big Bang, neutrons would have ceased to exist if the process of nuclear 
fusion had not started, which conserved a certain number of neutrons in 

helium nuclei. 

Math box 3.2 Two cases of fine tuning: the ratio of the weak force to 
the gravitational force and the difference in proton and neutron mass 

The critical temperature for the quantity of neutrons and protons to be 
fixed is   

(1)   (note 241), 

where the Boltzmann constant . There are two 

coincidences that come into play here. Firstly, the Carr-Rees coincidence, 

“a fundamental relationship between the weak nuclear force [ ] and the 

gravitational force [ ]”, that is to say, “a delicate coincidence between the 

gravitational and weak interactions”,242 where  is the weak interaction 

constant: 

   (2)   

  (3)    . 

   If we substitute the value of  from equation (3) into equation (1), we 
obtain: 

  (4)   . 

                                                           
241 Paul Davies, The Accidental Universe (1983): 63. 
242 Bernard Carr & Martin Rees, Nature, vol. 278 (1979) quoted by Paul Davies, The 
Accidental Universe (1983): 63. John Barrow & Frank Tipler, in: The Anthropic 
Cosmological Principle (1986): 399, faithful to their standardized annotation, fix  
and and obtain , which should not mislead us. 
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   The second inexplicable ‘Goldilocks’ coincidence (meaning neither too 
little nor too much) is the fact that the mass difference between the neutron 
and proton Δ  is a bit more than the electron mass :243 

  (5)    Δ Δ

 

  (6)    Δ . 

   If we substitute (22) into (17), we obtain: 

  (7)    . 

   On the other hand, we have the Boltzmann factor, which determines the 
relative abundance of different particle species when their quantities are 
fixed at the values they had when thermodynamic equilibrium was broken 
at temperature :244 

  (8)    = ,    

where  is a mathematical constant, also known as Euler's number, with 
an approximate value of  . Substituting (7) into (8), we 
obtain the following approximation: 

  (9)    . 

 

   There are two coincidences that come into play at the level of the critical 

temperature fixing the relative abundance of protons and neutrons. These 
are, firstly, a special relationship between the weak nuclear force and the 

gravitational force, and secondly, the fact that the difference in mass 

                                                           
243 Paul Davies, The Accidental Universe (1983): 63. 
244  Ibidem: 33. 
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between the proton and neutron, Δm, is a bit more than the electron mass me. 
These coincidences give us the theoretical relative abundance of neutrons 
and protons of approximately 27% and 73% (since (27/73=0.37, see Math 

box 3.2). Empirically, the relative abundances are slightly different: 13% 
and 87%, respectively. However, the exact values are not as important here 

as the fact that the two coincidences mentioned were the cause of many 

more protons remaining than neutrons. If the ratio of the abundance of 

protons to that of neutrons had, for example, been ,245 the 

number of protons and neutrons would have been almost equal, with 

disastrous consequences, as we shall see below. 

   After the formation of protons and neutrons, in the history of the emerging 

Universe,246 comes the process of nuclear fusion. From minute 3 to minute 

20, approximately, when the Universe was transformed into an enormous 

hydrogen bomb, with a radius of almost a light year, helium nuclei were 

formed along with a small amount of deuterium and lithium. Fred Hoyle 

noted that the generation of helium and hydrogen in relatively abundant 

proportions depends strongly on the finely tuned density of matter-radiation 

present in the Big Bang: 

“If the density is too low, the resulting protons do not combine with the 

remaining neutrons, and very little helium is formed. On the other hand, if 

the density is too high, there is a complete combination of neutrons and 

protons, and with the further combination of the resulting deuterium into 

helium, very little hydrogen remains as time increases.”247  

   The temperature had dropped sufficiently and the matter-energy was 

sufficiently dense so that the deuterium nuclei could remain intact, and the 

                                                           
245 If , for example, . 
246 See Section 1.2 of Chapter 1. 
247 Fred Hoyle & Roger Tayler, “The mystery of the cosmic helium abundance”, in: 
Nature, vol. 203 (1964): 1108. 
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nuclear reactions that had already begun a little earlier, generating unstable 
nuclei, now produced stable nuclei of helium (and some isotopes of this and 
other light elements such as lithium), with a balance of 13% neutrons and 

87% protons.248 Manuel and Antonio Peimbert calculated the exact 
abundance of primordial helium (two protons and two neutrons) in the 

Universe to be 24.77% of the total elemental mass249, leaving a hydrogen 

(one proton) proportion of 75.23%.  The main result of these fusions is the 

existence of helium 4He2 and the survival of neutrons; “Once bound in this 

way [in stable nuclei], the strong interaction between the protons and 

neutrons stabilizes the neutrons preventing them from decaying.” 250 

   However, “if the Boltzmann factor were close to unity, there would be 

little hydrogen left over [in the Universe]”.251 We would have been left with 

a universe with clouds of pure helium, which would have precluded the 

formation of solar systems with planets. This is because the fusion processes 

of hydrogen to helium are relatively slow, but those in which helium is 

transformed into carbon and oxygen are relatively fast. Helium stars would 

burn their fuel a hundred times more quickly than hydrogen stars with 

comparable mass, and would not last long enough “to encourage the 

gradual evolution of biological life-forms in planetary systems”252 and, 

“without hydrogen there would be no organic material and no water”,253 

essential for life.  

                                                           
248 Steven Weinberg, The First Three Minutes of the Universe (1977): 98. 
249 Manuel Peimbert, Valentina Luridiana & Antonio Peimbert, “Revised Primordial 
Helium Abundance Based on New Atomic Data”, in: "Astrophysical Journal, vol. 666 
(2007): 636‒646. 
250 Jonathan Allday, Quarks Leptons and the Big Bang (2002): 263. 
251 Paul Davies, The Accidental Universe (1983): 64. 
252 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 399, 
referred to by Guillermo Gonzalez & Jay Richards in The Privileged Planet (2004): 202. 
253 Paul Davies, The Accidental Universe (1983): 65, reproduced in John Barrow & Frank 
Tipler, The Anthropic Cosmological Principle (1986): 399. 
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   If the difference between the proton mass and the neutron mass were less 
than the electron mass, the result would be a universe of pure neutrons. The 
difference in mass between a neutron and a proton is one thousandth of the 

mass of the proton. Now, if this difference in mass had been “only a third of 

this value, then free neutrons would be unable to decay into protons, 

because they would not have enough mass to produce the required 

electron”,254 so the beta decay of a neutron into a proton and an electron 

would not have been possible. According to Rees, “if the neutron mass were 

only 0.998 of its actual value (that is if the  quark [the up quark] were 

slightly heavier than the  quark [the down quark]) then free protons would 

decay into neutrons by positron emission: ”255 or  

.256  

   In both cases, the unstable nucleon would be the proton and the structures 

of the Universe would decay into structures of neutrons by the annihilation 

of protons and electrons: “This would lead to a World in which stars and 

planets could not exist”, because “without electrostatic forces to support 

them, solid bodies would collapse rapidly into neutron stars (if smaller than 

about  [=3 solar masses]) or black holes”.257 The consequence of all 

this would have been, according to Barrow and Tipler, in their book on the 

anthropic cosmological principle, that “no atoms would ever have formed 

and we would not be here to know it”.258 The physical-mathematical details 

can be found in Math box 3.3. 

 

 

                                                           
254 Paul Davies, The Accidental Universe (1983): 65. 
255 Ibidem: 65 and John Barrow & Frank Tipler, The Anthropic Cosmological Principle 
(1986): 400. 
256 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 400. 
257 Ibidem: 400. 
258 Ibidem: 400. 
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Math box 3.3 The mass difference between the proton and neutron and 
                        its relationship with the electron mass 

We saw (in Math box 3.2) that the mass difference between the proton and 

neutron Δm is a bit more than the electron mass me:259  

       (1) Δ Δ
      

       (2)    Δ . 

   In the case of , there would be no way to produce helium, and 

the result would be a universe of pure neutrons. The difference in mass 

Δm between a neutron mn and a proton mp is one thousandth of the mass 

of the proton. 

(3)  . 

   However, if the difference in mass Δm were only one third of the 

empirical value, free neutrons could not decay into protons, because they 

would not have sufficient mass to produce the required electron, given 

that a difference of 0.433  does not cover the 0.511  required by 

the electron. So, the following decay would be impossible: 

       (4)   . 

and, instead of (29), there would be the reverse decay: 

       (5)   . 

   If the mass of the neutron were even less, for example, 98.8% of its 
empirical value, the neutron would have less mass than the proton, 
preventing the production of electrons from happening, as in equation (2). 

The unstable nucleon would be the proton, with the following decay: 

                                                           
259 Paul Davies, The Accidental Universe (1983): 63, reproduced in John Barrow & Frank 
Tipler, The Anthropic Cosmological Principle (1986): 400. 
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       (6)   . 

   In both cases, that is (5) and (6), the structures of the Universe would 

decay into neutron structures through  annihilation.260 Neither protons, 

nor electrons would exist, and therefore, neither would atoms or life on 

Earth. 

 

Section 3.3 The beginning of nuclear fusion in stars 

Previously,261 we analysed the ratio of the gravitational force to the original 

kinetic energy of the Big Bang. Owing to the fact that the gravitational force 

and the momentum of the original explosion of the Big Bang were finely 

tuned, clouds of hydrogen and helium were formed in the Universe that 

began to collapse to form stars. What will happen to these stars? How long 

will they live? Will there be fusion of heavier elements? This depends on 

the interaction of three forces, specifically, the gravitational force, the 

electromagnetic force and the strong nuclear force. There are two 

possibilities. The first possibility is that the stellar mass does not exceed a 

critical limit, so that the pressure and the temperature in the interior of the 

star are not sufficient to overcome the electromagnetic repulsion between 

protons, nor to start nuclear fusion, which is only triggered at very short 
distances between protons. The star ends its life as a brown dwarf or as a 

planet such as Jupiter. 

   The second possibility is that the stellar mass exceeds a critical limit. If 

the stellar mass exceeds this critical limit, gravity will do its job and supply 

enough pressure, density and temperature in the sphere to overcome the 

electromagnetic repulsion between protons. Once gravity has overcome the 
electromagnetic repulsion of the protons, there will be enough protons that 

collide with sufficient velocity to trigger the process of nuclear fusion. 
                                                           
260 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 400. 
261 In Section 1.3.1 of Chapter 1. 
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When there are many high velocity collisions of protons and neutrons, 
from time to time two nuclei of deuterium, which consists of one proton 
plus one neutron, are combined to form a helium nucleus, that has two 

protons and two neutrons. If the probability that two protons are combined 

‒ transforming one of the protons into a neutron in the process ‒ is 

 and if there are  high velocity proton collisions per second per 

cubic centimetre, it follows that on average every second, in every cubic 

centimetre, a helium atom is produced. 

   What would happen if the gravitational force were not so weak? Let us 

suppose that it were a million times stronger and that the ratio of the 

electromagnetic force and the gravitational force were not 1036 but, for 

example, 1030. In this case, objects would not have to be so big for the 

gravitational force to be able to overcome the electromagnetic repulsion 

between protons. The fusion processes would be triggered in much smaller 

stars with a lifetime a million times shorter. A typical star would run out of 

fuel in 10,000 years, before organic evolution had even started!262 If we 

assume that biological evolution takes time, as was the case on Earth, it 

follows that in the case of a slightly stronger gravitational force, there 

would be no complex life as we now know it.   

   Conversely, with a weaker gravitational force, complex structures of long 

duration would certainly be possible. But in the case of a gravitational 
force a million times weaker, the Sun would have to be almost a million 

times larger in volume to trigger the process of nuclear fusion that provides 

energy to planets such as the Earth, and this planet would have to be 
almost a million times larger in volume to hold on to its atmosphere. The 

larger volume would offset the lower gravitational force. However, there 

would be insurmountable obstacles to achieving such a volume. A star 
with a volume a million times greater than the Sun, would be the result of 

                                                           
262 Martin Rees, Just Six Numbers (2000): 34. 
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the gravitational collapse of a number of hydrogen atoms a million times 
more than those of the Sun. But this implies that a gravitational force a 
million times weaker would have to occasion the collapse of a million 

times more atoms. The chance of so many hydrogen atoms being so close 
so as to produce their gravitational collapse is so small that this would be a 

nearly impossible feat and it would only occur in a few exceptional cases. 

   In conclusion, the beginning of nuclear fusion in stars depends on the 

fine tuning of the interaction of three fundamental forces, that is, the 

gravitational, the electromagnetic, and the strong nuclear force. Perhaps 

the reader might object that a fine tuning of the ratio of the gravitational 

and electromagnetic force with a precision of ±106 is not very fine. In fact, 

it is, because ±106/1036 = ±1/1030. Therefore, to achieve this ratio, the 

gravitational force is fine tuned to a precision of one in a million million 

million million million, so that nuclear fusion can take place in stars. 

 

Math box 3.4 The elephant, the beetle and the ant 

In Math box 1.11, we saw that nuclear fusion can begin in a sphere of 
hydrogen gas, if it contains a minimum of 1054 hydrogen atoms. This 

number, 1054, comes close to  that appears in the ‘number 
coincidences’ that Bondi reported in his book Cosmology of 1959. Rees 

comments that “the ‘coincidence’ that Dirac and Bondi discussed does 

not in itself now cause puzzlement: there is really just one very large 

number in physics: it is the reciprocal of the ‘gravitational fine structure 
constant’ ”.263 The constant  is the squared ratio of the proton 

mass  and the Planck mass : , and 

, so it follows that the value Rees refers to is: 

                                                           
263 Martin Rees, Just Six Numbers (2000): 30‒35 and “Numerical coincidences and 
'tuning' in cosmology”, arXiv:astro-ph/0401424v1 
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  (1) . 

   The ratio of electromagnetic and gravitational constants is about equal 

to the reciprocal of the gravitational fine structure constant :     

 (2)   . 

   Only through a sufficiently great mass can gravity produce enough 

kinetic energy to overcome the electromagnetic repulsion between 

protons. This looks like another Bondi coincidence: electromagnetism is 

 times stronger than gravity and we need some  mass units 

(Planck masses), that is  protons, to start nuclear fusion. But this is 

like the story of the elephant (the start of nuclear fusion), the dung beetle 
(a Planck mass) and the leafcutter ant (a proton). An elephant can carry 

9,000 kilos, i.e. 375 times the weight the dung beetle can, and the latter 

can lift up 24 kilos, 960 times the weight the ant can, so that 360,000 ants 

are needed to lift up the weight an elephant can. 

   Brandon Carter comments with good reason that this is not a case of the 

‘weak anthropic principle’ but can be perfectly explained in terms of the 
masses and forces already fixed,264 as was later suggested also by Rees. 

 
Section 3.4 The fusion of carbon, oxygen and other elements in stars 
Once the nuclear fusion that transforms hydrogen into helium has started, 
additional conditions are required for producing elements heavier than 

helium. This point brings us to the best-known topic of all the literature on 

fine tuning, i.e. the production of carbon and oxygen in stars. I shall first 
explain the nuclear fusion process that produces carbon and oxygen in the 
stars (Section 4.1) and then the fine tuning in this process (Section 4.2). 

                                                           
264 Brandon Carter, “Large Number coincidences and the Anthropic Principle in 
Cosmology”, in: Malcolm Longair, ed., Confrontation of Cosmological Theories with 
Observational Data (1974): 292. 
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Section 3.4.1 The fine tuning needed for producing carbon and oxygen  

The importance of hydrogen, carbon and oxygen in the biochemistry of life 
is fairly well known.265 These are the three most common elements in living 

organisms. Two molecules of utmost importance for life are derived from 
them: firstly, the carbon dioxide used by plants to produce oxygen, plants 

being necessary as the first link in the animal food chain, and secondly, 

water, which due to its special properties is of paramount significance for 

the evolution and continuity of life on Earth.266 Four of the six carbon 

electrons may be shared with other elements; a carbon atom has a valence of 

4 and consequently can bond to another four atoms, which gives it a unique 

significance as a cornerstone in the construction of organic molecules.267 

Helium does not make up organic molecules, but it is an essential link in the 

fusion chain, from hydrogen to carbon and oxygen in the stars.  

   Helium (4He2) is formed from hydrogen (1H1) through the mediation of 

deuterium (2H1). The first reaction, where two protons combine to form a 

deuterium nucleus, has a very low probability. A proton in the centre of the 

Sun takes on average 1010 years to collide with another proton and form 

deuterium. Two protons do not form a diproton (2H2), because the nuclear 

force is not strong enough to overcome the electromagnetic repulsion 

between two protons. Only if one proton, by collision with another, is 
transformed into a neutron, will the two form a deuterium nucleus ‒ one 

proton plus one neutron. Then, two deuterium nuclei can combine to form 

a helium nucleus ‒ two protons plus two neutrons ‒ because the two 

neutrons in the helium nucleus provide two units of strong nuclear force, 

without adding anything to the electrical repulsion in the nucleus, which 
enables the joint nuclear force of four nucleons to overcome the electrical 
repulsion of two protons. 

                                                           
265 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986):  510‒575. 
266 Ibidem: 524‒541. 
267 See Section 7.3 of Chapter 7 of this book. 
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    If the nuclear force were a bit stronger than it is, it would have been able 
to overcome the electromagnetic repulsion of two protons to form a 
diproton (2H2). In this case, in the Big Bang, all of the protons would have 

combined to form diprotons in the first few minutes of the Big Bang. With 
no hydrogen left to be transformed into deuterium, and then into helium, 

nor helium to be transformed into carbon and oxygen and other heavier 

elements, nor hydrogen and oxygen to produce water molecules, planets 

with heavy elements would not have emerged, neither would water or 

life.268 We can mark the range of this fine tuning with precision. If the 

strong nuclear constant αs had a value ranging between 3.4% and 3.7% 

more than its empirical one, the strong nuclear force would overcome the 

electromagnetic repulsion of two protons and combine them into a single 

nucleus, producing an event known as the ‘diproton disaster’: 

“The existence of deuterium and the non-existence of the diproton 

therefore hinge precariously on the precise strength of the nuclear force. 

If the strong interaction were a little stronger, the diproton would be a 

stable bound state with catastrophic consequences: all the hydrogen in 

the Universe would have been burnt to 2H2 during the early stages of the 

Big Bang and no hydrogen compounds or long-lived stable stars would 

exist today. If the diproton existed we would not.”269     

   And vice-versa: if the strong nuclear force had a value between 9% and 

11% less than its empirical value, a proton could not stick to a neutron,270 

and if this deuterium (= neutron plus proton) were missing, the main link in 

the chain that transforms hydrogen into helium in the stars would be 

                                                           
268 Martin Rees, Just Six Numbers (1999): 55. 
269 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 322. 
270 Martin Rees, Just Six Numbers (1999): 55; John Barrow & Frank Tipler, The 
Anthropic Cosmological Principle (1986): 322. 
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missing. Thus, we would have a universe made out of pure hydrogen with 
no chemistry or nuclear fusion. 
   In summary, if the strong nuclear force were a little bit stronger than it in 

fact is, we would have a universe made out of pure diprotons. And if it were 
a little weaker, we would have a universe of pure hydrogen. The fact that the 

strong nuclear force is located in a narrow region, between this upper and 

lower limit, is an example of fine tuning, as can be seen in Graph 3.3.271 In 

addition, if , the carbon nucleus would be unstable and there 

would be no life based on carbon and oxygen.272 

 
Graph 3.3 The limits imposed on αs and α by the fact we are here 273 

 

 

                                                           
271 Max Tegmark, “Is ‘the Theory of Everything’ merely the Ultimate Ensemble Theory”, 
in: Annals of Physics, vol.270 (1998): 14‒16; John Barrow, The Anthropic Cosmological 
Principle (1986): 320‒322; John Barrow, The constants of Nature (2002): 168. 
272 Max Tegmark, “Is ‘the Theory of Everything’ merely the Ultimate Ensemble Theory”, 
in: Annals of Physics, vol. 270 (1998): 15. 
273 Ibidem:16; John Barrow, The Constants of Nature (2002): 168. 
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   In Section 1.3.3 and Math box 1.15 of Chapter 1, we saw that a 
remarkable feat of fine tuning is also required for the production of carbon 
and oxygen in the stars. Carbon and oxygen, two elements essential for life, 

are produced in the core of stars by nuclear fusion processes. Carbon is 
‘lucky’ twice over. Firstly, because there is an excited state of carbon that 

has a resonance in the fusion of beryllium and helium, with the result that it 

exponentially accelerates the fusion process. Due to the speed of the fusion, 

carbon can be generated before the end of beryllium’s extremely short 

lifetime.  

