
Cosmology 
The Past, Present and Future of the Universe

Edited by Herman J. Mosquera Cuesta  
and Kim Ho Yeap

Edited by Herman J. Mosquera Cuesta  
and Kim Ho Yeap

Cosmology, the science of all that exists in the universe, is an interdisciplinary field 
that seeks to understand the fundamental nature of the universe, that is, how it evolved 
from its primordial stages, including the Big Bang, to its present state, and its potential 

future. This quest is driven by centuries of astronomical observations and advanced 
physical theories. The growing number of ground-based observatories, space-based 

satellites, and cutting-edge tools like the Hubble Space Telescope, the James Webb Space 
Telescope, and gravitational wave observatories allow us to look back to the very early 

stages of our expanding universe, offering unprecedented insights. This book addresses 
several important cosmological issues, including humanity’s enduring search for other 

advanced civilizations in the cosmos. It highlights the importance of such cosmic 
exploration and provides a comprehensive understanding of the concept of spacetime 
within the framework of general relativity. The book introduces a cosmological model 
that incorporates an evolving curvature term within the standard model of cosmology 

and presents arguments in favor of a rotating universe, exploring the associated 
mechanisms of how light and matter could escape from a Kerr black hole. In addition, it 
delves into modern efforts by cosmologists to uncover the actual shape of the universe—

its topology—using the latest data. Finally, the book examines the critical role of quantum 
field theory in helping theorists build an increasingly robust picture of the cosmos. The 

editors hope that this scientifically rich and enlightening volume will engage readers and 
inspire further exploration into the mysteries of the universe.

Published in London, UK 

©  2024 IntechOpen 
©  Thanapol sinsrang / iStock

ISBN 978-1-83769-473-0

C
osm

ology - Th
e Past, Present and Future of the U

niverse





Cosmology - The Past, 
Present and Future of the 

Universe
Edited by Herman J. Mosquera Cuesta  

and Kim Ho Yeap

Published in London, United Kingdom

DBF_Book Title
DBF_Book Title
DBF_Book Title
DBF_Editors
DBF_Editors


Cosmology - The Past, Present and Future of the Universe
http://dx.doi.org/10.5772/intechopen.1000535
Edited by Herman J. Mosquera Cuesta and Kim Ho Yeap

Assistant to the Editors: Teoh Hui Chieh

Contributors
Avery M. Minion, David Hoxley, Herwig Dejonghe, Hui Chieh Teoh, John C. Botke, Jonathan H. Jiang, 
Kim Ho Yeap, Michael G. Albrow, Philip Broadbridge, Sarah Becirevic, Sho Fujita, Stuart F. Taylor

© The Editor(s) and the Author(s) 2024

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Cosmology - The Past, Present and Future of the Universe
Edited by Herman J. Mosquera Cuesta and Kim Ho Yeap
p. cm.
Print ISBN 978-1-83769-473-0
Online ISBN 978-1-83769-472-3
eBook (PDF) ISBN 978-1-83769-474-7

DBF_Book Title
DBF_Book Doi
DBF_Editors
DBF_Contributors
DBF_Contributors
DBF_Book Title
DBF_Editors
DBF_ISBN
DBF_Online ISBN
DBF_eBook (PDF) ISBN


Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

7,200+ 
Open access books available

192,000+
International  authors and editors

210M+ 
Downloads

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editors

Prof. Dr. Herman J. Mosquera Cuesta is an astrophysicist from 
the National Institute for Space Research (INPE), a former 
researcher/professor at the International Center of Relativ-
istic Astrophysics and Brazilian Center for Physics Research 
(ICRA-BR/CBPF), and a visiting researcher at the International 
Center for Relativistic Astrophysics Network (ICRANet). From 
2010 to 2013, he was a professor at Acaraú Valley State Univer-

sity (UVA), Brazil, and the scientific coordinator of the Sobral Astro Project. He 
has been a visiting scientist for Colombia’s National Space Program since 2015. He 
is currently a graduate student advisor at Valencia International University (VIU), 
Spain. Dr. Cuesta is a member of the Brazilian Astronomical Society, Brazilian Phys-
ical Society, and the International Society on General Relativity and Gravitation.