   The second time that carbon is ‘lucky’, is due to a lack of resonance in the 

fusion of carbon and helium, which sufficiently slows down the rate of 

nuclear fusion, so that not all the carbon is transformed into oxygen. It is 

only due to the fine tuning of the strong nuclear force, which has a decisive 

impact on the value of the reaction rate in nuclear fusion processes, that both 

carbon and oxygen formed in abundant quantities, subsequently enabling 

the evolution of life. In The Road to Reality, Penrose comments that this 

circumstance is a clear case of fine tuning: “It is remarkable that the 

constants of Nature are so adjusted that such an energy level should be in 

just the right place, so life, as we know it, could come about”.274  

   When Hoyle discovered all this, no one was yet able to calculate this fine 

tuning that enables the production of carbon and oxygen. But in 1998, 
Oberhummer, Pichler and Scótó produced a brief study of nuclear 
astrophysics, demonstrating the extreme dependence of the value of the 

nuclear fusion rate on the nuclear force factor (see Table 3.2). 
   Obviously, the increase in the nuclear force factor p in Table 3.2, does not 
adversely affect the amount of carbon produced, but it would affect, as we 
have already seen, the production of oxygen. The nuclear force factor must 
be very finely tuned for both carbon and oxygen to exist. 

 
                                                           
274 Roger Penrose, The Road to Reality (2005): 759. 
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Table 3.2 The triple alpha nuclear reaction rate at a temperature of 
108 Kelvin as a function of the nuclear force factor p 275 1007   

Effective nucleon- 
nucleon interaction 

MN Model  V1 Model  V2 Model 

Force factor p  f(p) 276 f(p) f(p) 

1.002 422 337 64.4 

1.001 20.2 11.4 7.9 

1.000 1.0 1.0 1.0 

0.999 0.05 0.09 0.13 

0.998 0.003 0.008 0.02 

    

   In the year 2000, the same three nuclear physicists published their 

conclusions on the subject in more detail, in the journal Science.277 The 

nuclear fusion processes depend on two fundamental forces in nature, 

firstly, the strong nuclear force that brings together the baryons in the 

nuclei, when they collide under high temperature and high density, 

overcoming the electromagnetic repulsion that the protons experience due to 
their positive charge, and, secondly, the electromagnetic force which has to 

                                                           
275 Heinz Oberhummer, Rudolf Pichler & Attila Csótó, “The Triple-Alpha Process and Its 
Anthropic Significance”, in: Nikos Prantzos, Elisabeth Vangioni-Flam & Michel Cassé, 
eds, Nuclei in the Cosmos V. Proceedings of the International Symposium on Nuclear 
Astrophysics (1998): 119‒122. 
276 The increase or reduction of the triple-alpha reaction is given by 

;  is the energy of the resonance and  

where  is the mass density of α,  its number density, T the temperature of the plasma 
of the star, and  is the strength of the resonance. 
277 Heinz Oberhummer, Attila Csótó & Helmut Schlattl, “Stellar Production Rates of 
carbon and its abundance in the Universe”, in: Science, vol. 289 (2000): 88‒90. 
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be overcome. They made their calculations for stars with masses 20 times, 5 
times and 1.3 times that of the Sun. Their conclusion is worth quoting:  

“We conclude that a change of more than 0.5% in the strength of the 

strong interaction or more than 4% change in the strength of the Coulomb 

[electromagnetic] force would destroy either nearly all carbon or all 

oxygen in every star. This implies that irrespective of stellar evolution the 

contribution of each star to the abundance of carbon or oxygen in the 

interstellar material would be negligible. Therefore, for the above cases 

the creation of carbon-based life in our universe would be strongly 

disfavoured (…) Therefore, the results of this work are relevant [to] the 
anthropic cosmological principle.”278    

Graph 3.4 The existence of carbon and oxygen depends on the fine 
tuning of the strong nuclear force and the electromagnetic force279 

 

 

                                                           
278 Heinz Oberhummer, Attila Csótó & Helmut Schlattl, ibidem:  90. 
279 Figure from Heinz Oberhummer Attila Csoto & Helmut Schlattl, in: Science, vol. 289 
(2000), adapted by John Barrow, The Constants of Nature (2002):155 and by me. 
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   The anthropic principle, referred to by authors like Barrow, Davies, 
Oberhummer and others, exists in two forms. In its ‘weak’ form it is no 
more than a statement of the principle of causality, that is, that natural laws 

(the cause) must be such as to have enabled the emergence of life (the 
effect) about 14 billion years after the Big Bang, since we are here analysing 

them. In its ‘strong’ form, the anthropic principle is a metaphysical 

statement and asserts that the natural laws of the Universe are finely tuned 

by some cause so as to make possible the emergence of human life.280 I will 

analyse these questions in more detail in another chapter of this book.281 

   At a conference in New York in 1999, Steven Weinberg expressed 

doubts about the fine tuning of the Universe.282 His argument against fine 

tuning has two steps: he first reduces the phenomenon of fine tuning to the 

particular case of the fine tuning present in the production of an excited 

state of the carbon nucleus and then, he denies the fine tuning in this triple-

alpha chain. Let us look at both of these steps. Regarding the first step, fine 

tuning is much more extensive than Weinberg admits when he reduces it to 

the case of production of carbon in stars. In this chapter, I analyse no less 

than seven different cases of fine tuning. With regard to the second step, 

i.e. his denial of fine tuning in the production of an excited state of carbon, 

Weinberg refers to two studies, those of Hong, 1999, and Livio, 1989,283 

who argue that carbon has the required energy level to be ‘naturally’ 
created from the encounter of helium and beryllium 8.  

                                                           
280 Both principles are discussed by Davies in chapter 5 of The Accidental Universe 
(1984) and by Barrow and Tipler in The Anthropic Cosmological Principle (1987). 
281 See Chapter 6 of this book. 
282 Steven Weinberg, “A Universe with no Designer”, in: Annals of the New York 
Academy of Sciences, vol. 950; and in: Miller, James, ed., Cosmic Questions (2001): 
169‒174. 
283 Suk-ho Hong & Suk-yoon Lee, “Alpha Chain structure in 12C”, in: Journal of Korean 
Physics (1999): 46‒48. Mario Livio, D. Hollowell & J. Truram “The anthropic 
significance of the existence of an excited state of 12C”, in: Nature (1989): 281‒284. 
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   Although they were published before Weinberg’s talk at the 1999 
conference, he makes no reference to two other articles by Pichler, 
Oberhummer and others, 1997,284 and Fedorov and Jensen, 1996,285 who 

criticize the studies of Hong and Livio. These authors refute the statements 
of Hong and Livio and prove that carbon is generated, effectively, by the 

resonance in the triple-alpha process that was first discovered by Hoyle. 

Oberhummer notes that the values for the rest mass energies of beryllium 8 

and carbon 12 used by Hong and Lee are very different from their 

empirical values, which makes their model highly questionable.286 

Weinberg also made no reference to the first article by Oberhummer, 

Pichler and Scótó, published one year before his 1999 conference.  

   In his 2009 book on cosmology,287 there is not a single reference to the 

phenomenon of fine tuning, nor to authors such as Fedorov, Jensen, 

Oberhummer, Pichler, or Scótó, who do prove the existence of fine tuning. 

This is a blatant case of cherry picking in favour of his hypothesis. 

Section 3.5. The existence of planets and stable planetary orbits 

Before looking at the conditions for the stability of planetary orbits, it is 

first necessary to look at the conditions for the very existence of planets. 

According to a classic study by Brandon Carter, the division of the stars in 
the main sequence from blue giants to red dwarfs depends critically on the 

interrelationship between the gravitational coupling constant, the 

                                                           
284 Rudolf Pichler, Heinz Oberhummer, Attila Csótó & S. Moszkowski, “Three alpha 

structures in 
12C”, in: Nuclear Physics A, vol. 618 (1997): 55‒64. 

285 D. Fedorov & A. Jensen, “The Three-Body Continuum Coulomb Problem and the 3α 
Structure of 12C”, in: Physics Letters B, vol. 389 (1996): 631‒636. 
286 Guillermo Gonzalez & Jay Richards, The Privileged Planet (2004): 392, note 8. Heinz 
Oberhummer et al., “The Triple-Alpha Process and Its Anthropic Significance”, in: Nikos 
Prantzos & Sotoris Harissopoulis, eds, Nuclei in the Cosmos V. Proceedings of the 
International Symposium on Nuclear Astrophysics (1998). 
287 Steven Weinberg, Cosmology (2009). 
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electromagnetic coupling constant and the proton and electron mass ratio. 
Carter states that “this condition ‒ by a remarkable coincidence ‒ is only 

just satisfied” and if the gravitational coupling constant were a bit stronger, 

or the electromagnetic coupling constant a little weaker, “then the main 

sequence would consist entirely of radiative blue giants”, which “would be 

incompatible with the formation of planets and as such, of observers”.288 

Solar systems with planets are to the upper left of the Sun on the main 

sequence, approaching blue giants, in the Hertzsprung-Russell diagram, 

named after Ejnar Hertzsprung (1873‒1967) and Henry Russell 

(1877‒1957), who classified the stars according to absolute magnitude, 

luminosity and colour.289 So, minor variations in the gravitational and 

electromagnetic coupling constants would result in the existence of very 

few solar systems with planets, adversely affecting the probability of the 

emergence of complex life in the Universe (see Math box 3.5). 

Math box 3.5 Fine tuning on the main sequence  

According to a classic study by Brandon Carter, the division of the stars 

on the main sequence from blue giants to red dwarfs depends critically on 

the interrelationship of the gravitational coupling constant αG, the 

electromagnetic coupling constant α and the mass ratio β: 

(1) . 

   Inserting the values of these constants into this equation, we obtain: 

(2) , 

                                                           
288 Brandon Carter, “Large Number Coincidences and the Anthropic Principle in 
Cosmology”, in: Malcolm Longair, ed., Confrontation of Cosmological Theories with 
Observational Data (1974): 296‒297. Carter uses the symbols , e2 and 

to indicate αG, α and β, respectively. With the symbols used by Carter, the 
equation looks like this: . 
289 The reader can find and might want to consult the Hertzsprung-Russell diagram on the 
internet (Wikipedia) or in one of the many textbooks on astronomy that reproduce it. 
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so that this condition ‒ by a remarkable coincidence ‒ is just satisfied.    
If the gravitational coupling constant were stronger, or the 

electromagnetic coupling constant a little weaker, we would have: 

(3) . 

so that the main sequence would be entirely made up of radiative blue 

giants, which is incompatible with the emergence of observers like us. 

 
   We will now have a look at the question of the stability of planetary 

orbits. In the Collected Scientific Papers of Paul Ehrenfest (1880‒1933), an 

Austrian-Dutch theoretical physicist, the editor, Martin Klein, included a 

translation of his 1920 article Which roles does the three-dimensionality of 

space play in the basic laws of physics? Ehrenfest demonstrates that stable 

planetary orbits can only exist in a universe with three spatial dimensions. I 

summarised this article, together with a summary of Newton’s analysis of 

planetary orbits as determined by his gravitational laws, in another book:290 

“There is a characteristic difference between two or three [spatial] 

dimensions, on the one hand, and a number of dimensions greater than 

three, on the other hand, with regard to the stability of the circular orbit. 

While in R3 the orbit remains finite when a small perturbation of not too 

great an energy occurs… in the case of R4, R5, R6, etc., the circular orbits, 

although they are of course still possible, are disrupted at the slightest 

perturbation, steering the planet into a downwards spiral towards the 

central body or outwards into infinity.”291    

                                                           
290 Paul Ehrenfest, “Which roles does the three‒dimensionality of space play in the basic 
laws of physics?”, in: Collected Scientific Papers (1959). See also John Auping, “La 
geometría analítica de la elipse”; “Las leyes de Kepler y Newton en un solo sistema 
axiomático”; and “Las órbitas planetarias estables según Ehrenfest”, in: Origen y 
Evolución del Universo, e-book (2016): 531-565. 
291 Paul Ehrenfest, ibidem: 440‒441. 
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   Ehrenfest proves that in a universe of four or more spatial dimensions, 
stable, closed orbits cannot exist, but are possible in a universe of three 
spatial dimensions (see Table 3.3). He derives the following equation of 

radial velocity for the theoretical set of universes with  spatial 

dimensions: , where ; ; and 

. The total energy is . Only in three-dimensional 

space, elliptical orbits, as observed by Kepler, are possible, since in such 

orbits the eccentricity has values of , so that total energy  is 

always negative, yielding two values of  where  is zero, i.e. at the 

maximum and minimum distance of the planet’s elliptical orbit from the 

star, where ; and giving positive ( ) or negative 

values ( ) of the radial velocity between these zero values, such that 

, so that  is a real number. 

Table 3.3 Summary of some of Ehrenfest’s conclusions 

Number of 
space 

dimensions 

There are two positive 
values of  where radial 

velocity is zero, and 
between these points it is 

positive or negative 

Closed 
(elliptic) 

and stable 
orbits are 
possible 

Falling toward 
the star or 

moving toward 
infinity is 
possible 

 Yes Yes Yes 

 No No Yes 

 

   Figure 3.2, by Tegmark, illustrates the impossibility of stable planetary 
orbits in a universe of four or more spatial dimensions. The grey part 

contains the trajectories of objects gravitationally attracted by another object 

and shows there are only two possibilities: the lower mass body either falls 
into the body of larger mass or is launched into infinity. No elliptical orbits! 
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Figure 3.2 Two body problem in universe of  n ≥ 4 spatial dimensions 

 

   Tegmark extended Ehrenfest’s analysis, by varying the number of both 
spatial and temporal dimensions from 0 to 5, which gives  

combinations and draws the conclusion that homo sapiens is only viable in a 

universe with only one time dimension and three spatial dimensions.292 

Section 3.6 The existence of stable atoms and complex molecules 

In Section 3.2, we saw the required conditions for the existence of stable 
protons and electrons, which are necessary for the existence of atoms. I will 

now discuss the other conditions required for atoms, which generally consist 

of protons, neutrons, and electrons, to be stable: the ratios of the neutron, 

proton and electron masses, also crucial for stable protons, and the ratios of 

the strong nuclear force, the weak nuclear force and the electromagnetic 

force; as well as the number of spatial dimensions in the Universe. 

                                                           
292 Max Tegmark, "Is the ‘Theory of Everything’ merely the ultimate Ensemble Theory," 
in: Annals of Physics, vol. 270 (1998): 16‒21. The figure is from ibidem: 17. 
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   We can extend this analysis of universes with N ≥ 4 spatial dimensions, 
from the macro-world of solar systems to the micro-world of atoms. Recent 
studies by Tangherlini293 and by Gurevich & Mostepanenko294 solve the 

Schrödinger equations for the hydrogen atom (one proton and one electron), 

for the general case of  spatial dimensions, and conclude that in such 

cases not only stable macro-structures such as planets orbiting stars are 

impossible, but that stable micro-orbits of electrons around a nucleus are not 

possible either. In the words of Gurevich and Mostepanenko:  

“In spaces with  [spatial dimensions] electrons must fall on the 

nuclei and therefore the atomic structure of matter does not exist... The 

atomic matter and therefore life are possible only in 3-dimensional 

space.”295        

   In the words of Barrow and Tipler, “stable atoms, chemistry and life can 

only exist in N < 4 spatial dimensions" and, “there are no stable bound 

orbits for N > 3”.296      

   Not only is the number of spatial dimensions important for the existence 

of stable atoms, but also the fine tuning of the values of certain constants, as 

we shall now see. For the existence of complex atoms and molecules, the 

gravitational force is no longer important, as it is so weak that on small 

scales it almost does not count. However, on microscopic scales there are 

three dimensionless numbers297 that are very important: 

                                                           
293 Frank Tangherlini, “Atoms in Higher Dimensions”, in: Nuovo Cimento, vol.27 (1963): 
636. 
294 L. Gurevich & V. Mostepanenko, “On the existence of atoms in n-dimensional space”, 
in: Physics Letters A, vol. 35 (1971): 201‒202. 
295 L. Gurevich & V. Mostepanenko, “On the existence of atoms in n-dimensional space”, 
in: Physics Letters A, vol. 35 (1971): 202. 
296 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 265. 
297 The various units of the different variables of the equations cancel each other out. 
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1) The fine structure constant is , where 

 is the electron charge; 

 is the vacuum permittivity;  is the 

electrical charge;  is the Planck constant; 

 is the unity of work or energy; and 

 is the velocity of light. This constant  refers to the 

strength of the electromagnetic interaction between elementary 

charged particles.  

2) The strong nuclear force constant is  = 0.1182±0.0027, where 

 is a version of the Planck constant; 

 is the strong nuclear force, operating at a range of 

, which is the diameter of an average atom's nucleus. 

3) The ratio of the electron mass to the proton mass is .298  

The masses of these particles are: electron mass, 

; neutron mass, ; and proton mass, 

.  

   The small value of the dimensionless constant  ensures that the nucleus 

has a stable location, as Tegmark explains: “In a stable ordered structure, 

for example a chromosome, the typical fluctuation in the location of a 

nucleus relative to the inter-atomic spacing is β1/4, so for such a structure 

to remain stable over long time scales, one must have .”299  

   I will now analyse the importance of the ratio of the strong nuclear and 
electromagnetic forces for the stability of the atom. In the nuclear fusion of 

the triple-alpha process, where carbon is produced from three helium  
                                                           
298 .    
299 Max Tegmark, “Is the ‘Theory of Everything’ merely the ultimate Ensemble Theory”, 
in: Annals of Physics, vol. 270 (1998): 15. See also John Barrow & Frank Tipler, The 
Anthropic Cosmological Principle (1986): 304. 



 188 The Cause and Evolution of the Universe 

atoms, and in the fusion of one helium atom and one carbon atom to 
generate oxygen, the nuclei in the fusion process have greater rest mass 
energy than the nucleus resulting from the fusion, and part of the energy 

from the original rest mass is released in the form of radiation energy.300 In 
general, from hydrogen to iron, the nuclear fusion releases rest mass 

energy and, from iron to uranium, the nuclear fission releases it. From 

hydrogen to iron, the nucleus resulting from the fusion has a lower rest 

mass energy than the sum of the rest mass energies of the nuclei fused 

together: the difference in the rest mass energies is released as radiation 

energy. From uranium to iron, it is the reverse: the resulting nuclei from 

the fission have a rest mass energy superior to the rest mass energy of the 

split nucleus. Additional energy is extracted from the environment. 

    Now, the stability of nuclei already generated by nuclear fusion is a 

function of the exact value of the strong nuclear force and the 

electromagnetic force. The strong nuclear force causes protons and 

neutrons to stick together in a nucleus, forming a sphere of nucleons. But 

this force only operates at very short distances, such that in large nuclei, 

the nucleons at opposite ends no longer attract each other. This causes the 

electrical repulsive force between protons to start to deform the nucleus, 

transforming the perfect sphere into an oval shape with eccentricity e. The 

relocation of nucleons in the nucleus is possible because the nucleus is not 

a solid mass point, but is more like a flexible drop of water.301 At a certain 
point, the electrical repulsive force overcomes the strong nuclear force, and 

the nucleus disintegrates into two parts. Given this interaction of opposite 
forces in the nucleus, this instability in large nuclei starts when (number of 

                                                           
300 According to the famous formula  . 
301 The comparison with the water drop is by Niels Bohr, “Neutron Capture and 
Constitution”, in: Nature, vol. 137 (1936): 344‒348; Hans Bethe and R. Bacher, 
“Nuclear Physics A. Stationary States of Nuclei”, in: Reviews of Modern Physics vol. 8 
(1936): 82‒229; and Carl Friedrich von Weizsäcker, Die Atomkerne, Grundlagen und 
Anwendungen ihrer Theorie (1937). 
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protons)2 / (atomic number) is greater than 49. For example, uranium has 
the atomic number 92 and an atomic weight of 238, i.e. it contains 92 

protons and 146 neutrons, so that  and , so 

uranium is unstable. The details of this point are explained in Math box 
3.6. 

Math box 3.6 The stability of a nucleus 

In what follows,  is the rest mass energy of the nucleus;  is the mass 

quantity converted into radiation energy;  is the number of protons and A 

the number of protons plus neutrons: 

      (1)  helium fusion → carbon: Δ . 

      (2)  uranium fission: Δ . 

   The boundary between stable and unstable nuclei is calculated as 

follows. In the following equation, there are two dimensionless constants: 

      (3)   and .302 

      (4)    Δ . 

   In large nuclei, the boundary between stability and instability occurs 

when  and if this boundary is exceeded, the nucleus disintegrates:  

(5)   Δ , 

so that the nucleus is unstable when 

    (6)   . 

   If we want to generalise this formula to other conceivable universes with 

different values of αs and α, we would have an unstable nucleus if:  

                                                           
302 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 325. 
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       (7)    .303   

   Given that in this Universe  and , equation (7) 
becomes (6). 

 

   A small variation in the value of the electromagnetic and strong nuclear 

forces would cause unstable nuclei with atomic numbers much lower than 

uranium in the periodic table. If the strong nuclear force were reduced by 

50%, iron would be unstable. In general, if the electromagnetic force were a 

bit stronger, or the strong nuclear force a bit weaker, or both, nuclei crucial 

to biology such as carbon and oxygen could not exist (Z is the atomic 

number):  

“Thus, if the electromagnetic interaction were stronger (increased ) or 

the strong interaction a little weaker (decreased ), or both, then 

biologically essential nuclei like carbon would not exist in Nature. For 

example, if the electron charge were increased by a factor ~3 no nuclei 

with Z > 5 would exist and no living organisms would be possible. The 

existence of carbon-based organisms hinges upon a 'coincidence' 

regarding the relative strengths of the strong and electric forces.”304  

   Graph 3.5 illustrates how three phenomena, i.e. the electromagnetic 

repulsion between protons, the strong nuclear force that glue neutrons and 

protons together in the nucleus, and the size of the nucleus, determine the 

stability or instability of the nucleus. The curves are the collection of 

combinations of atomic size  ‒ measured in the vertical axis ‒ and the 
theoretical value of the strong nuclear force constant, as a function of its 

empirical value ‒ measured in the horizontal axis ‒ leaving the 

                                                           
303 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): 326. 
304 Ibidem: 326. 
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electromagnetic force constant without variation. The upper curve 
represents a weaker electromagnetic force, the lower curve a stronger one. 

Graph 3.5 The stability of atomic nuclei depends on the values of the 
strong nuclear force, and the fine-structure constant305 

 
 

Section 3.7 Summary: calculating the fine tuning of the Universe 

There are other limits imposed on the variation of the constants by the fact 

that we are here, for example, various chemical properties that enable high 

fidelity DNA replication.306 In Section 3.2, we also saw that if the weak 

nuclear force were weaker, all the hydrogen would have been converted into 

                                                           
305 Graph by Paul Davies, “The variation of the coupling constants", in: Journal of 
Physics, vol. 5, 1972, p. 1300, reproduced in John Barrow & Frank Tipler, The Anthropic 
Cosmological Principle (2002): 326. 
306 John Barrow & Frank Tipler, The Anthropic Cosmological Principle (1986): chapter 4. 
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helium in the first fifteen minutes of the Big Bang, and without hydrogen, 
we would also not have molecules based on hydrogen, carbon and oxygen, 
which are the elements required for life as we know it.307  

    By way of a mathematical summary, I take the analysis done by Smolin 
as a starting point, and then correct and expand on it. Smolin makes an 

overall estimate of the degree of specialness of  our Universe, with, among 

other things, stars that live for billions of years, with nuclear fusion to 

emerge, a necessary prior condition for the production of heavy elements, 

which, in turn, are a necessary prior condition for life to emerge on Earth.308 

The analysis is carried out in Math box 3.7. 

 

Math box 3.7 The accumulated fine tuning of the Universe 

Smolin states that for the fine tuning of the Universe, the value of three 

basic constants must be set, specifically the Planck constant h, the speed 

of light c and the gravitational constant G, that between the three of them 

define the Planck mass, and, additionally, set the mass of four relatively 

stable particles, namely, the proton, neutron, electron and neutrino, as 
multiples of the Planck mass:  

     (1)   Planck constant     h  = . 

     (2)   Gravitational constant     .         

     (3)   Speed of light   c   = . 

     (4)   Planck mass    .  

     (5)   Neutrino mass . 

     (6)   Proton mass .      

                                                           
307 Max Tegmark, “Is ‘the theory of everything’ merely the ultimate ensemble theory”, in: 
Annals of Physics, vol. 270 (1998): 16.  
308 Lee Smolin, The Life of the Cosmos (1997): 325‒326. 
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     (7)   Neutron mass .   

     (8)   Electron mass . 

   For stars that live for billions of years to emerge in a universe, the 
ratios of the neutrino, proton, neutron and electron masses must have the 

values that have been empirically confirmed. The probability that the 

observed ratio of the proton to the Planck mass exists by chance would 

be . To form stable nuclei, the mass of the electron must be 

a minimum fraction of the mass of the proton, for example, 1/1836; the 

mass of the neutrino must be almost zero; and the mass of the neutron 

must be slightly greater than that of the proton, for example, 1.00138. 

Each of these last three things has a probability of approximately 

. The cumulative probability of these four ratios is . 

Smolin also introduces a cosmological constant that must be adjusted 

with a precision of . Accumulating these probabilities, we 

obtain .  

   Up to now, we have only considered the mass and the gravitational 

constant. In order to have stable atoms and the successful fusion of 

heavy elements in stars, the relative values of the four basic forces must 

also be set, specifically the gravitational force, the strong nuclear force 

and its carriers, namely the gluon and π meson; the weak nuclear force 
and its carriers, namely bosons W +, W - and Z0; and the electromagnetic 

force and its carrier, the photon. Let us first look at the values of the 

dimensionless constants of the main forces, with two versions of the 

weak nuclear force constant: 

     (9)   Gravitational force309   , 

             infinite range; 

                                                           
309 The (speculative) carrier of the gravitational force is the graviton, with mass=0 and 
spin=2 
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    (10)   Electromagnetic force310 ,311 
              infinite range; 

    (11)   Strong nuclear force312  ,313  

              range ;314 

    (12)   Weak nuclear force315 ,  

              range ;316 

    (13)   Weak nuclear force317 ,  

              range  

   The ratios of the dimensionless constants are the following:  

    (14)    . 

    (15)    . 

                                                           
310 The carrier of the electromagnetic force is the photon γ with mass=0 and spin=1. 
311 Jean-Philippe Uzan, “The fundamental constants and their variation: observational and 
theoretical status”, in: Reviews of Modern Physics, vol. 75 (2003): 405; John Barrow, in: 
The Anthropic Cosmological Principle (1986): 293 and in: The Constants of Nature 

(2002): 46, 86, where stating that , is incorrect. 
312 The carrier of the strong nuclear force, between quarks is the gluon; between nucleons, 
the π meson.  
313 Siegfried Bethke, “αs at Zinnowitz 2004”, hep-ex/0407021v1; the average of the 
measurements is . Michael Schmelling, “Status of the Strong Coupling 
Constant”, hep-ex/9701002v1, 1996, estimated  . At higher 
energies its value increases, to , according to Bogdan 
Povh et al., Particles and Nuclei (2002): 109. 
314 Diameter of a medium sized atomic nucleus. 
315 Definition by Bernard Carr & Martin Rees, “The Anthropic Principle and the Structure 
of the Physical World”, in: Nature, vol. 278 (April 1979): 611. The carriers of the weak 
nuclear force are the bosons W +, W -, Z0 with   and spin=1. 
316 0.1% of a proton diameter. 
317 Definition by Paul Davies, The Accidental Universe (1983): 21. The difference with 
Carr & Rees is explained by the difference in mass of the electron and the proton: 

.  
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    (16)    . 

    (17)    . 

    (18)    . 

    (19)    . 

   In addition, the respective ranges of these forces must be set. Four 
basic forces yield three ratios relative to each other. Of these three, 

Smolin only sets two, specifically, the ratios of the weak nuclear force 

and the electromagnetic force to the strong nuclear force, which he 

estimates at  each: “Taking the strong nuclear interaction as 

the measure, the weak and electromagnetic interaction are each about 

one part in 100”.318 The cumulative probability is now: 

    (20)    .  

   Now, we need to set the ranges in which these forces operate. In the 

case of the electromagnetic and gravitational forces, it is the radius of the 

entire Universe. In the case of the weak nuclear force and the strong 

nuclear force, it is the radius of a nucleus. The ratio of the radius of the 

Universe to the radius of the nucleus is about 1040, so the cumulative 

precision of the fine tuning should be, according to Smolin: 

(21)     . 

 

   Smolin concludes: “We reach the conclusion that the probability for the 

world to have turned out as ours, with stars lasting billions of years, and 

thus with nuclear and atomic physics more or less like ours ‒ were the 

parameters of the standard model picked randomly ‒ is at most one part in 

.”319 

                                                           
318 Lee Smolin, The Life of the Cosmos (1998): 325 
319 Ibidem: 325. 
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    This estimate of Smolin can be somewhat improved, by means of some 
clarifications. The probability for a universe to have all the characteristics 

that, as a matter of fact, our universe displays is , as is 

shown in Math box 3.8: 

Math box 3.8 Refining Smolin’s estimates  

We can refine Smolin's estimates somewhat: 

1) Firstly, the cosmological constant is a myth rendered useless by general 

relativity, as I argued in Section 2 of Chapter 2, and is therefore not part of 

the fine tuning of physical constants. This reduces the accumulated 

precision of fine tuning to .  

2) On the other hand, the ratio of the strong nuclear force to the weak one is 

not 1/102, but, approximately 1/106, which increases the precision of the fine 

tuning to . 

3) If the ratio of the radius of the Universe and a medium sized nucleus is 
1040, as Smolin estimates, the ratio of the radius of the Universe to the range 

of the weak nuclear force is a bit higher, that is 1043, because the range of 

the weak nuclear force is a bit less than that of the strong nuclear force.320  

This increases the total probability of the fine tuning to .  

4) On the other hand, although Smolin sets the value of the gravitational 

force, he does not set the ratio of the gravitational force to the strong nuclear 

force, which is 1/6*1039. This gives a cumulative fine tuning of 

.   

5) Smolin does not take into account the fine tuning of the momentum 

(kinetic energy) of the initial expansion of the Big Bang, which Rees 

                                                           
320 In the case of the weak nuclear force, it is 10-18 m, which is 0.1 percent of a proton 
diameter; in the case of the strong nuclear force, it is 10-15 metres, i.e. the radius of a 
medium-sized nucleus. 
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estimates to be 1/1015. This raises the degree of cumulative fine tuning to 
1/6*10-230. 

6) We must also take into account the number of spatial dimensions 
necessary for closed, stable planetary orbits. With regard to the possible 
maximum number of spatial dimensions, there really is no limit, but I will 

take the number 11 that is used in some superstring theories, so the 

probability that three spatial dimensions come out is . 

This raises the degree of fine tuning to . 

7) We must take into account the probability that the Universe is sufficiently 

large that, in some solar system, the required initial conditions are met for 

the emergence of complex life. Here there are only two possibilities, 
specifically, that the size of the Universe is or is not large enough for the 

emergence of complex life, i.e. . The cumulative probability of all 

of these cases of fine tuning is . 

8) Smolin does not take into account the fine tuning of the neutrino mass, 

possibly thinking that it makes no difference if this mass is zero or almost 

zero. The neutrino mass is . Davies points out that a slightly 

more massive neutrino would lead to an early collapse of the Universe and 

to “severe disruption of the galactic structure”.321 On the other hand, a less 
massive neutrino would have led to an accelerated expansion of the 
Universe, preventing the formation of stars and galaxies because, although 

the neutrino has very little mass, its density is very high ( ), 

which implies that “the accumulated neutrino mass could outweigh all the 

stars”.322 The cumulative probability of fine tuning, including the neutrino 

mass, is . 

    

                                                           
321 Paul Davies, The Accidental Universe (1983): 62. 
322 Ibidem: 61. 
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   Supernovae also impose limits on the neutrino mass. Although stars are 
transparent to neutrinos, the implosion that precedes the supernova is so 

powerful and compresses the interior of the star to such a degree that it 
significantly slows down the flow of neutrinos, which then generate the 

necessary pressure for the periphery to explode. In this way, heavy elements 

created in the star prior to the supernova are dispersed into space. Thus, 

carbon, oxygen and iron in our solar system were dispersed into space by a 

supernova that gave life to the Sun and the planets. Therefore, “without 

supernovae, Earth-like planets would not exist”.323 If the neutrino had zero 

mass, it would have no capacity for pressure. If it were more massive, it 
would become part of the black hole that is left when a star ends its life. 

   The margin of error allowed in the fine tuning is unlikely to exceed 10%.  

This gives us a narrow margin for the cumulative fine tuning of the 

Universe in accordance with the emergence of stars of long duration, fusion 

of heavy elements and intelligent life:  

(1)    . 

 

  This result,   

(equation 1 of Math box 3.8) concludes our overview of the fine tuning of 

physical constants in the laws of nature which determined the evolution of 

the Universe, that started with the Big Bang, and made possible the 

evolution of stars with a long life cycle and nuclear fusion of elements 

heavier than helium, and the emergence of solar systems and people like us 

to discover all this. 

                                                           
323 Paul Davies, The Accidental Universe (1983): 68 
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CHAPTER  4

MYTH: MODERN THEORIES OF THE 
MULTIVERSE



Section 4.1 Hoyle’s theory of creation fields in the observable Universe

‒ Third

Programme

‒
‒

“In a sense, the steady-state theory may be said to have begun on the night 

that Bondi, Gold and I patronised one of the cinemas in Cambridge. The 

picture, if I remember rightly, was called It was a sequence 

of four ghost stories, seemingly disconnected as told by the several 

characters in the film, but with the interesting property that the end of the 

fourth story connected unexpectedly with the beginning of the first, thereby 



setting up the potential for a never-ending cycle. When the three of us 

returned that evening to Bondi’s rooms in Trinity College, Gold suddenly 
said: ‘What if the Universe is like that?’... One tends to think of 
unchanging situations as being necessarily static. What the ghost-story 

film did sharply for all three of us was to remove this wrong notion. One 

can have unchanging situations that are dynamic, as for example, a 

smoothly flowing river. The universe had to be dynamic, since Hubble’s 
red-shift law proved it to be so... From this position, it did not take us long 

to see that there would need to be a continuous creation of matter

The present 

model has both an infinite future and an infinite past.

“one atom 
every century in a volume equal to the Empire State Building

creatio ex nihilo 

creatio ex nihilo 

The Cosmic Century
Monthly Notices of the 

Royal Astronomical Society
Big Bang. The Origin of the Universe



creatio ex nihilo

distant and nearby galaxies would look the same

“We take the perfect cosmological principle to imply that no feature of the 
universe is subject to any consistent change, and no observer hence 

capable of any unique definition of a universal time. This will be satisfied 

only if the ages of galaxies in any sufficiently large volume follow a 

certain statistical distribution...Furthermore, the age distribution of 

galaxies in any volume will be independent of the time of observation, and 

it will hence be the same for distant galaxies as for near ones, although in 

the former case the light has taken long to reach us

Monthly Notices of the Royal Astronomical Society

Monthly Notices of the 
Royal Astronomical Society

Monthly Notices of the Royal Astronomical Society



“I do not believe that any scientist who examined the evidence would fail 
to draw the inference that the laws of nuclear physics have been 

deliberately designed with regard to the consequences they produce 

inside the stars. If this is so, then my apparently random quirks have 

become part of a deep-laid scheme. If not, then we are back again at a 

monstrous sequence of accidents

The curious placing of the levels in C12 and O16 need no longer have the 

appearance of astonishing accidents. It could simply be that since 

creatures like ourselves depend on a balance between carbon and 

Constants of Nature



oxygen, we can exist only in the portions of the universe where these 

levels happen to be correctly placed. In other places, the level of O16

might be a little higher, so that the addition of alpha-particles to C12 was 

highly resonant [and] creatures like ourselves could not exist

Big Bang

Constants of Nature 



Because he injected a considerable amount of humour into his 

presentations, he was frequently not taken seriously by too many of his 

fellow scientists. His not being taken seriously is something that rubbed off 

on the two of us as his colleagues

CMBR

Big Bang. The Origin of the Universe



‒

Astrophysical Journal



“This is a most remarkable and important result, but if we accept the 
conclusion that most of the radio stars are external to the Galaxy, and this 

conclusion seems hard to avoid, then there seems no way in which the 

observations can be explained in terms of a Steady State theory.

‒

we regard the principle as of such fundamental 

importance that we shall be willing if necessary to reject theoretical 

extrapolations from experimental results if they conflict with the perfect 

cosmological principle even if the theories concerned are generally 

The Observatory

The Cosmic Century

Nature



accepted.

h‒

‒

the most decisive evidence so far obtained 

against the Steady State model of the Universe

CMBR

CMBR

Monthly Notices of the Royal Astronomical Society
Big Bang. The Origin of the Universe

Nature

Astrophysical Journal



Section 4.2 Black holes as origins of universes

‒

significant irregularities in the mass distribution of collapsing 

material..., in the situation of the global collapse of an entire universe..., 

singularities being a generic feature of gravitational collapse in classical 

general relativity... singularities are inevitable

the 

extraordinary suppression of gravitational degrees of freedom in the 

[S]o long as the 2nd Law did indeed hold true at all times since the 

universe's inception, then the remote past must have been... constrained 

to be extremely highly organized macroscopically. The key to the 2nd 

Law, therefore, is the existence of an extraordinarily macroscopically

Fashion, Faith and Fantasy 
‒

Fashion, Faith and Fantasy



organized initial state of the universe. But what was that state?... [T]his 

was the gigantic all-encompassing explosion known as the Big Bang! 

How can it be that such an unimaginably violent explosion actually 

represented an exceptionally low-entropy, incredibly macroscopically

organized state?... [T]he very early universe was indeed extremely 

uniform, but with very slight irregularities in the density. Over the 

passage of time these density irregularities became gravitationally 

enhanced, consistent with a picture in which clumping of material 

gradually increased with time to produce stars, these being gathered in 

galaxies, with massive black holes in galactic centres, this clumping 

being ultimately driven by relentless gravitational influences. This indeed 

would have presented a vast entropy increase, illustrating that, when 

gravity is brought into the picture, the primordial fireball that is 

evidenced by the CMB must actually have been far from a maximum-

entropy state... [W]ith gravity ultimately having a dominant presence, 

there is much gain the entropy obtained by moving away from the 

uniform distribution... Our existence, as we know it, depends on the low-

entropy gravitational reservoir inherent in the initially uniform matter 

distribution.