Kim Ho Yeap is an associate professor at Universiti Tunku Abdul 
Rahman, Malaysia. He is a senior member of the Institute of 
Electrical and Electronics Engineers (IEEE), a professional 
engineer registered with the Board of Engineers, Malaysia, a 
chartered engineer registered with the UK Engineering Coun-
cil, and an Association of Southeast Asian Nations (ASEAN) 
chartered professional engineer. He received his BEng (Hons) in 

Electrical and Electronics Engineering from Universiti Teknologi Petronas in 2004, 
MSc in Microelectronics from Universiti Kebangsaan Malaysia in 2005, and Ph.D. 
from Universiti Tunku Abdul Rahman in 2011. In 2008 and 2015, respectively, 
he underwent research attachments at the University of Oxford, UK, and Nippon 
Institute of Technology, Japan. He has published more than 180 research articles, 
including patents, refereed journal papers, conference proceedings, books, and 
book chapters.





Preface XI

Acknowledgements XIII

Section 1
Introduction 1

Chapter 1 3
Unraveling the Mystery of the Cosmos: A Review
by Kim Ho Yeap and Hui Chieh Teoh

Section 2
The Endless Search of the Humankind for Cosmic Contact 21

Chapter 2 23
Life in the Cosmos: Paradox of Silence and Self-Awareness
by Jonathan H. Jiang, Avery M. Minion and Stuart F. Taylor

Section 3
Fundamental Concepts in Physical Cosmology 37

Chapter 3 39
What Is Spacetime? How Was It Born?
by Sho Fujita

Section 4
Some Cosmological Scenarios 67

Chapter 4 69
Cosmology with Time-Varying Curvature: A Summary
by John C. Botke

Chapter 5 107
Rotating Cosmological Models, or How Matter and Light Can Escape  
from a Rotating Black Hole
by Herwig Dejonghe

Contents



II

Chapter 6 133
Closed Loop Universe and the Topology of Totality
by Michael G. Albrow

Chapter 7 147
Non-Particulate Quantum States of the Electromagnetic Field in Expanding 
Space-Time
by Philip Broadbridge, Sarah Becirevic and David Hoxley

XII



Preface

Cosmology is the scientific study of the universe, that is, its origins, structure, and 
ultimate fate. Most specialists consider cosmology a branch of astrophysics, par-
ticularly since modern cosmology’s emergence following Einstein’s introduction of 
the general theory of relativity in 1915. This revolutionary period sparked profound 
 questions about the workings of the cosmos and the fundamental nature of the 
universe.

At the turn of the 20th century, the prevailing model, known as Kapteyn’s universe, 
depicted the cosmos as a single “island universe” containing all known celestial 
objects, including stars, planets, and nebulae (which were believed to be clouds of 
gas, like hydrogen and helium, and dust). However, groundbreaking observations by 
Edwin Hubble and his collaborators soon revealed the dynamic nature of the cosmos. 
They discovered that distant galaxies were moving away from one another, a phenom-
enon that became known as the expansion of the universe. This observation marked a 
pivotal moment in cosmology, laying the foundation for what is now known as the 
Big Bang theory.

The current cosmological model, known as Lambda-Cold Dark Matter (Λ-CDM), 
describes an expanding universe that began in a hot, dense state and has since evolved 
into the cooler, more diffuse cosmos we observe today. This model also predicts 
several important phenomena, including the Cosmic Microwave Background (CMB) 
radiation, the abundance of the lightest chemical elements, and the formation of the 
universe’s large-scale structure, such as galaxy clusters and superclusters. It further 
explains how stars, planets, and potentially life formed within galaxies.