Fashion, Faith and Fantasy ‒ ‒
Gravity, Entropy, and Cosmology: in Search of Clarity



thermodynamic

gravitational

Section 4.2.1 Wheeler’s Big Crunch theory

‒
From Relativity to 

Mutability

“If the laws of conservation of particle number are transcended in black 
hole physics; if all dynamic laws are transcended in the collapse of the 

universe; if laws and constants of physics are first imprinted as initial 

The 
Physicist’s Conception of Nature ‒



conditions in the earliest phase of the Big Bang and erased in the final 

stage of gravitational collapse, then dimensionality [=the shape of these 

laws] itself can hardly be exempt from the universal mutability

not soft hair in terms of soft 

gravitons or photons on the black hole horizon, and shows that complete 

information about their quantum state is stored on a holographic plate at 

the future boundary of the horizon

Section 4.2.2 Smolin’s theory of the multiverse in black holes

The Physicist’s Conception of Nature 

Physical Review Letters ‒



the question about what happened ‘before the Big 

Bang’ in the event that quantum effects allow time to extend indefinitely into 

the past

it is possible 

that what is beyond the horizon of a black hole is the beginning of another 

universe

all

we live in a continuously growing 

community of ‘universes’, each of which is born from an explosion 

following the collapse of a star into a black hole

indirectly

The Life of the Cosmos 
Ibidem
Ibidem



not a

reduction in the efficiency of nuclear reactions would result in more stars 

being unable to resist gravity’s final pull and becoming black holes

“I have quite a lot of trouble with both the Wheeler and the Smolin 
proposals. In the first place, there is the extremely speculative nature of 

the key idea that some presently unknown physics can not only convert 

the space-time singularity of [gravitational] collapse into a ‘bounce’, but 
also slightly readjust the fundamental physical constants when this 

happens. I know of no justification from known physics to suggest such 

an extrapolation. But, to my mind, it is even more geometrically 

implausible that the highly irregular singularities that result from 

collapse can magically convert themselves into (or glue themselves to) 

the extraordinarily smooth and uniform Big Bang that each new universe 

would need of the kind that we are familiar with

The Accelerating Universe ‒
The Road to Reality ‒



Section 4.3 Barrow’s theory of the variation of physical constants 

“Of the five hypotheses A, B, C, D, E [that postulate a change in the 

fundamental constants] with which this discussion began, only D and E, 

the two which included a time-variation of the fine-structure constant, 

are yet excluded by observation… The two hypotheses, B and C, which 
include a time-variation of the gravitational constant, are consistent with 

present observational knowledge. Dirac’s Hypothesis B is only barely 
consistent with the evidence from solar and stellar evolution and its 

tenability will be decisively tested by interplanetary ranging 

measurements within the next few years. There remain Dicke’s 
Hypothesis C, with a much weaker time-variation of gravity than B, and 

the orthodox Hypothesis A in which all laboratory-measured constants 

are truly constant. A direct decision between A and C is not within the 

The Anthropic Cosmological Principle ‒
The Constants of Nature ‒

Scientific American ‒

Aspects of Quantum Theory 235‒



range of present observational capabilities [1972]. Probably the decision 

will be reached indirectly, by observations … in the next ten years

“No change with 
time has ever been found in the fine structure constant [that determines the 

electromagnetic force], in the mass of any particle, or in any other 

constant of physics

‒

α

Aspects of Quantum Theory ‒
The Physicist’s

Conception of Nature ‒

Gravitation ‒

Reviews of Modern Physics ‒
Reviews 

of Modern Physics ‒

Reviews of Modern Physics ‒



G β 

α G β

Math box 4.1 The variation of the fine-structure constant

Mathematica

,

G

Nature
A Source Book in Astronomy and 

Astrophysics, 1900‒1975 ‒



G.

Math box 4.2 The variation of the gravitational constant

Mathematica

The 

assertion that G is a universal constant is the claim that, wherever in the 

Universe, or at whatever point in history, one was to measure the force 

between two one-kilogram masses at one metre separation, then the result 

would always be .

β

β

.

Math box 4.3 The ratio of the electron and proton masses

z t

The Accidental Universe 
The Early Universe 



z

We can admit that the world does not change in so far as certain 

universal laws remain invariant. But there are other important and 

interesting lawlike aspects ‒ especially probabilistic propensities ‒ that 

do change, depending upon the changing situation. Thus… there can be 

invariant laws and emergence of new and unpredictable things; for the 

system of invariant laws is not sufficiently complete and restrictive to 

prevent the emergence of new lawlike properties

The Self and Its Brain 



Section 4.4 The Guth-Linde theories of inflation and the multiverse

‒ ‒

Consequently, our visible universe must be a microscopic speck 

in [the] totality of the universe that is out there

before

did

The Inflationary Universe Inflation and Quantum 
Cosmology 

Fashion, Faith and Fantasy in the New Physics of the 
Universe

Quarks, Leptons and the Big Bang ‒
Ibidem

Wrinkles in Time ‒ ‒
The Inflationary Universe ‒ Quarks, Leptons and 

the Big Bang ‒



the false vacuum actually leads to a strong gravitational repulsion

negative

the unusual concept 

of matter with a constant energy density has led us to the bizarre concept of

negative pressure

vacuum

The Inflationary Universe
Ibidem



gauge vector mesons acquire mass if the 

symmetry to whose generators they are coupled breaks down 

spontaneously

GeV,

In order to achieve this inflationary period, it is necessary to introduce a 

new scalar field φ into the menagerie of known (and conjectured) physical 

particle/fields. [T]his field φ is not taken to be directly related to any of the 

other known fields of physics, but is introduced solely in order to obtain an 

inflationary phase in the early universe. It is sometimes referred to as a 

'Higgs' field, but it does not seem to be the 'ordinary' one, related to 

electroweak theory

Physical Review
Journal of Physics G. 

Nuclear and Particle Physics
The Road to Reality 

Foundations of Modern Cosmology
427‒



inflation occurred while the field was in the 

metastable false vacuum nothing 

subsequently could eject the field from that metastable state

the inflation never stopped .

The model was rescued by a change in the potential . In this 'new 

inflation' scenario, inflation occurs not while the field is in the false 

vacuum, but during the transition from the false to the true vacuum. Since 

the potential plays the role of the cosmological constant, we can see that a 

slow decrease during inflation will provide a simple way for the inflation 

to come to an end after a period of time. In other words, the 

‘cosmological’ constant changes slowly during the new inflation. To 

Foundations of Modern Cosmology



ensure that ‘enough’ inflation occurs, the potential must be very flat so 

that the field carries out the transition very slowly; slowly, that is, in 

comparison to the characteristic rate of expansion at that time. If such an 

inflation occurred, it would have happened around seconds after the 

Big Bang and would have required approximately seconds to

complete. During this cosmic eye blink, the scale factor would have been 

inflated by a dizzying or even more. This more successful 

new inflationary theory was first proposed by Andrei Linde... New 

inflation... requires the existence, at the appropriate time in the history of 

the universe, of a particle with an extremely flat potential and a slow 

transition to the true vacuum. This generic particle has come to be known 

as the inflaton.

Foundations of Modern Cosmology
430‒



fundamental error

In accordance with this trend in 

observations, inflation theorists began to provide inflationary models 

which now allowed , with in fact

The Road to Reality 
Ibidem
Ibidem
Ibidem



Most inflationists appear 

to have reverted to k=0 as being a prediction of inflationary cosmology. I

am not sure what Popper would have had to say about all this!

Deus ex machina

The Road to Reality 
The Logic of Scientific Discovery ‒ ‒ Conjectures 

and Refutations ‒ passim
The Road to Reality ‒ ‒





inflation does not in fact make any concrete predictions 

about the universe there is no reason for believing in inflationary 

theory unless it makes testable predictions about the universe

can explain

why the Universe today is so incredibly flat and therefore resolve the fine

tuning paradox pointed out by Bob Dicke

[I]t is fundamentally misconceived to try to explain why the universe is 

special in any particular respect by appealing to a thermalization 

process. For, if the thermalization is actually doing anything (such as 

making temperatures in different regions more equal than they were

before) then it represents a definite increase of entropy. Thus, the 

The Nine Numbers of the Cosmos
The Inflationary Universe 



universe would have been even more special before the thermalization 

than after. This only serves to increase whatever difficulty we might have 

had previously in trying to come to terms with the initial extraordinarily 

special nature of the universe.

it was developed into hypotheses of multiple universes by... Andrei 

Linde and others and within a few years many-worlds cosmology was 

established as a small but thriving cottage industry .

the false vacuum region grows forever: once inflation begins, it never 

ends .

The Road to Reality

Conceptions of Cosmos 
The Inflationary Universe ‒ Inflation and 

Quantum Cosmology, ‒

The Inflationary Universe



mutation

The universe becomes divided into many 

different exponentially large domains… In some of these mini-universes...

physics is quite different from our own

t

inflation does not seem to

avoid the problem of the initial singularity (although it does move it back 

into an indefinite past)

Inflation and Quantum Cosmology, ‒
Ibidem

Physical Review Letters



Our existence as we know it depends on the low-entropy gravitational

reservoir inherent in the initial uniform matter distribution. This leads us

to consider a remarkable ‒ indeed fantastical ‒ thing about the Big Bang. 

It is not merely the mystery of its very occurrence, but that it was an event 

of extraordinarily low entropy... [T]he inflationary argument [is] aimed at 

showing that a smoothed-out universe would inevitably result from the 

inflationary process. Suppose that it is indeed true that the inflationary 

processes will almost invariably lead to a smoothed-out expanding 

universe after inflation has finished. This concept fundamentally conflicts 

with the 2nd Law... Let us reverse the direction of time from such a 

macroscopic state ‒ but with generically perturbed sub microscopic

ingredients ‒ and let the reversed-time dynamical evolution (with 

equations still allowing for the possibility of inflation, with φ-field, etc) 

take over. This must lead us somewhere, but now with entropy increasing 

in the collapsing direction. Where it leads us would be generally some 

very complicated high-entropy black-hole congealed state.

Fashion, Faith and Fantasy



we can never expect to test the predictions of inflation 

for the region found beyond the observable Universe.

we cannot see them

[T]here is an extraordinary degree of precision in the way that the 

universe started, in the Big Bang, and this presents what is undoubtedly a 

profound puzzle… The view of the inflationists is different, namely that 

this puzzle is essentially solved by their theory, and this belief provides 

a powerful driving force behind the inflationary position. However, I 

have never seen the profound puzzle raised by the Second Law [of

increasing entropy] seriously raised by inflationists!

powerful driving force ‒ ‒ 
the idea of a truly eternal universe   

‒ one that has always existed and will always exist ‒ is very appealing, 

since it frees us from all questions about how the universe was created .

both Judeo-Christian 

tradition and scientific contexts the origin of the universe 

as a unique event

The Inflationary Universe 
Inflation and Quantum Cosmology, 

The Road to Reality 
The Inflationary Universe ‒

Ibidem



, there might be no initial creation to 

worry about

Since we have all universes with all possible laws of physics described 

by our extended action, we will certainly find the universe where we live 

in... It is sufficient to consider an extended action represented by a sum of 

all possible actions of all possible theories in all possible universes. One 

may call this structure a multiverse ... Given the choice among different 

universes in this multiverse structure, we can proceed by eliminating the 

universes where our life would be impossible. This simple step is 

sufficient for understanding of many features of our universe, that 

otherwise would seem miraculous.

possible really

We 

need to move carefully, constantly keeping in touch with solid... facts, but 

from time to time allowing ourselves to satisfy our urge to speculate.

Conceptions of Cosmos 

‒



In my own opinion, this picture [of inflation at the beginning of the 

Universe] must be regarded as very speculative..., although it is often 

presented as virtually established fact.

Section 4.5 Superstrings and Susskind's theory of the multiverse 

Section 4.5.1 The search for symmetry 

.

translation

rotation Dilation

The Road to Reality 



space

time

by changing the 

context of the experiment



gauge gauge 

The laws [of physics] 

describe only the space of what possibly may happen; the actual world 

governed by those laws involves a choice of one realisation from many 



possibilities.

[T]he symmetry transformations considered so far have been ones that 

leave the laws of physics invariant. Here the laws of physics means the 

dynamical laws that govern how the state of the world evolves in time, 

expressed in classical physics by Newton’s laws and Maxwell’s
equations, and in quantum physics by the Schrödinger equation. A subtle 

point about this is that, while the form of the equations may not change 

under symmetry transformations, in general the solutions to the 

equations will change [in different world states ]. While the laws 

governing the evolution of the state of the world may be symmetric, the 

actual state of the world generally is not

unified force

The Trouble with Physics
Not Even Wrong 



, γ 
Z W W

to complete the [electroweak] theory, we must 

now make some assumption about the mechanism of symmetry breaking. We 

want this mechanism to give masses not only to the W ± and Z, but to the 

electron as well .

W ± Z 0

whatever the value of θ, these masses are too 
large for there to have been any hope of detecting the W or Z in the 1960s 

or early 1970s

The Quantum Theory of Fields, 
Volume II ‒

The Quantum Theory of Fields, Volume II, Modern Applications 

Ibidem ‒



θ 

W ± Z 0

in satisfactory 

agreement with the predictions of the electroweak theory

‒

Figure 4.1 The weak interaction mediated by bosons W +, W – and Z 0

μ μ

The Quantum Theory of Fields, Volume II, Modern Applications 

Ibidem
Quantum Electrodynamics.  The strange theory of light and 

matter
The Quantum Theory of Fields, 

Volume II, Modern Applications The Trouble with Physics 



.

the need for one spin 0 particle to give the electro-weak 

force the symmetries it has this one Higgs particle now 

couples to the quarks and leptons to give them their masses

the same Higgs particle can also produce transitions between the various 

quark types

In search of the ultimate building blocks 
The logic of scientific discovery 



Table 4.1 The standard model: the fundamental force carrier bosons

force carrier symbol mass* charge spin range

W
W
Z

m

m



Table 4.2. The standard model: fermions (leptons and quarks) 1169

leptons quarks

e ve μ vμ τ vτ u D c S t b

GeV/ c

Table 4.3 The standard model: two baryons

GeV/c2

p yr
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five

SU(5) theory

One of these new predictions was that there had to be processes by which 

quarks can change into electrons and neutrinos, because in SU(5), quarks, 

electrons, and neutrinos are just different manifestations of the same 

underlying kind of particle. SU(5) indeed predicts such a process, which is 

similar to radioactive decay. This… prediction is characteristic of grand 

unification. It is required by the theory and is unique to it. The decay of a 

quark into electrons and neutrinos would have a visible consequence. A 

proton containing that quark is no longer a proton; it falls apart into 

simpler things. Thus, protons are no longer stable particles; they undergo 

a kind of radioactive decay. Of course, if this happened very often, our

world would fall apart, as everything stable in it is made of protons. So, if 

protons do decay, the rate must be very small. And that is exactly what the 

theory predicted: a rate of less than one such decay every 1033 years

K

K K

The Trouble with Physics ‒



vμ
ve

trilepton proton decay modes were offered [by Mann et al.] as an 

explanation of the atmospheric neutrino flavor ‘anomaly’, before neutrino 

oscillations were established partial lifetime limits of

and years for and , respectively

provide strong constraints to the permitted parameter space [proposed by 

previous papers] which predict lifetimes of around years

Physics Letters B
‒ et al. 

et al. 
, “

Physical Review Letters

for the discovery of 
neutrino oscillations, which shows that neutrinos have mass



SU(5)

W ± Z

GeV GeV 

Section 4.5.2 Strings, superstrings and the multiverse



The 

Quantum Theory of Fields 

beyond the scope of this book

Fashion, Faith and Fantasy: on the New Physics of the Universe

The Trouble with Physics. The Rise of String Theory, the Fall of Science, 
and What Comes Next

Not Even Wrong The Failure of String Theory and the Search for Unity in
Physical Law

Quantum Theory of Fields, Volume III Supersymmetry 
Why String Theory

Nuovo Cimento ‒
Not Even Wrong ‒



strings

A string living in two spatial dimensions has one direction it can 

oscillate in; a string in three spatial dimensions has two directions it can 

oscillate in; a string in twentyfive spatial dimensions has twentyfour 

directions it can oscillate in

Why String Theory
, The Trouble with Physics Not Even Wrong

‒
Why String Theory



Quantum Chromo Dynamics

string theory was the failed theory of strong interactions

operators appearing in the description of 

point particles in conventional theories must be thought of as averages over 

some internal motion when applied to a hadronic system .

Why String Theory
Physical Review D



Nuclear Physics B
‒ Why String Theory

Not Even Wrong ‒

Physics Letters B ‒



There appeared to be no choice but to curl 

them up so that they were too small to be perceived

“Because string theory is a background-dependent theory, what we 

understood about it at a technical level was that it gave us a description of 

strings moving in fixed-background geometries. By choosing different-

background geometries, we got technically different theories… The 

physical predictions given by all these different theories were different, 

too.... when the strings are allowed to move in the complicated geometry

of the six extra dimensions, there arise lots of different kinds of particles, 

associated with different ways to move and vibrate in each of the extra

dimensions

Not Even Wrong 
, The Trouble with Physics 

Ibidem



because 

there were a huge number of choices for the geometry of the extra 

dimensions, the number of free constants went up, not down

, The Trouble with Physics 

Nuclear Physics B ‒



if our world was 

described by one of the Calabi-Yau geometries, there was no explanation 

for how it got that way

String theory, as it stands, has failed as a theory of physics because of the 

existence of a manifold of possible background space times. All potentially 

observable properties of string theory depend on the geometry and 

topology of the background space-time in which the strings scatter. In 

string theory, a specific background space-time has to be selected by 

hand, or by initial conditions, from among the manifold of possibilities. 

SO

Physics Letters B ‒
E

SO Not 
Even Wrong The Trouble with Physics 

Why String Theory ‒
, The Trouble with Physics 

Ibidem



Many continuously adjustable parameters must be dialled arbitrarily to 

specify the background space-time. The existence of a manifold of possible 

background space times renders string theory, as it stands, powerless to 

say anything definite that can be checked.

How many correct ways are there to go from ten to four dimensions in 

string theory? The apparent answer is infinity. There are a large number 

of exact supersymmetric solutions which have continuous parameters, in 

particular, type II strings on Calabi-Yau geometries. As these parameters 

are continuous, they can take an infinite set of values. With an infinite set 

of values there are an infinite number of solutions... Whatever the status of

string theory in ten dimensions, there are roughly 10500 consistent ways of 

curling up six of the ten dimensions to turn the theory into a four-

dimensional one.

string theory itself was in need of unification

by the early 1990s, interest in superstring theory was 

beginning to slow down

Journal of High 
Energy Physics, 

Why String Theory? ‒
, The Trouble with Physics 
Not Even Wrong



M

M

I would not be prepared to call string theory a ‘theory’ rather... just a 

hunch. After all, a theory should come together with instructions on how 

to deal with it to identify the things one wishes to describe, in our case the 

elementary particles, and one should, at least in principle, be able to 

formulate the rules for calculating the properties of these particles, and 

how to make new predictions for them. Imagine that I give you a chair, 

while explaining that the legs are still missing, and that the seat, back and 

armrest will perhaps be delivered soon; whatever I did give you, can I still 

call it a chair?

Not Even Wrong ‒
In search of the ultimate building blocks 



[P]hysicists have not yet shown that superstring theory really works. 

They cannot even show that the standard theory, our successful 

description of the ‘low energy’ world, is a necessary and logical 

consequence of string theory. They can’t even be sure that their formalism 

includes a description of such things as protons and electrons. There is 

not yet even one teeny-tiny experimental prediction. Why, you may ask, do 

the string theorists insist that space is nine-dimensional? It is not a 

consequence of elegant arguments… It is simply that string theory doesn’t
make sense in any other kind of space… 

The historial connection between experimental physics and theory has 

been lost as far as superstring theory is concerned. Until the string people 

can explain and interpret perceived properties of the real world, they are 

simply not doing physics. Should they be paid by physics departments and 

be permitted to pervert impressionable students? Will young Ph.D.s, 

whose expertise is limited to superstring theory be employable if and when

the string snaps? String thoughts may be more appropriate to departments 

of mathematics or even to schools of divinity. How many angels can dance 

on the head of a pin? How many dimensions are there in a compactified 

manifold, thirty powers of ten smaller than a pinhead?

Interactions. A Journey through the Mind of a Particle Physicist 
and the Matter of this World ‒

Why String Theory ‒
Fashion, Faith and Fantasy ‒



GeV.

GeV GeV 

a hypothetical 

accelerator of 1020 times more money than we could possibly 

raise

String theory is most famous as a theory of quantum gravity and a 

candidate theory of fundamental interactions at the smallest possible 

scales, scales that are as small compared to an atomic nucleus as an 

atomic nucleus is to a person.... Once you have a microscope that is 

capable of resolving sufficiently small lengths, there is no mystery about 

how to test the relative claims that the electron is a particle or the electron 

is a string. You use the microscope, and you go and look. Indeed, no 

agonising about falsifiability occurred when string theory in its original 

incarnation was proposed as a theory of the strong force, and the 

characteristic length of strings was thought to be a femtometre. The reason 

string theory was originally ruled out as an account of the strong force 

was precisely because as more experimental data arrived, its predictions 

totally and spectacularly failed to accord with this data..

Superstrings 
Why String Theory? ‒ ‒



little more than science fiction in

mathematical form

[T]here could only be one consistent theory that unified all of physics, 

and since string theory appeared to do that, it had to be right. No more 

reliance on experiment to check our theories. That was the stuff of Galileo. 

Mathematics now sufficed to explore the laws of nature. We had entered 

the period of postmodern physics.

M

Our strongest evidence for the conjecture is a demonstration that our 

model contains the excitations which are widely believed to exist in M

Rational Mysticism Not Even Wrong

, The Trouble with Physics ‒



theory, super gravitons and large metastable classical membranes... The 

way in which these excitations arise is somewhat miraculous, and we 

consider this to be the core evidence for our conjecture.

Excitingly, all of String Theory’s consequences have unfolded in a 
mathematically consistent way. String Theory is a very complex 

mathematical theory with very many possibilities for failure. By failure I 

mean internal inconsistency. It is like a huge high-precision machine, with 

thousands of parts. Unless they all fit perfectly together in exactly the right 

way, the whole thing will come to a screeching halt. But they do fit 

together, sometimes as a consequence of mathematical miracles.

the irresistible allure of what are frequently termed 

[mathematical] ‘miracles’… has strongly influenced the direction of 

theoretical research .

physical-mathematical

purely mathematical

M

M
Physical Review D 

The Cosmic Landscape
The Road to Reality



I am sure that string theory and M theory have themselves been guided 

by a great many such miracles… Are such apparent miracles really good 

guides to the correctness of an approach to a physical theory?... One must 

be exceedingly cautious about such things. It may well be that Dirac’s 
discovery that his relativistic wave equation automatically incorporated 

the electron’s spin seemed like such a miracle… and likewise Einstein’s 
realization that his approach to gravity through the curved space of 

general relativity actually gave the correct answer for the perihelion 

motion of Mercury ‒ which had puzzled astronomers for over 70 years 

previously. But these were clearly appropriate physical consequences of 

the theories that were being put forward, and the miracles supplied 

impressive confirmation of the respective theories. It is less clear what the 

force of the purely mathematical miracles is.

[String theorists feel] that the physical theory that gave rise to such 

powerful and subtle mathematics might also be likely to have some deeper 

validity as physics. Yet, we should be very cautious about coming to such 

conclusions. There are many instances of powerful and impressive 

mathematical theories where there has been no serious suggestion of any 

links with the workings of the physical world.

The Road to Reality ‒
Fashion, Faith amd Fantasy



Popperazzi Popperism

Good 

scientific methodology is not an abstract set of rules dictated by 

philosophers. It is conditioned by, and determined by, the science itself and 

the scientists who create the science.

In units of the Planck length, 1, the smallest distance 

probed by feasible experiments is a very large dimensionless number, on 

the order of , or perhaps

In any theory of physics in which space-time distances 

are dimensionless numbers and in which the unit of distance lies within a 

few orders of magnitude of the Planck length, the only theoretical 

explanations and predictions that can be checked against experiment are 

those made in the large distance limit of the theory. The long-standing 

crisis of string theory is its complete failure to explain or predict any large 

distance physics. String theory, as it stands, cannot say anything definite 

about large distance physics. String theory, as it stands, is incapable of 

The Cosmic Landscape. String Theory and the Illusion of Intelligent 
Design

Ibidem



determining the dimension, geometry, particle spectrum and coupling 

constants of macroscopic space-time. String theory, as it stands, cannot 

give any definite explanations of existing knowledge of the real world and 

cannot make any definite predictions... String theory, as it stands, has no 

credibility as a candidate theory of physics.

Recognizing failure is a useful part of the scientific strategy. Only when 

failure is recognized can dead ends be abandoned and useable pieces of 

failed programs be recycled. Aside from possible utility, there is a 

responsibility to recognize failure. Recognizing failure is an essential part 

of the scientific ethos. Complete scientific failure must be recognized 

eventually. String theory as it stands, fails to explain even the existence of 

a macroscopic space-time, much less its dimension, geometry and particle 

physics. The size of the generic possible background space-time is of order 

1 in dimensionless units. Large distances occur only in macroscopic space 

times, which are found near the boundary of the manifold of background

space times. String theory, as it stands, cannot explain the existence of a 

macroscopic space-time, being incapable of selecting from among the 

manifold of possible background space times

multiverse

Journal of High
Energy Physics, ‒

The Cosmic Landscape. String Theory and the Illusion of Intelligent 
Design



In the last several years, however, there has been a complete turnaround 

in how many string theorists think. The long-held hopes for a unique 

theory have receded, and many of them now believe that string theory 

should be understood as a vast landscape of possible theories, each of 

which governs a different region of a multiple universe.

The Science-fiction of Alternative Universes and our Future in the Cosmos

The Science of Alternative Universes and our Future in the 

Cosmos

A phalanx of heavyweight physicists and cosmologists are claiming to 

prove the existence of other expanding universe domains even though 

there is no chance of observing them, nor any possibility of testing their 

supposed nature except in the most tenuous, indirect way. How can this be 

a scientific proposal, when the core of science is testing theories against 

the evidence?

The Trouble with Physics
Parallel Worlds. The Science of Alternative Universes and our Future in 

the Cosmos
Nature ‒



It is impossible to disprove. Because our Universe is almost by

definition, everything we can observe, there are no apparent 

measurements that would confirm whether we exist within a cosmic 

landscape of multiple universes, or if ours is the only one. And because we 

can't falsify the idea, Gross says, it isn't science.

we cannot observe any of the 

properties of a multiverse, as they have no causal effects on our 

universe

It is the sheer utter extravagance of the speculation, uncoupled from 

either rigorous calculation or experimental test. The argument requires 

the physical existence of 10500 additional universes, none of which we can 

probe experimentally... every time with different laws of physics and 

histories. None of these other universes are observable.

The Illusion of Intelligent Design.

Nature
Publications 

of the Astronomical Society of Australia
Why string theory?



Section 4.6 Conclusions on multiverse theories 
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CHAPTER 5 

FACT: ENTROPY AND EVOLUTION OF THE 
UNIVERSE 

 

In this chapter,475 we will first analyse the first law of thermodynamics, then 
the second law, and then see some implications for a thermal machine, the 
Universe at large and planet Earth. 

Section 5.1 The first law of thermodynamics  

In thermodynamics, we affirm that a system (also called a ‘control volume’) 
realises work ( ), if it exports energy that is not heat ( ) , for example, 
by generating potential electrical energy or, at the frontiers of the 
system, generating mechanical movement. The heat is a form of energy 
transferred at the frontiers of the system through a differential of 
temperature ( ). 
   A system never contains work or heat, though it may contain energy. In 

general, for non-adiabatic systems, commonly referred to as non-
conservative systems (I will explain this term shortly), we know that: 

1) Work and heat are phenomena and forms of energy that we 

encounter at the frontiers of a system, expressed in Joules ( ). 

2) Work and heat are transient phenomena, thus work and heat are 

differential processes represented by  and , respectively. 

                                                           
475 This chapter owes much to Richard Sontag & Gordon Van Wylen, Introduction to 
Thermodynamics. Classical and Statistical (1991) and my colleagues at the Universidad 
Iberoamericana, Santa Fe, i.e. Dr Erich Starke and Dr Alejandro Mendoza. 
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3) Work and heat are not point functions, which means that both work 

, performed or absorbed by a given system, and heat  

transferred, are not exact differentials. 

4) Work and heat are not state variables, so that they cannot be used to 
describe the equilibrium states of a thermodynamic system. 

   That is why we can say that for adiabatic systems, work and heat are 

not path-dependent. To demonstrate this, we suppose there are two 

possible states of a thermodynamic system, namely state 1 and state 2 

and three state changes or trajectories, namely ,  and . A trajectory 

is being traversed by means of a process. This results in two possible 

thermodynamic cycles, as can be seen in the Figure 5.1, namely, cycle 

 and cycle  : 

Figure 5.1. The thermodynamic cycles  and 

 in a system with two states, state 1 and state 2 

 

   The net flow of heat in the frontiers of states 1 and 2 of the system is 

equal to the net export (export minus import) of work in these frontiers. 

So for the thermodynamic cycle , we have equation 

 and for the cycle , . For thermodynamic 

cycle    we have: 

(1)         .476              

                                                           
476 We use  and not , to indicate that the total differential   is inexact. 
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   We use  and not , to indicate that the total differential   is 

inexact. For thermodynamic cycle   we have: 

(2)         .                                     

   Subtracting (5.2) from (5.1), we obtain: 

(3)         .                                                   

   From equation (3) we obtain: 

(4)         .                                                    

   Reversing the direction of the thermodynamic cycle we obtain: 

(5)         .               

   Rewriting equation (5) we obtain: 

(6)         .                   

  To understand what follows, we must know three basic distinctions: 
A)   In the first place, we distinguish between:  

a) An open system, through which a quantity of mass is passing, per time 

unit ;  

b) a closed system with a constant quantity of mass .  

B)   In the second place, we distinguish between:  

a) An adiabatic system in which the quantity of heat energy in the 

system is constant, which means that it does not receive, nor 

dissipate heat Q in relation to its surroundings ( );  

b) a non-adiabatic system, which receives and dissipates heat  in 

interaction with other systems or with its surroundings ( ). 

C)   In the third place, we distinguish between:  

a) Reversible thermodynamic cycles, where the final state of the cycle is 
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the initial state of the next cycle, with identical initial conditions, in 
every cycle that repeats itself: 

 ; 

b) irreversible thermodynamic cycles, which repeat themselves, but 

with different initial conditions, so that each new cycle starts from 

different initial conditions: 

 . 

   We can observe that the equation (6) is valid if, and only if, the system 

considered is adiabatic. We have proven that the trajectories  and  are 

quantitatively equal and for that reason it follows that the quantitative 

relations between heat and work (  are independent of the 

trajectory and depend exclusively on the initial and final states of a system 
and, therefore, constitute a function of state called energy: 

(7)          .                                            

   The energy  has three components, namely kinetic energy , potential 

gravitational energy , and internal energy . In thermodynamics, 

the internal energy of a system is the energy contained within the system, 

excluding the kinetic energy , and the potential gravitational energy  of 

the system:  

(8)          .       

   Equation (8) supposes the existence of the internal energy state 

variable , whose variation in adiabatic systems is equal to the 

adiabatic work performed. Here  is an exact variable.  

   From equations (7) and (8) we obtain:  

(9)          .             

   We will now define kinetic energy: 
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(10)  ,                   

where   is velocity, and , distance. 

   And we also define potential gravitational energy: 

(11) ,          

where  is the gravitational constant, which has a value of  =6.673*10-11 

m3s-2 kg-1.  

   We substitute (10) and (11) in (9), obtaining: 

(12) .        

   Integrating (12) we obtain:  

(13) 

.   

   We resolve (13) to obtain the first law of thermodynamics for a 

thermodynamically closed system, also known as the law of the 

conservation of energy: 

(14) . 

   In the case of a closed system, the subscript 1 refers to the initial state and 

the subscript 2 refers to the final state of the thermodynamic cycle.  

 
Section 5.2 The second law of thermodynamics  

In what follows, I will analyse the second law of thermodynamics, in 
which the fundamental concepts are entropy and reversibility. Let us 

consider the relations between heat and work in a thermal machine. Let 

us suppose a thermal machine where the temperature of the source is 
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 and the temperature of the surroundings where the residual heat  

is dissipated is . In a thermal machine, the work that is realised is: 

(15) .       

Figure 5.2 The Carnot machine: thermal machine operating in 
cycles between two thermal containers 

 
   By way of example, let us consider  and . 

This means that the work that is exported is: . We define the 

thermal efficiency   of a thermal machine as the proportion of the 

heat that is received  being transformed into useful work .  The 

rest of the heat is dissipated . In this case the thermal efficiency 

 of the thermal machine is: 

(16) .                  

  We see that the thermal efficiency is adimensional. In the equation 

,  the work W  is that required of the thermal machine. The 

heat provided by the source is HQ  and represents the cost, in terms of fuel, 

of operating the thermal machine. In the example work 

 and thermal efficiency, . 
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   Not every reversible cycle is a Carnot cycle, but every Carnot 
cycle is a reversible cycle. In the case of a Carnot cycle, which 
represents an ideal case that does not exist in reality, like a limit 

to which an open system may tend, the efficiency of a thermal 
machine is at its maximum, though never a 100%, meaning that a 

complete conversion of heat into another type of energy is not possible, 

according to the second law as defined by Lord Thomson, Baron of 

Kelvin (1824-1907) a British mathematical physicist. In a cycle of a 

thermal machine we have:  

(17) .             

   We divide the terms by the temperature :  

(18) .           

   In 1865, Rudolf Clausius (1822-1888), a German mathematical 
physicist, used for the first time the concept of ‘entropy’, defining the 
variation of entropy in a system as the ratio of the flow of heat and 
absolute temperature.477 A closed system has reached thermodynamic 
equilibrium when all material objects have reached the same 
temperature, through the automatic transfer of heat from warmer to 
colder objects. We define the entropy variation of a process as the 
entropy of state 2 ( ) minus the entropy of state 1 ( ), so that 

, where “the equality holds for a reversible process and 

the inequality for an irreversible process”.478  
   Since  and  are constants, we obtain the entropy variation   
in a cycle of a thermal machine, which is the second law of 
thermodynamics for a thermal machine:  

                                                           
477 See Helge Kragh, Entropic Creation (2008): 29‒30. 
478 Richard Sontag & Gordon Van Wylen, Introduction to Thermodynamics (1991): 199. 
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(19)      .   

   In what follows, I will analyse simple cycles which consist of two 
processes, namely, a process that goes from state 1 to state 2, and 

another process that returns from state 2 to state 1. The cycle 

  can be reversible or irreversible. Given the three above 

mentioned distinctions, there exist, in theory, various combinations of 

these different properties, of which I shall analyse the following: 

a) The thermal machine as a thermodynamically closed and non-

adiabatic system. We will see both reversible and non-reversible 

cycles. 

b) The Universe as a thermodynamically closed and adiabatic system, 

which, in theory, can be in a reversible cycle, first expanding, then 

collapsing, with closed geometry; or in an irreversible process with 

adiabatic expansion, with a flat or open geometry. 

Section 5.2.1 Entropy of a thermal machine with a reversible cycle 

We have the following equations for work  and entropy variations 

 of a thermal machine with a reversible cycle: 

(20) .        

(21) Δ .               

(22) Δ .      

   According to Kelvin’s proposal, which has been corroborated by 

experimental facts, the ratios of the heat flows  and of high and low 

temperatures , in a Carnot cycle, are equivalent.  
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(23) .             

   So, by definition, the Carnot cycle is reversible. From (23), we obtain: 

(24)     .                       

    From (21), (22) and (24), we obtain the entropy variation in a 

reversible cycle:  

(25)  .     

   Given the fact that the entropy variation in the surroundings has to do 

with the entropy variation in a non-adiabatic system, and since that 

entropy variation is zero, it follows from (25) that (surr = surroundings): 

(26) .                    

   Given the fact that the total entropy variation is the sum of the system’s 
entropy variation and the surroundings’ entropy variation, it follows from 
(25) and (26) that the total entropy variation in a cycle of Carnot is zero: 

(27) Δ .        

Section 5.2.2 Entropy of a thermal machine with an irreversible cycle   

The term  refers to the work done by a thermal machine with an 

irreversible cycle and  refers to the heat that is dissipated by and 

irreversible thermal machine: 

(28) .      

   Let us remember (20): 

(20) .    

   Now we know that a reversible thermal machine delivers more 

work than an irreversible thermal machine: 
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(29) .               

   From (20), (28) and (29), comparing reversible and irreversible 
processes, we obtain: 

(30) .  

   Let us remember and rewrite equation (25) as equation (31): 

(31) . 

   From equations (30) and (31), it follows that for an irreversible cycle the 

entropy variation is negative: 

(32) .             

   Equations (31) and (32) constitute Clausius’ inequality for any cycle: 

, where “the equality holds for a reversible process and the 

inequality for an irreversible process”.479 Since the entropy variation of 

the surroundings is always positive, and the positive entropy variation of the 

surroundings overtakes the negative entropy variation of the irreversible 

cycle: 

(33)    and    

(34) ,              

and since, by definition: 

(35) ,              

it follows, from (32), (33), (34) and (35), that: 

(36) .    

                                                           
479 Richard Sontag & Gordon Van Wylen, Introduction to Thermodynamics (1991): 188. 
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   Now let us remember the entropy variation in a reversible cycle (equation 
27): 

(37) Δ .                        

   From (36) and (37), we derive the second law of thermodynamics, 

which states that, in a cycle, the total entropy of a system plus its 

surroundings either increases or remains the same, but never 

decreases:  

(38) Δ .   

Section 5.3 The Universe as a closed and adiabatic system 

Both the Universe (Section 5.3) and the solar system (Section 5.4) are 

involved in irreversible processes, the first one adiabatic, and the second 

one, non-adiabatic, as we shall now see.  

Section 5.3.1 The first law of thermodynamics for the Universe 

In this section, I shall analyse the implications of the first and second 

laws of thermodynamics for our Universe.  

   With respect to the first law, we have to take into account, in the first 

place, that the Universe is a thermodynamically closed system  

and adiabatic, which means that it does not receive, nor dissipate heat 

Q in relation with its surroundings or other systems: 

(39) .            

   In the second place, we suppose that the Universe’s internal energy has a 

very low participation in the total energy and varies little with time 

, so that, in leaving out the internal energy from the equation, we obtain 

a result that is a good approximation to reality: 

(40)  .    
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   We remember equation (14): 

(14)          .  

   From equations (14), (39) and (40), we obtain the first law of 

thermodynamics for the Universe: 

        (41 A)     .       

   From (41 A), we obtain (41 B): 

         (41 B)    .                    

   From (41 A & B) we see that in our Universe, involved in an adiabatic 

expansion process, the variation in the total amount of kinetic and 

gravitational energy is zero, though one can increase at the other one’s 

expense. 

Section 5.3.2 The second law of thermodynamics for the 
                       Universe 
We will now analyse the second law of thermodynamics for the 

Universe, in the case of two cosmological alternatives, as analysed in 

section 1 of Chapter 3, where I explained the meaning of  and     Ω: 

1) A cosmologically closed Universe , conceived as 

a thermodynamically closed system , adiabatic 

 and reversible, with successive cycles of expansion and collapse. 

2) A cosmologically flat )  or open 

 Universe, conceived as a thermodynamically closed system 

, adiabatic , but, in this case, involved in an 

irreversible process, with eternal expansion.  
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   In both cases, the Universe is a thermodynamically closed and adiabatic 
system, so that the entropy of the system is equal to the total entropy: 

(42) .       

    We will first see the case of reversible expansion (a succession of big 

bangs and big crunches), and then the case of irreversible expansion (one 

Big Bang followed, after a long time, by the entropy death of the Universe). 

Section 5.3.2.1 The Universe in adiabatic and reversible expansion 

As we saw, the entropy variation of a reversible cycle is zero: 

(25)   .     

   So, if the Universe were involved in a reversible cycle of big bangs and 

big crunches, the entropy variation of the Universe as a system would be 

zero: 

(43) .    

   From equations (42) and (43), we obtain the total entropy variation:   

(44)  .          

   From (43) and (44) we obtain: 

(45) .       

   So, we have proved that the entropy variation in a Universe with 
successive cycles of expansion and collapse and, for that reason, with a 
closed geometry, the total entropy variation is zero (see also Chapter 6). 
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Section 5.3.2.2 The Universe in adiabatic and irreversible expansion 

   In a reversible cycle, the entropy variation is: 

(46) .           

   In an irreversible cycle the entropy variation is:  

(47) .               

   A reversible and an irreversible cycle are identical in the trajectory that 

they follow the first time, from state 1 to state 2, so that 

 ). The difference occurs in the trajectory in the opposite 

direction, from state 2 to state 1, so that   This 

means that we can subtract (5.46) from (5.47), to obtain: 

(48)                

(49)                     

(50) .                   

   In a reversible cycle: 

(51) .                        

   From (50) and (51) it follows that:  

(52) .                                                 

   By definition, the variation of entropy in a reversible process is 
(see equation 21): 

(53) .              
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   From (52) and (53) we obtain: 

(54) .                           

   Since the process that moves the first time from state 1 to state 2 is 

identical in a reversible and an irreversible cycle, so that 

 ), it follows that: 

(55) . 

   From equations (54) and (55), we obtain:  

(56) .            

   Since we are speaking of an adiabatic process, it follows that:  

(57) .           

   Since the definite integral of zero, is zero480, it follows from (57) 

that: 

(58) .          

   Combining equations (5.56) and (5.58), we obtain:  

(59) .                  

   So, the variation of entropy of a closed system involved in an adiabatic 

and irreversible process, is positive: its entropy increases with time. Any 

process occurring in a closed system either increases the entropy of the 
system or leaves it constant. For irreversible processes, the entropy 
increases; for the reversible ones, the entropy remains constant.   

    

                                                           
480 If , the integral of   . 
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   We may conclude the analysis of the implications of the second law 
for the Universe as follows. The Universe is a thermodynamically closed 
system. Since, as a matter of fact, the Universe is cosmologically 

speaking open (according to Wiltshire’s time-scape model: see Section 2 

of Chapter 2 of this book) or flat (according to the standard  

model), in any case, it will expand forever, so that, thermodynamically 

speaking, the Universe is a closed  and adiabatic ( ) 

system, involved in a process that is the first part of an irreversible 

cycle. So, it follows that the variation of entropy in our Universe, from 

the Big Bang to its final heat death, is positive and increases with time: 

(60) .      

   Since the Universe is either open or flat, it will continue to expand forever 

and heat death will occur, when the cooling of the Universe approaches 

equilibrium at a very low temperature after a very long time. Heat death 

means that temperature differences can no longer be exploited to 

perform work, as in our solar system at the present moment. All stars will 

have died, all black holes will have evaporated, all protons will have 

decayed, and very low energy photons will have been spread over an infinite 

space. This is the point where the Universe reaches thermodynamic 

equilibrium, which means that it has reached its state of maximum entropy.  

Section 5.4 The entropy of the solar system and the Earth 

The Earth is a subsystem of the Universe that is thermodynamically 

open, meaning it receives and expels energy-matter ( ), and is 

not adiabatic, meaning that it receives and dissipates heat ( ). It is 

special case, because of the evolution of complex life and its associated 

eco-system. The Earth is comparable to an irreversible thermal machine. 

Such a machine receives heat from a source, in this case the Sun; it 
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transforms part of the heat it receives into work, in this case the work of 
Earth’s eco-system, which includes living organisms and industrial 
machines; and the rest of the heat is dissipated in a heat sink, in this case 

the Universe. The Earth receives a minimal part of the heat the Sun 
radiates; the rest of it being dissipated in the cosmos. Therefore: 

(61) .                                

   The entropy variation of the Earth, with the increase of the number 

of living organisms, and industrial machines and by trapping heat 

through the emission of , has a negative sign, meaning that we 

import more energy in the form of heat than we dissipate into the 

cosmos. This way, the Earth is an irreversible, non-adiabatic thermal 

machine (figure 5.3). 

(62) .              

   Figure 5.3. The Earth conceived as a thermal machine 
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   This phenomenon of a negative variation of entropy (equation 62) 
is what Prigogine has called “exporting entropy”.481  
   On the other hand, Earth’s surroundings, especially the Sun, 

dissipate enormous amounts of heat into the cosmos, so the Sun’s 
entropy variation is positive: 

(63) .      

   Obviously, in absolute terms, the increase of the entropy of the 

solar system is much bigger than the decrease of entropy on planet 

Earth: 

(64) .                 

   For that reason, the total entropy of the solar system, including the 

Earth, is increasing: 

(65) .      

   This way, I have demonstrated that the entropy variation of some 

subsystems of the Universe, like the Earth’s ecosystem, comparable to 

the entropy variation of an irreversible, non-adiabatic thermal machine, 

can be negative for a long time, until it succumbs to the increase of the 

entropy of the total solar system and the entire Universe. 

 

 

 

                                                           
481  Ilya Prigogine, From Being to Becoming. Time and Complexity in the Physical 
Sciences (1980); and Order out of Chaos. Man’s New Dialogue with Nature (1984). 
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CHAPTER 6 

MYTH: CONFORMAL CYCLICAL COSMOLOGY 

 

Section 6.1 Summary of the theory of conformal cyclical cosmology 

At the end of his most recent book, Roger Penrose presents a cosmology of 

his own, trying to explain “the extraordinary suppression of gravitational 

degrees of freedom in the Big Bang”,482 which he labels “conformal cyclic 

cosmology” (henceforward CCC).483 He makes it clear that his model is 

heavily dependent on the cosmological constant: “CCC does require a 

positive cosmological constant Λ”.484  

   Conformal field theory (CFT) is at the heart of quantum field theory 

(QFT). CFT is a QFT that is conformally invariant. When zooming in on 

very small, local regions of space-time, conformal transformations of space-

time constitute the set of transformations that locally preserve angles 

between any two lines, though not necessarily distances, which may be 

rescaled. Conformal transformations include the group of Poincaré 

transformations, which constitute the symmetry group of relativistic field 
theory in flat space.485  In three spatial plus one time dimensions, conformal 

symmetry has 15 degrees of freedom: ten for the Poincaré group, four for 

conformal transformations, and one for a dilation.   

                                                           
482 Roger Penrose, Fashion, Faith and Fantasy (2016): 371. 
483 Ibidem: 371‒390. 
484 Ibidem: 381. 
485 See Joshua Qualls, Lectures on Conformal Field Theory, arXiv:1511.04074v2, 2016 
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   Penrose uses CFT, because at the very high temperatures present in the 
Big Bang, the rest masses of the particles concerned become insignificant in 
relation to the very high kinetic energy of these particles in motion, so that 

“the relevant physics at the Big Bang, being in effect the physics of massless 

particles, will be conformally invariant physics”.486 Helmut Friedrich 

evaluates Penrose’s use of the conformal structure of the gravitational 

field487 and thinks it is useful in a global analysis of solutions to the Einstein 

field equations: “Since important open problems of general relativity are 

questions about the global conformal structure of the gravitational field, the 

understanding of the conformal structure of Einstein's field equations 

should prove profitable”.488 

   Penrose’s CCC proposal is about the possibility of a pre-Big Bang 

physical reality, that would explain the fact of the low gravitational entropy 

in the Big Bang, which is not explained in the eternal universe speculations 

of Wheeler, Smolin and Guth-Linde, which Penrose, for that very reason, 

rejects. The eternal universe of Penrose is an eternal succession of aeons. 

Each universe, after a very long time, say 10100 years, is almost massless, 

because most baryons are swallowed up by black holes, which eventually 

swallow each other up and then evaporate; neutrinos survive, but are 

stretched out over a spatially infinite space; 50% of protons decay after 1032 

years; then, after another 1032 years, 50% of the remaining protons also 

decay; obviously, after 10100 years, few protons remain; after decaying, 
protons leave a remnant of positrons, which together with the remaining 

electrons allow for the law of conservation of charge being obeyed, but, 
when colliding with them, annihilate. For all these reasons a universe ends 

up consisting mostly of very low frequency, low energy photons.  
                                                           

486 Roger Penrose, Fashion, Faith and Fantasy (2016): 377. 
487 Helmut Friedrich, “Einstein's Equation and Conformal Structure”, in: S. Huggett et al., 
eds., The Geometric Universe: Science, Geometry, and the Work of Roger Penrose 
(1998): 81‒98. 
488 Ibidem: 95. 



 285 Chapter 6 | Myth: conformal cyclical cosmology 

   The transition of one aeon into the next one is “a smooth conformal 

continuation”, since the beginning and end of each aeon is a very smooth 
distribution of “entirely massless particles”,489 so that each universe begins 

and ends with low gravitational entropy. The beginning is as follows: “Over 

the passage of time density irregularities became gravitationally 

enhanced… to produce stars, these being gathered in galaxies, with massive 

black holes in galactic centres, this clumping being ultimately driven by 

relentless gravitational influences” and “this indeed would have presented a 

vast entropy increase”.490  

   But then the contrary process takes place, and degrees of freedom are lost, 

returning to a state of low gravitational entropy: “by the time all the black 

holes have completely evaporated away in an aeon (after some 10100 years 

since its big bang), the entropy definition that would initially be employed 

as appropriate would have become inappropriate after that period of time, 

and a new definition, providing a far smaller entropy value, would have 

become relevant some while before the crossover into the next aeon”.491 The 

gravitational version of the Second Law employed by Penrose is a far echo 

from its thermodynamic cousin and is more like a third law, with entropy 

first increasing, then diminishing. This is how, in CCC, each aeon starts and 

finishes with low gravitational entropy. A Higgs mechanism allows for the 

reappearance of mass following the crossover, starting with “the dark matter 

that is required for consistency with astrophysical observation”.492 
   Penrose proposes two observational tests for his CCC.493 Firstly, the 

encounters between super-massive black holes in an aeon previous to the 
next one result in bursts of gravitational wave energy that become visible as 

circular irregularities in the CMBR of the next aeon. Secondly, the magnetic 
                                                           

489 Roger Penrose, Fashion, Faith and Fantasy (2016): 378. 
490 Ibidem: 255. 
491 Ibidem: 386. 
492 Ibidem: 387, 389. 
493 Roger Penrose, Fashion, Faith and Fantasy (2016): 389‒390. 
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fields sometimes present in the large voids of intergalactic space are taken 
by Pentose to be primordial, i.e. already present in the early Big Bang, 
representing remnants from the previous aeon. 

Section 6.2 Criticism of the conformal cyclical cosmology 

I will now express a few critical commentaries on Penrose's CCC.  

1) Penrose’s conjecture requires a positive cosmological constant. The 
positive cosmological constant, and the dark energy behind it, 

appear, however, to be a myth, as I explained in Chapter 2.494 It is 

worth clarifying that Friedrich’s analysis of the global conformal 

structure of the gravitational field is compatible with Λ  495, with 

Λ  496, but also with Λ  497, so, from that point of view, we 

can do without the cosmological constant if we wish to. 

2) Dark matter, though it is not an essential requirement of Penrose’s 
proposal, is considered by him to be part of the beginnings of every 

new aeon. Dark matter, however, is a myth too, as I showed in 

Chapter 2.498  

3) Even though the smooth gravitational transition from one aeon to the 

next one is explained, no explanation is given of how a big bang 

occurs at the beginning of each new aeon. An aeon ends with a 

                                                           
494 See in this book Section 2.2 of Chapter 2. 
495 Helmut Friedrich, “Existence and structure of past asymptotically simple solutions of 
Einstein's field equations with positive cosmological constant”, Journal of Geometry and 
Physics, vol. 3 (1986): 101‒117; and idem, “On the Existence of n-Geodesically 
Complete or Future Complete Solutions of Einstein's Field Equations with Smooth 
Asymptotic Structure”, in: Communications in Mathematical Physics (1986). 
496 Helmut Friedrich, “Einstein Equations and Conformal Structure: Existence of Anti-de 
Sitter-type Space-times”, in: Journal of Geometry and Physics, vol. 17 (1995): 125‒184; 
idem, “Einstein's Equation and Geometric Asymptotics”, in: Proceedings of the 15th 
International Conference on General Relativity and Gravitation (Dec. 1997): 16‒21. 
497 Helmut Friedrich & Gabriel Nagy, “The Initial Boundary Value Problem for Einstein’s 
Vacuum Field Equation”, in: Communications in Mathematical Physics (1999) 619‒655. 
498 See in this book Section 2.1 of Chapter 2. 
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smooth distribution of particles, mainly very low energy photons, in 
an infinite space, which is something quite different from the smooth 
distribution of very high energy photons in the very reduced space of 

a big bang at the beginning of a new aeon. Penrose does not address 
the question of how this comes about. 

4) I would like to stress the previous point, in a more stringent way, in 

terms of the Second Law of Thermodynamics. Penrose conjectures 

that gravitational entropy is low at the beginning of each aeon, then 

increases with time when matter lumps together and black holes are 

produced at the centre of each galaxy, and finally diminishes 

because of black holes evaporating at the end of each aeon, making 

possible a smooth transition from one aeon to the next one. Strictly 

speaking, however, ‘gravitational entropy’ is not part of the Second 

Law. We should not lose sight of the Second Law in the strict sense 

of thermodynamics. In Section 5.2 of Chapter 5, I gave physical-

mathematical proof of the fact that the variation of entropy of a 

closed system ‒ ‘closed’, not in the cosmological-geometric, but 

the thermodynamic meaning of the word ‒ involved in an 

adiabatic and irreversible process,  is positive; and in Section 2.2 

of Chapter 2 and Section 5.3 of Chapter 5, I gave proof that our 

Universe is a case of adiabatic, irreversible expansion. The 

consequence of these two facts is that from the point of view of the 
Second Law, in the strict thermodynamic meaning of the word, the 

entropy variation of our Universe is positive and, therefore, increases 
with time. Even if we accept that gravitational entropy is equally low 

at the beginning and the end of each aeon, it is not clear how a 

smooth transition is made from a state of strictly thermodynamic 

higher entropy at the end of each aeon, to a state of strictly thermo- 

dynamical lower entropy in the big bang at the beginning of each 

new aeon.  
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5) I will now turn my attention to the two ways, proposed by Penrose, 
to check his CCC with empirical observations. I start with the 
circular irregularities in the CMBR. Though it is theoretically 

possible that circular irregularities in the CMBR of our aeon have 
their origin in the spheroidal gravitational waves produced by 

encounters between massive black holes in a previous aeon, there are 

explanations of these spheroidal waves within our own aeon. 

Koranda and Allen explain primordial spheroidal gravitational 

waves in the CMBR, that are generated during the mixed phase 

occurring after inflation when the universe smoothly transforms 

from being radiation to dust dominated.499 They do so in the context 

of inflation theory, but the same can hold in the transition from a 

radiation-dominated to a dust-dominated universe, without previous 

inflation. Ockham’s razor suggests we may prefer the present-aeon 

explanation over the previous-aeon conjecture. 

6) Penrose takes the presence of magnetic fields sometimes present in 

the large voids of intergalactic space as remnants from a previous 

aeon, thereby corroborating his conjecture. Beck and others, 

however, have offered an explanation within the time of our own 

aeon. They explain the possible magnetization of cosmic voids by 

isolated galaxies in voids, which result in a major fraction of the 
void’s volume being filled with magnetic fields of a minimum 
strength.500 For the same reason as in the previous point − Ockham’s 
razor − we may prefer the present-aeon explanation over the 
previous-aeon conjecture. 

                                                           
499 Scott Koranda & Bruce Allen, “CBR Anisotropy from Primordial Gravitational Waves 
in Two-component Inflationary Cosmology”, in: Physical Review D52 (1995): 
1902‒1919. 
500 A. Beck, M. Hanasz, H. Lesch, R. Remus and F. Stasyszyn, “On the magnetic fields in 
voids”, in: Monthly Notices of the Royal Astronomical Society, vol. 429 (2013): L60–L64. 
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7) There is a problem with Penrose’s reduction of the fine tuning of the 
physical constants of our Universe to the very low number of 
gravitational degrees of freedom in the Big Bang. There are other 

instances of fine tuning that Penrose knows of, but are simply 
glossed over in a very cavalier manner and not explained in his 

conjecture. He knows, for example, Hoyle’s analysis of the 

extraordinary fine tuning of some physical constants required for the 

nuclear fusion processes which transform hydrogen into deuterium 

and deuterium into helium, and then helium into carbon and 

oxygen,501 but attributes this fine tuning to our “favorable location 

within our given space-time universe”.502 As a matter of fact, 

however, the triple-alpha nuclear fusion process is not due to some 

favorable location in our Universe, but is the same all over our 

observable Universe and so are the finely tuned physical constants 

necessary for it, and this fine tuning is not explained by any physical 

theory, as Hoyle correctly argued.503 Hoyle’s own explanation of 
creation fields in the observable Universe has been refuted by the 

facts, as I demonstrated in Section 4.1 of Chapter 4. In an earlier 

book, however, Penrose rejected the fact of fine tuning, arguing that 

it is not inexplicable per se, but rather due to our ignorance: 

“Now we can suggest answers to questions as to why the physical 

constants or the laws of physics generally, are specially designed 

in order that intelligent life can exist at all. The argument would 

be that if the constants or the laws were any different, then we 

should not be in this particular universe, but we should be in 

some other one! In my opinion, the strong anthropic principle has 

a somewhat dubious character, and it tends to be invoked by 
                                                           

501 Roger Penrose, Fashion, Faith and Fantasy (2016): 317‒319. 
502 Ibidem: 319. 
503 See Section 1.3.3 of Chapter 1 and Section 3.4.1 of Chapter 3. 
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theorists whenever they do not have a good enough theory to 

explain the observed facts.”504 

Here, Penrose is clearly on the defensive, and his defense has a 

somewhat dubious character, for two reasons. In the first place, the 
two instances of fine tuning he admits to, i.e. the masses of 

fundamental particles and the triple-alpha process, have not been 

explained by any physical theory, and his idea that a future theory 

might explain all this, superseding our present ignorance, is not 

falsifiable at the present moment, for the simple reason that this 

theory does not (yet) exist. In the second place, the fact of the fine 

tuning of physical constants in our Universe has only two rational 

explanations, i.e. the multiverse, which is science fiction, as I have 

argued in Chapter 4, or an intelligent cause, as I shall argue in 

Chapter 8. The third instance of fine tuning Penrose admits to is the 

suppression of gravitational degrees of freedom in the Big Bang, 

which he tries to explain by his CCC, without succeeding in doing 

so, as I have argued in this Chapter. 

8) Penrose himself does not take his own CCC conjecture too seriously, 

which is why, with characteristic modesty, in a display of self-irony, 

he labels it “conformal crazy cosmology”.505 

                                                           
504 Roger Penrose, The Emperor’s New Mind (1991): 434. 
505 Roger Penrose, Fashion, Faith and Fantasy (2016): 371, my underlining. 
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CHAPTER 7

HOW TO DISTINGUISH SCIENTIFIC FACT 
FROM MYTH

Section 7.1 The demarcation line between science and non-science

‒

Logik der 

Forschung

The Logic of Scientific Discovery
The Logic of Scientific Discovery ‒



The

Open Society and Its Enemies The Poverty of Historicism 

‒
‒

Karl Popper: The Formative Years, 1902–1945: Politics and 
Philosophy in Interwar Vienna ‒



Universal statements

Basic statements 

Existential statements 

all swans are white

there is a black swan right here, right now

black swans exist, somewhere in this or 

another universe



Table 7.1 Falsifiability and non-falsifiability of different statements

Universal
statement

Basic 
statement

Existential 
statement

Falsifiable by facts

Verifiable by facts

[Marks] the line of demarcation between those statements and systems of 

statements which could be properly described as belonging to empirical 

science, and others a line (as well as this can be done) between 

the statements, or systems of statements, of the empirical sciences, and all 

other statements – whether they are of a religious or of a metaphysical

character, or simply pseudo-scientific

the French 

Revolution took place at the end of the 18th century the evolution of 

the Universe began with the Big Bang at the time t = 0 our solar 

system began some five billion years ago with a supernova

paradigms

‒

Conjectures and Refutations 
Ibidem ‒

The Structure of Scientific Revolutions 



The Structure of Scientific Revolutions

sociology of science

the philosophy of science

The Structure of Scientific Revolutions ‒



entire

logical coherence 

The axioms are chosen in such a way that all the other statements 

belonging to the theoretical system can be derived from the axioms by 

purely logical or mathematical transformations In a theory, thus 

axiomatized... we may investigate whether a certain part of the theory is

derivable from some part of the axioms. Investigations of this kind…
have an important bearing on the problem of falsifiability. They make it

clear why the falsification of a logically deduced statement may 

sometimes not affect the whole system but only some part of it, which 

may then be regarded as falsified. This is possible because… the

connections between its various parts may yet be sufficiently clear to

enable us to decide which of its sub-systems are affected by some

particular falsifying observation

The Logic of Scientific Discovery ‒



H

X Y ( X

Y

E

.

Theory of Probabili

El
Origen y la Evolución del Universo ‒

Realism and the Aim of Science ‒
Theory of Probability, Third Edition ( ‒





Section 7.2 The two worlds and three worlds philosophies

‒

‒

creating

Treatise of Human Nature ‒

‒
91‒



 Critique of Pure Reason ( Prolegomena to Any Future 

Metaphysics ‒

criticized Hume’s empiricist, s eptical view of causal relations, 
arguing that the mind is not a blank page written upon by the physical 
world, but, on the contrary, ‘

[T]hen a light dawned upon all natural philosophers. They learnt that our 

reason can understand only what it creates according to its own design: 

that we must compel Nature to answer our questions, rather than cling to 

Nature's apron strings and allow her to guide us. For purely accidental 

observations, made without any plan having been thought out in advance, 

cannot be connected by a law which is what reason is searching for.

Critique of Pure Reason
Conjectures and Refutations 



When Kant said, ‘Our intellect does not draw its laws from nature but 

imposes its laws upon nature’, he was right. But in thinking that these laws 

are necessarily true, or that we necessarily succeed in imposing them upon 

nature, he was wrong. Nature very often resists quite successfully, forcing 

us to discard our laws as refuted; but if we live we may try again…
Kant assumed, correctly I think, that the world as we know it is our 

interpretation of the observable facts in the light of theories that we 

ourselves invent. As Kant puts it: ‘Our intellect does not draw its laws 

from nature, but imposes them upon nature’… I feel that it is a little too 

radical, and I should therefore like to put it in the following modified form: 

‘Our intellect does not draw its laws from nature, but tries ‒ with varying 

degrees of success ‒ to impose upon nature laws which it freely invents’. 
The difference is this. Kant’s formulation not only implies that our reason 

attempts to impose laws upon nature, but also that… they must be true a 

priori… Yet we know since Einstein that very different theories and very 

different interpretations are also possible, and that they may even be 

superior to Newton’s… Since Kant believed that it was our task to explain 

the truth of Newton’s theory, he was led to the belief that this theory 

followed inescapably and with logical necessity from the laws of our 

understanding. 

The modification of Kant’s solution which I propose… frees us from this 

compulsion. In this way, theories are seen to be the free creations of our 

own minds, of an attempt to understand intuitively the laws of nature. But 

we no longer try to force our creations upon nature. On the contrary, we 

question nature, as Kant taught us to do; and we try to elicit from her 

negative answers concerning the truth of our theories: we do not try to 

prove or to verify them, but we test them by trying to disprove or to falsify 

them, to refute them.

Conjectures and Refutations ‒ ‒



Figure 7.1 The philosophy of two worlds

realism 

Realism and the Aim of Science ontological
The Open Universe ‒

The Road to Reality ‒ ‒

World 2

World 1



Figure 7.2 The philosophy of three worlds

false

real real

World 3 World 1

World 2



solve problems

[I]s it possible to examine irrefutable philosophical theories critically? If 

so, what can a critical discussion of a theory consist of, if not of attempts 

to refute the theory? In other words, is it possible to assess an irrefutable 

theory rationally ‒ which is to say, critically?... Every rational theory, no 

matter whether scientific or philosophical, is rational in so far as it tries to 

solve certain problems. A theory is comprehensible and reasonable only in 

its relation to a given problem-situation, and it can be rationally discussed 

only by discussing this relation. Now if we look upon a theory as a 

proposed solution to a set of problems, then the theory immediately lends

itself to critical discussion ‒ even if it is non-empirical and irrefutable. For 

we can now ask questions such as: Does it solve the problem? Does it



solve it better than other theories? Has it perhaps merely shifted the 

problem? Is the solution simple? Is it fruitful? Does it perhaps contradict 

other philosophical theories needed for solving other problems?

‒
thoroughly understand what it is to understand

‒

Conjectures and Refutations ‒
Insight: A Study of Human Understanding Collected Works, 

Inteligencia Sentiente: Inteligencia y Realidad
How the Mind Works



The Emperor’s New Mind. Concerning Computers, Minds, and the 
Laws of Physics

Journey to the Centers of the Mind. Toward a Science of 
Consciousness

The Self and Its Brain



Section 7.3 The orderly, hidden structure of the physical world

first level 

images

,

(535‒ Everything changes and nothing remains

second level 

third level 

water glucose

Una revisión de la teoría 
psicoanalítica a la luz de la ciencia moderna ‒



Image 7.1 Picture of two observable phenomena: sugar and water

Figure 7.3 Model that reconstructs the molecular structure of water

Biochemistry



Figure 7.4 Model of the molecular structure of glucose

1H1 He

He
1H1 O 12C6

He



Math box 7.1 The orderly, hidden structure of water and glucose

‒ ‒

‒
‒

‒
‒

The Scattering of Alpha and Beta Particles by Matter and the 
Structure of the Atom Proceedings 
of the Royal Society A: Mathematical, Physical and Engineering Sciences



‒

‒

‒

Zeitschrift für Physik
765‒ Interactions ‒



Table 7.2 The periodic table of the elements

He

Ne

Ar

Kr

Xe

Rn



7L3 23Na11

39K19 85Rb37

133Cs55 222Fr87

19F9 35Cl17

81Br35 79Br35 127I53

210At85

1H1

O

12C6



one

two

four





how can concrete reality become abstract and



mathematical?

Section 7.4 Determinism and indeterminism

determined

‒ a thing cannot 

occur without a cause which produces it

The Emperor’s New Mind
The Open Universe. An Argument for Indeterminism

The Character of Physical Law
The Open Universe. An Argument for Indeterminism

A philosophical Essay on Probabilities 



Er

Er

TA

TB

Section 7.4.1 Scientific determinism and scientific indeterminism

exactly

La querelle 
du déterminisme ‒



Special relativity

Figure 7.5 The light cones of observer 

The Illustrated A Brief History of Time



The theory of chaos

‒

The Essence of Chaos



‒

‒

Chance and Chaos 
Communications of 

Mathematical Physics ‒
Fractals and Chaos. The Mandelbrot Set and Beyond

Journal of Statistical Physics ‒



Figure 7.6 Dynamic systems in time and in phase space

Mathematica

Math box 7.2 Logistic difference equation and Feigenbaum’s constant

Journal of Statistical 
Physics ‒

Chaos. Making a New Science



Table 7.3 May’s logistic difference equation =a

value of convergence
to steady 
state

convergence
to period of 
two

convergence
to period of 
four / eight

convergence
to chaos 

from

to 

to 

from

to 

from

to 

from
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The emergence of new things

new things 

The interlacing of order and disorder is precisely what seems to be 

needed for the creative emergence of novelty. New things happen in 

regimes that we have learned to identify as being ‘at the edge of chaos’. 



Too far on the orderly side of that frontier and things are too rigid for 

there to be more than a shuffling rearrangement of already existing 

entities. Too far on the disorderly side, and things are too haphazard for 

any novelties to persist. An example of this principle is afforded by 

biological evolution. Without a degree of genetic mutation, life would be 

frozen into the existing range of forms. Too high a mutation rate, and there 

would be no quasi-stable species on which natural selection could 

operate.

The usual materialist and physicalist view is that all the possibilities 

which have realized themselves in the course of time and of evolution must 

have been, potentially, preformed, or pre-established, from the beginning

... But if it is suggested that the future is and always was foreseeable, at 

least in principle, then this is a mistake, for all we know, and for all that 

we can learn from evolution. Evolution has produced much that was not 

foreseeable, at least not for human knowledge Jacques Monod… speaks 

of the unpredictability of the emergence of life on earth, of the 

unpredictability of the various species, and especially of our own human 

species: ‘we were unpredictable before we appeared’, he says.

that are altogether unpredictable or 

emergent

Exploring reality
The Self and Its Brain ‒

Ibidem
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Universal statements in scientific predictions

scientific metaphysical 



scientific

metaphysical

pure chance without hidden variables

fully determining hidden variables

Section 7.4.2 Metaphysical determinism and indeterminism

Physics and Chance ‒
The Undivided Universe. An Ontological Interpretation of 

Quantum Theory



We have thus far been explaining quantum probabilities in terms of

chaotic motions that are implied by the quantum laws themselves, with

pure ensembles representing chaotic motions of the particles and mixed

ensembles bringing in also chaotic variations in the quantum field.

Whenever we have statistical distributions of this kind, however, it is

always possible that these chaotic motions do not originate in the level

under investigation, but rather that they arise from some deeper level. For

example, in Brownian motion, small bodies which may contain many

molecules undergo chaotic velocity fluctuations as a result of impacts

originating at a finer molecular level. If we abstract these chaotic motions

and consider them apart from their possible causes, we have what is called

a stochastic process which is treated in terms of a well-defined

mathematical theory.

There are two attitudes to such a stochastic process. The first is that it is

a result of deeper causes that do not appear at the level under discussion.

The second is that there is some intrinsic randomness in the basic motions

themselves. In so far as we apply the ordinary mathematical treatment, we

need not commit ourselves to either attitude. But of course, if we are

thinking of possible models for the process then our attitude may make a

difference, because the assumption of deeper causes implies that the

stochastic treatment will break down at the finer level at which these

causes are operating

equations

The Undivided Universe



interpretation

Conjectures and Refutations

various unknown variables, once known and 

manipulated, will produce fixed effects that cannot as yet be observed

one or various known variables 

produce the following observed probabilistic effects



Emergent evolution and downward causality

the ups and down 

of the British trade deficit

The Open Universe. An Argument for Indeterminism
The Character of Physical Law ‒

Exploring Reality 
The Self and Its Brain ‒

The Character of Physical Law 
The Self and Its Brain ‒

The Self and Its Brain 



the macrostructure may, qua whole, act upon a photon or an elementary 

particle

When we use a wedge, for example, we do not arrange for the 

action of its elementary particles, but we use a structure, relying on it to 

guide the actions of its constituent elementary particles to act, in concert, so 

as to achieve the desired result.

an excellent example of downward causation, of 

the action of the whole structure upon its constituent particles

the most interesting examples of downward causation are to be found in 

organisms and in their ecological systems, and in societies of organisms

Physical causality itself is indeterministic.

The Self and Its Brain 
Ibidem



[W]hat we are proposing is that there is probability all the way back: 

that in the fundamental laws of physics there are odds... [T]he hidden 

variable theory... cannot be true; it is not due to lack of detailed 

knowledge that we cannot make a prediction... It is not our ignorance of 

their internal gears, of the internal complications, that makes nature 

appear to have probability in it. It seems to be something intrinsic.

New atomic theory − quantum mechanics − has jettisoned strict 

determinism It has enriched physics by introducing objective probability 

statements into the theory of elementary particles and atoms As a 

consequence of this, we ought to abandon Laplacean determinism. Indeed, 

many of the former strictly causal statements of classical physics about 

macroscopic objects have been re-interpreted as probability statements 

The Character of Physical Law 



that assert probabilities close to 1. Causal explanation has been at least 

partly replaced by probabilistic explanation…. It is important to realize 
that statements asserting probabilities or propensities other than 0 or 1 

cannot be derived from causal laws of a deterministic type (together with 

initial conditions) … A probabilistic conclusion can be derived only from 

probabilistic premises; for example, premises about equal propensities. 

But it is possible, on the other hand, to derive statements asserting 

propensities equal to, or approaching, 0 or 1 − and therefore of causal 

character − from typically probabilistic premises.

The interpretation of the atomic nucleus as a system of particles in rapid 

motion and of the surrounding electrons as an electron cloud is sufficient 

to destroy the old atomistic intuition of a mechanical determinism. The 

interaction between atoms or molecules has a random aspect, a chance 

aspect; chance not only in the Aristotelian sense in which it is opposed to 

purpose, but chance in the sense in which it is subject to the objective 

probabilistic theory of random events, rather than to anything like exact 

mechanical laws. Thus, the thesis that all physical systems including 

clouds, are, in reality, clocks, [is] mistaken. According to quantum 

mechanics we have to replace it by the opposite thesis, as follows: All 

physical systems, including clocks, are, in reality, clouds

The Self and Its Brain ‒
Ibidem



Math box 7.3 The probabilistic equation for determining an electron’s
orbit
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‒ probability of the 
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According 

to the Bohr theory, this was an immutable radius, but in wave mechanics it 

is simply the ‘most probable’ radius for the electron to be located

Inorganic Chemistry 



Mathematica

Graph 7.1 The probability of finding the electron at a certain distance 
from the nucleus, when the hydrogen atom is in a normal state

probability

radius

Explanation: vertical axis: probability (divided by its radius); horizontal 
axis: distance in multiples of Bohr radius

Graph 7.2 The probability of finding the electron at a certain distance 
from the nucleus when the hydrogen atom is in an excited state

probability

                                                                  

                                                                                                            radius

Explanation: vertical axis: probability (divided by its radius); horizontal 
axis: distance in multiples of Bohr radius



Graph 7.3 The probability of finding an electron at a certain distance 
from the nucleus of hydrogen in an excited state ( )

Explanation: white areas: probability=0; black areas: probability 1; 
grey areas: o<probability<1



Figure 7.7 Possible trajectories of a tennis ball, thrown from A to B

Explanation: Number 1 is the classical, Newtonian path;
paths 2, 3, 4, 5 and 6 are other possibilities, each with their own probability

Quarks, Leptons and the Big Bang 



According to Feynman the ball actually ‘sniffs out’ all possible paths at 
the same time. Each path is given an amplitude according to the action 

along that path. However, and here is the crunch point, it is only along 

those paths that are similar to the ‘actual’ classical path that the phase of 

the amplitudes will be similar. Paths that stray a long way from the 

classical path will have widely differing phases (positive and negative) 

which tend to cancel each other out only paths that are very close to 

the classical one will have similar phases which would reinforce each 

other, like, for example path 4

Quarks, Leptons and the Big Bang ‒



all very close to each other



Section 7.5 The frontier between science and science fiction

falsifiable

non-

falsifiable

Conjectures and Refutations
‒

Una revisión de 
la teoría psicoanalítica a la luz de la ciencia moderna ‒

The open Society and Its Enemies ‒



“The theory which asserts that such a monopole exists somewhere is 

distinctly un-Popperian. That theory could be established by the discovery 

of such a particle, but it appears not to be refutable, as Popper’s criterion 
would require; for, if the theory is wrong, no matter how long 

The Road to Reality ‒ ‒



experimenters search in vain, their inability to find a monopole would not 

disprove the theory! Yet the theory is certainly a scientific one, well worthy 

of serious consideration

some 

some 

all .

some 

negation of an existential 

statement

not

not

The Road to Reality 



not

not

not

Section 7.6 The fascination with mathematical miracles

The Road to Reality ( ‒



Excitingly, all of String Theory’s consequences have unfolded in a 
mathematically consistent way. String Theory is a very complex 

mathematical theory with very many possibilities for failure. By failure I 

mean internal inconsistency. It is like a huge high-precision machine, with 

thousands of parts. Unless they all fit perfectly together in exactly the right 

way, the whole thing will come to a screeching halt. But they do fit

together, sometimes as a consequence of mathematical miracles.

Popperazzi Popperism

Good scientific methodology is.. conditioned by, and determined 

by the science itself and the scientists who create the science.

Are such apparent miracles really good guides to the correctness of an 

approach to a physical theory? This is a deep and difficult question. I can 

imagine that sometimes they are, but one must be exceedingly cautious 

about such things … One thing is certain, however, and that is that such 

mathematical miracles cannot always be a sure guide.

The Cosmic Landscape
Ibidem
Ibidem
Ibidem ‒
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CHAPTER 8

THE CAUSE OF THE UNIVERSE

Section 8.1 An inquiry into the cause of the Universe

Why are 

there beings at all instead of nothing?

“[It is] true of the different states of the world, [that] the state which 
follows is, in a sense, copied from the preceding state, though in 

accordance with certain laws of change. And so, however far back we 

might go into previous states, we will never find in those states a complete 

explanation why there is any world at all, and why it is the way it is.

How did everything begin? What are we all here for?

Introduction to Metaphysics

Discourse on Metaphysics and Other Essays 
The Limits of Science The 

Dawkins Delusion? Atheist Fundamentalism and the Denial of the Divine 



Logical equations box 8.1 Some symbols of logic and set theory

a b

t

In the same way, we may have to get used to the idea of an 

absolute zero of time a moment in the past beyond which it is in principle 

impossible to trace any chain of cause and effect

The first three minutes 



Logical equations box 8.2 Five definitions; four axioms; four theorems
Five definitions

er

ep set er

ep

E

Er = e Ep =

e

A

A

A B TA

TB B

R

.

preliminarily
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Four axioms of the principle of causality

Er

Er

TA TB



Four theorems derived from the five definitions and the four axioms of 
causality

P x x

P(x) x P(x)



“One of the most important tasks of physics is to establish causal relations 

between physical phenomena. No physical theory can be complete unless it 

provides a clear statement and description of causal links involved in the 

phenomena encompassed by that theory… Causal relations between 

phenomena are governed by the principle of causality. According to this 

principle, all present phenomena are exclusively determined by past 

events. Therefore equations depicting causal relations between physical 

phenomena must, in general, be equations where a present-time quantity 

(the effect) relates to one or more quantities (causes) that existed at some 

previous time… [T]hen, according to the principle of causality, an 

equation between two or more quantities simultaneous in time but 

separated in space cannot represent a causal relation between these 

quantities … because, according to this principle, the cause must precede 

its effect

European Journal of Physics, ‒



the probability of finding the photon in the other part of the package 

immediately becomes zero. The experiment at the position of the reflected 

part thus exerts a kind of action (reduction of the wave packet) at the 

distant point occupied by the transmitted packet, and one sees that this

action is propagated with a velocity greater than that of light

Quantum Theory and the Schism in Physics
El Origen y la Evolución del Universo

‒
Quantum Theory and the Schism in Physics

‒



the great quantum muddle

one photon at a time

spooky action at a 

distance

‒ 

Quantum Theory and the Schism in Physics

Physical Review

The logic of 
scientific discovery ‒



‒ ‒ ‒

Figure 8.1 Feynman diagram: interaction of an electron and a photon

Even more strange is the possibility (c) that the 

electron emits a photon, then travels backwards in time to absorb a photon, 

and then proceeds forwards in time again

“Looking at example (c) from [the previous] Figure, going only forwards 

in time (as we are forced to do in the laboratory) from to , we see the 

electron [straight line] and photon [wavy line] moving toward each other. 

All of a sudden, at , the photon “disintegrates” and two particles appear
—an electron and a new kind of particle (called a “positron”), which is 

QED, The Strange Theory of Light and Matter

QED.  The Strange Theory of Light and Matter ‒



like an electron going backwards in time, and which appears to move

toward the original electron itself! At , the positron annihilates with the 

original electron to produce a new photon. Meanwhile, the electron 

created by the earlier photon continues forwards in space-time

Figure 8.2 Interaction of an electron and a photon

QED.  The Strange Theory of Light and Matter
ibidem



Figure 8.3 A is the cause of B and A and B are the cause of C

Arrow of time

S R

Russell’s paradox

.

“This paradox proceeds as follows. Consider the set R, consisting of ‘all 
sets that are not members of themselves’. (For the moment, it does not 
matter whether you are prepared to believe that a set can be a member of 

itself. If no set belongs to itself, then R is the set of all sets.) We ask the 

question, what about R itself? Is R a member of itself? Suppose that it is.

Then, since it then belongs to the set R of sets which are not members of 

themselves, it does not belong to itself after all ‒ a contradiction! The 

alternative supposition is that it does not belong to itself. But then it must 

be a member of the entire family of sets that are not members of 

themselves, namely the set R. Thus, R belongs to R, which contradicts the 

assumption that it does not belong to itself. This is a clear contradiction! 

What this argument is actually showing is that there is no such thing as the 

‘set of all sets’.

The Road to Reality



as such

excluding the set itself

R

R’

possibly

possibly a priori

a priori a posteriori

possible

PA)

PB)



PC)

PD

Table 8.1 Four propositions about possible properties of the Universe

S

R

R

Logical equations box 8.3 The cause of the Universe: four propositions 

PA. PA
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PB. PB

PB

the Universe is 
the set of all real events, which include the Universe itself and which have 
the property of not being the cause of themselves

PC. PC

all

PD. PD

PC PD
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Logical equations box 8.4 The cause of the cause of the Universe 
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sui generis

Figure 8.4 The philosophy of four worlds

The Illustrated A Brief History of Time
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naïve

“When humans ponder the creation of the universe, generally the question 
they ask is, ‘Why does something exist rather than nothing?’ Why is there 

a universe at all?… How, then, were space and time created?… This issue 

is sufficiently disturbing to some cosmologists that they attempt to sidestep 

it by extending the history of the universe into an indefinite, infinite past. If 

there is no point at which t = 0, the reasoning goes, there is no need for 

creation. However, the question of existence is not answered by supposing 

that the universe is infinitely old. Time is physical, and an infinite time 

would be just another physical attribute of the universe… An infinitely old 
universe is not nothing, so it must have been created; it was simply created 

with time that extended infinitely...

Some relativists and cosmologists, most prominently Stephen Hawking, 

have pointed out that in general relativity, finite space and finite time can 

form a completely self-contained, finite space-time with no boundary or 

edge at all. The point we call t = 0 only appears to be a boundary in time 

because of the way in which we have divided space-time into space and 

time. Such a universe can be contemplated with the help of an analogy to 

Quarks, Chaos and Christianity 



the Earth. On the Earth, the North Pole is the limit to how far it is possible 

to travel in the direction we call north, but it is nevertheless just a point on 

a continuous, boundary less globe. Similarly, the point t = 0 in a spherical 

big bang model of the universe represents merely an arbitrary 

demarcation in time. Without boundaries (spatial or temporal), there is no 

need [according to Hawking] to imagine the universe to be contained 

within some meta-universe…
But the presence (or absence) of a t = 0 point in time provides no answer 

to the mystery of creation, nor does it have implications for the existence 

of a creator, beyond those provided by the mere fact of existence. There is 

little, if anything, that can be said about the metaphysical creation of the 

universe. Since our observations are of physical attributes, and science 

deals with physical things, the issue of creation, which must necessarily be 

metaphysical, cannot be addressed [by science]

along with in It is 

generally agreed that God created the world along with time rather than in 

time. Cosmic creation is primarily about the ontological dependence of the 

world on God, and not so much about beginning in the conventional 

temporal sense

quantum

Foundations of Modern Cosmology
Entropic Creation ‒



gravity appears to allow universes to be created from nothing

Where are the laws of quantum mechanics themselves supposed to have 

come from? Krauss is more or less upfront, as it turns out, about not 

having a clue about that. He acknowledges (albeit in a parenthesis and 

just a few pages before the end of the book) that everything he has been 

talking about simply takes the basic principles of quantum mechanics for 

granted. “I have no idea if this notion can be usefully dispensed with”, he 

writes, “or at least I don’t know of any productive work in this 
regard ... Forget where the laws came from. Have a look instead at 

what they say... [T]here is, at the bottom of everything, some basic, 

elementary, eternally persisting, concrete, physical stuff... And what the 

fundamental laws of nature are about, and all the fundamental laws of 

nature are about, and all there is for the fundamental laws of nature to be 

about, insofar as physics has ever been able to imagine, is how that 

elementary stuff is arranged. The fundamental laws of nature generally 

take the form of rules concerning which arrangements of that stuff are 

physically possible and which aren’t, or rules connecting the 
arrangements of that elementary stuff at later times to its arrangement at 

earlier times... But the laws have no bearing whatsoever on questions of 

where the elementary stuff came from, or of why the world should have 

consisted of the particular elementary stuff it does, as opposed to 

A Universe from Nothing. Why There Is Something Rather Than 
Nothing

Quantum Mechanics and Experience
A Universe from Nothing. Why There Is Something Rather Than 

Nothing ‒



something else, or to nothing at all. The fundamental physical laws that 

Krauss is talking about in “A Universe from Nothing” ‒ the laws of 

relativistic quantum field theories ‒ are no exception to this. The 

particular, eternally persisting, elementary physical stuff of the world, 

according to the standard presentations of relativistic quantum field 

theories, consists... of relativistic quantum fields. And the fundamental

laws of this theory take the form of rules concerning which arrangements 

of those fields are physically possible and which aren’t, and rules 
connecting the arrangements of those fields at later times to their 

arrangements at earlier times, and so on ‒ and they have nothing 

whatsoever to say on the subject of where those fields came from, or of 

why the world should have consisted of the particular kinds of fields it 

does, or of why it should have consisted of fields at all.

There is, as it happens, an interesting difference between relativistic 

quantum field theories and every previous serious candidate for a 

fundamental physical theory of the world. Every previous such theory 

counted material particles among the concrete, fundamental, eternally 

persisting elementary physical stuff of the world ‒ and relativistic quantum 

field theories, interestingly and emphatically and unprecedentedly, do not. 

According to relativistic quantum field theories, particles are to be 

understood, rather, as specific arrangements of the fields. Certain 

arrangements of the fields, for instance, correspond to there being 14 

particles in the universe, and certain other arrangements correspond to 

New York Times,



there being 276 particles, and certain other arrangements correspond to 

there being an infinite number of particles, and certain other 

arrangements correspond to there being no particles at all. And those last 

arrangements are referred to, in the jargon of quantum field theories, for 

obvious reasons, as ‘vacuum” states’. Krauss seems to be thinking that 

these vacuum states amount to the relativistic-quantum-field-theoretical 

version of there not being any physical stuff at all...

But that’s just not right. Relativistic-quantum-field-theoretical vacuum 

states... are particular arrangements of elementary physical stuff. The true 

relativistic-quantum-field-theoretical equivalent to there not being any 

physical stuff at all isn’t this or that particular arrangement of the fields ‒ 
what it is... is the simple absence of the fields! The fact that some 

arrangements of fields happen to correspond to the existence of particles 

and some don’t is not a whit more mysterious than the fact that some of the 
possible arrangements of my fingers happen to correspond to the existence 

of a fist and some don’t. And the fact that particles can pop in and out of 
existence, over time, as those fields rearrange themselves, is not a whit 

more mysterious than the fact that fists can pop in and out of existence, 

over time, as my fingers rearrange themselves. And none of these 

poppings... amount to anything even remotely in the neighbourhood of a 

creation from nothing

New York Times,



Section 8.2 The multiverse speculation is in denial of an intelligent cause

that

how

“It has been said —to use Wittgenstein’s words— ‘Not how the world is, is 

the mystical, but that it is’ . Yet our discussion shows that how the world 

is... seems to be inexplicable in principle and thus ‘mystical’, if we wish to 

use this term... The structural homogeneity of the world seems to resist any 

‘deeper’ explanation: it remains a mystery

how 

A Universe from Someone. Against Lawrence Krauss
Tractatus Logico-Philosophicus

Realism and the Aim of Science
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with or without a multiverse

The Anthropic Cosmological Principle
Random Designer

The Privileged Plane
The Inflationary Universe 

Nature

Parallel Worlds 
A Universe from Nothing

, Inflation and Quantum Cosmology
The Fine-Tuned Universe 

Principia Mathematica
Kann das alles Zufall sein

The Road to Reality
Realism and the Aim of Science

Cosmic 
Questions ‒

The Cosmic Landscape
The Life of the Cosmos

Annals of Physics ‒
The Physicist’s 

Conception of Nature ‒
The Fallacy of Fine-Tuning

Cosmic Questions ‒
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coincidence, providence or multiverse

“Other contributors to this volume have already outlined the many 

considerations that lead us to conclude that the laws of nature as we 

observe them in our universe are precisely those that permit the 

development of carbon-based life, in the sense that even very small 

changes in intrinsic force strengths would have broken links in the long, 

delicate and beautiful chain of consequences linking the early universe to 

the existence of life today here on Earth. I agree with John Leslie’s 
analysis, presented in his book Universes, that suggests, firstly that it 

would be irrational just to shrug this off as a happy accident, and secondly 

that there are two broad categories of possible explanation: either many 

universes with a vast variety of different natural laws instantiated in them, 

of which ours is the one that by chance has allowed us to appear within its 

history; or a single universe that is the way it is because it is not “any old 
world,” but a creation that has been endowed by its Creator with just the

circumstances that will allow it to have a fruitful history. I simply want to 

Just Six Numbers 
Cosmic Questions

‒ Quarks, Chaos & Christianity ‒
Universes ‒



make two comments on this analysis. The first is to emphasize that both 

proposals are metaphysical in character. The second point is to agree with 

Leslie that, in relation to the Anthropic Principle, it is a metaphysically 

even-handed choice between many universes and creation

Cosmic 
Questions ‒ Quarks, Chaos & Christianity ‒

Annals of Physics ‒
everything that exists mathematically, exists 

physically ibidem
strong anthropic principle

ibidem

The Anthropic Cosmological Principle
The Artful Universe Expanded 



necessary relationship between random chance and 

intelligent cause

roulette

intelligent life

with physical constants finely tuned

roulette.



not

homo sapiens

,

Rare Earth. Why Complex Life is Uncommon in 

the Universe The Privileged Planet

Rare Earth. Why Complex Life is Uncommon in the 
Universe





all 

occurring together

Nature



“We assume that the whole universe is, and rests for ever, in thermal 

equilibrium. The probability that one (only one) part of the universe is in a 

certain state, is the smaller the further this state is from thermal 

equilibrium; but this probability is greater, the greater is the universe 

itself. If we assume the universe great enough, we can make the probability 

of one relatively small part being in any given state (however far from the 

state of thermal equilibrium), as great as we please. We can also make the 

probability great that, though the whole universe is in thermal equilibrium, 

our world is in its present state. It may be said that the world is so far from 

thermal equilibrium that we cannot imagine the improbability of such a 

state. But can we imagine, on the other side, how small a part of the whole 

universe this world is? Assuming the universe great enough, the 

probability that such a small part of it as our world should be in its 

present state, is no longer small

Nature 
Theoretical Physics and Philosophical Problems 

‒
Major Transitions in Evolution



possible

probable

The Self and its Brain



implication

ad infinitum

mystery

The search for a closed logical scheme that provides a complete and self-

consistent explanation for everything is doomed to failure… There will 

always be mystery at the end of the universe.

The Accidental Universe The 

Goldilocks Enigma

The Mind of God. The Scientific Basis for a Rational World 



might act through laws which produced an ensemble of 

universes, relying on chance to generate life-encouraging worlds

The large-scale production of the 

multiverse is more in need of an all-powerful creator than the laborious and 

painstaking fixing of the different constants of a single Universe

it seems that substantially the same 

arguments can be brought to bear for the existence of God in the case of a 

multiverse as in the case of a universe

‒ 
‒

ad infinitum

an intelligent cause is needed to create this mechanism for 

multiplication of universes

ad infinitum

Universes 
Universes 

Kann das alles Zufall sein
The Fine-Tuned Universe 



Table 8.2 The interaction between intelligent cause and random chance

Mecha-
nism

An intelligent cause 
C creates a 
mechanism that 
makes E possible

Event E is 
improbable 
but not 
impossible

Chance of event
E is very small:

(E

Law of large 
numbers N
brings 
probability of 
event E close to 
unity:

(E

homo sapiens
p N

homo 
sapiens 

p ≈ N

p ≈ N



‒ 
‒ 

possible

probable

The multiverse theory, therefore, is science fiction, not science

intelligent



I.

II.

III.

IV.

V.

Section 8.3 What motivates some cosmologists to embrace a multiverse

‒ ‒ ‒1642)
‒1630) ‒1727)

could not have arisen without the design and dominion of an 

intelligent and powerful being Lord God 

Pantokrator

I’m not an atheist. The problem involved is too vast for our limited minds. 
We are in the position of a little child entering a huge library filled with 

books in many languages… The child dimly suspects a mysterious order in 

the arrangement of the books but doesn’t know what it is. That, it seems to 
me, is the attitude of even the most intelligent human being toward God. 

We see the universe marvellously arranged.

El Origen y la Evolución del Universo ‒
Principia Mathematica ‒

Einstein. His Life and Universe



,

The underlying motive [of this model] is, of 

course, to bring in God as creator. It seems like the opportunity Christian 



theology has been waiting for ever since science began to depose religion 

from the minds of rational men in the seventeenth century.

a model 

built on Judeo-Christian foundations .

CMBR

The passionate frenzy with which 

the Big Bang cosmology is clutched to the corporate scientific bosom 

evidently arises from a deep-rooted attachment to the first page of Genesis, 

religious fundamentalism at its strongest.

,

Cosmic Intelligence super-intelligence

Accidental Universe,

Anthropic Cosmological Principle,

Big Bang. The Origin of the Universe
Ibidem
Ibidem

Quarks, Chaos & Christianity ‒
The Mind of God. The Scientific Basis for a Rational World 



the multiverse scenario was suggested by 

some cosmologists as a way to avoid the conclusion that the Universe was 

specially designed for life by a Grand Designer

“Today, the dominant view of the origin of the universe, in both Judeo-

Christian and scientific contexts, portrays it as a unique event. In the fifth 

century A.D. Saint Augustine described in his how time itself 

began with the creation of the universe, and modern scientists frequently 

refer to the big bang as the beginning of time… However, if the ideas of 

eternal inflation are correct, then the big bang was not a singular act of 

creation, but was more like the biological process of cell division… Given 

the plausibility of eternal inflation, I believe that soon any cosmological 

theory that does not lead to the eternal reproduction of universes will be 

considered as unimaginable as [the theory of] a species of bacteria that 

cannot reproduce.

The Artful Universe Expanded 
The Inflationary Universe. The Quest for a New Search of Cosmic Origins 

‒



, there might be no initial creation to worry 

about

possible

really

We need to move carefully, constantly keeping in touch 

with solid... facts, but from time to time allowing ourselves to satisfy our 

urge to speculate.

non-religious person

fundamental 

theory string theory or M-theory ,

Recall that 

eternal inflation predicts the existence of an infinite ensemble of 

universes…The laws of physics and/or the values of the universal constants 

may not be exactly the same in all of these pocket universes.

Conceptions of Cosmos 

‒
Ibidem

The Accelerating Universe ‒
Ibidem
Ibidem ‒



Everything that exists mathematically exists 

physically

The events space E is 

the set of all of the events and sets of events that are real and/or possible: 

. The real events space is defined as: Er = {e| } and the 

possible events space as: Ep = {e| }. The real events space is a subset of 

the possible events space: 

A

Investigation of the effects of varying physical parameters has gradually 

revealed665 that virtually no physical parameters can be changed by large 

amounts without causing radical qualitative changes to the physical world. 

In other words, the ‘island’ in parameter space that supports human life 

appears to be very small. This smallness... has been hailed as support for 

religion-based theories... Such ‘design arguments’ stating that the world 

was designed by a divine creator so as to contain Self-aware Substructures 

are closely related to... the strong anthropic principle, which states that

the Universe must support life

Annals of Physics ‒

Ibidem



Let me then close this 

book with the words of Pierre-Simon de Laplace that opened it: ‘I have no 

need of this hypothesis’

If String Theory itself is wrong, perhaps because it is mathematically 

inconsistent, it will fall by the wayside… But if that does happen, then as 

things stand now, we would be left with no other rational explanation for 

the illusion of a designed universe.

Some physicists have argued that certain constants of nature have values 

that seem to have been mysteriously fine-tuned to just the values that allow 

for the possibility of life, in a way that could only be explained by the 

intervention of a designer with some special concern for life.

physicists won’t be able to explain 
why the laws of nature are what they are

The Cosmic Landscape: String Theory and the Illusion of 
Intelligent Design

Ibidem
Cosmic Questions 



“[T]here would be no difficulty in understanding why these constants take 
values favourable to intelligent life. There would be a vast number of big 

bangs in which the constants of nature take values unfavourable for life, 

and many fewer where life is possible. You don’t have to invoke a 
benevolent designer to explain why we are in one of the parts of the 

universe where life is possible. In all the other parts of the universe there 

is no one to raise the question

When I have thus far described how something almost always can come 

from ‘nothing’, I have focused on either the creation of something from 
pre-existing empty space or the creation of empty space from no space at 

all... I have not discussed what some may view as the question of First 

Cause. I have not addressed directly, however, the issues of what might 

have existed, if anything, before such creation. A simple answer is of 

Cosmic Questions 
Ibidem



course that either empty space or the more fundamental nothingness from 

which empty space may have arisen, pre-existed and is eternal. However, 

to be fair, this does beg the possible question, which might of course not be 

answerable, of what, if anything, fixed the rules that governed such 

creation.... Those who argue that out of nothing, nothing comes seem 

perfectly content with the notion that somehow God can get around this. 

But once again, if one requires that the notion of true nothingness requires 

not even the potential for existence, then surely God cannot work his 

wonders, because, if he does cause existence from nonexistence, there 

must have been the potential for existence. To simply argue that God can 

do what nature cannot do is to argue that supernatural potential for 

existence is somehow different from regular natural potential for existence 

... To posit a god who could resolve this conundrum... often is claimed to 

require that God exists outside the universe and is either timeless or 

eternal.

‒a

‒ 

A Universe from Nothing. Why There Is Something Rather Than 
Nothing ‒



The multiverse hypothesis remains little more than a fascinating yet 

highly speculative mathematical exercise. It has, perhaps unwisely, been 

adopted by atheists, anxious to undermine the potential theological 

significance of fine-tuning in the universe. Thus, part of the attraction of 

the multiverse hypothesis to atheist physicists such as Steven Weinberg 

and Leonard Susskind is that it appears to avoid any inference of design or 

divinity. In fact, however, it seems that substantially the same arguments 

can be brought to bear for the existence of God in the case of a multiverse 

as in the case of a universe, with the multiverse hypothesis being 

consistent with, not the intellectual defeat of, a theistic understanding of 

God

Section 8.4 The conclusions of this book

The Fine-Tuned Universe 



myth
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