This volume is a collection of essays that explore various aspects of cosmology, pro-
viding a comprehensive understanding of the universe and its workings. The editors 
hope that readers will be inspired to explore cosmology and further investigate the 
mysteries of the cosmos.

This volume begins with an introduction by Kim Ho Yeap and Hui Chieh Teoh, which 
offers a panoramic review of contemporary cosmology. Following this is Chapter 2, 
“Life in the Cosmos: Paradox of Silence and Self-Awareness” by Jonathan H. Jiang, 
Avery M. Minion, and Stuart F. Taylor. Chapter 3, “What Is Spacetime? How Was 
It Born?” by Sho Fujita, is a pedagogical chapter exploring the nature of spacetime 
and its origin. John C. Botke contributes Chapter 4, “Cosmology with Time-Varying 
Curvature: A Summary” while Herwig Dejonghe explores rotating cosmological 
models in Chapter 5, “Rotating Cosmological Models, or How Matter and Light Can 
Escape from a Rotating Black Hole”. Michael G. Albrow presents Chapter 6, “Closed 
Loop Universe and the Topology of Totality”. The volume concludes with Chapter 7, 
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“Non-Particulate Quantum States of the Electromagnetic Field in Expanding  
Space-Time” by Philip Broadbridge, Sarah Becirevic, and David Hoxley.

Sincerely yours,

Herman J. Mosquera Cuesta (Ph.D. Relativistic Astrophysics)
Colciencias Visiting Scientist,

National Program of Basic Sciences,
Space Science Division,

Bogotá, Colombia

Valencia International University (VIU),
Astronomy and Astrophysics Master Science Program,

Valencia, Spain

Acknowledgements

The Academic Editor of this volume (HJMC) would like to sincerely recognise the 
invaluable support received from the IntechOpen Publishing Process Managers  
Ms. (Mrs.) Viktorija Zgela, Ms. (Mrs.) Elvira Baumgartner and Ms. (Mrs.) Tea Jelaca. 
HJMC is also grateful to the IntechOpen Scientific Board and Directors for the 
 invitation to act as the Academic Editor of this volume.

Finally, HJMC would like to also thank the Mr. Pacho LAN internet site Manager 
César Augusto Chavarría A. and to the LAN operator Durany Laverde for their 
hospitality and technical assistance during the preparation of this book while being 
in Medellín, Colombia, South America.

XIV



Acknowledgements

The Academic Editor of this volume (HJMC) would like to sincerely recognise the 
invaluable support received from the IntechOpen Publishing Process Managers  
Ms. (Mrs.) Viktorija Zgela, Ms. (Mrs.) Elvira Baumgartner and Ms. (Mrs.) Tea Jelaca. 
HJMC is also grateful to the IntechOpen Scientific Board and Directors for the 
 invitation to act as the Academic Editor of this volume.

Finally, HJMC would like to also thank the Mr. Pacho LAN internet site Manager 
César Augusto Chavarría A. and to the LAN operator Durany Laverde for their 
hospitality and technical assistance during the preparation of this book while being 
in Medellín, Colombia, South America.



Section 1

Introduction

1



Section 1

Introduction

1





Chapter 1

Unraveling the Mystery
of the Cosmos: A Review
Kim Ho Yeap and Hui Chieh Teoh

Abstract

Cosmology is a discipline that describes the physical nature of the universe. This
discipline encompasses the branch of physics, metaphysics, and astronomy. In gen-
eral, the universe is believed to start from the Big Bang, followed almost instanta-
neously by the cosmic inflation approximately 13.8 billion years ago, and it is
conjectured to end, very likely, with the Big Freeze. Cosmologists are interested on the
origin, evolution, and the ultimate fate of the universe. This chapter brings readers to
take a glimpse on the mystery of the universe. It gives a succinct elucidation on the
growing journey of the universe—from its birth, its advancement to the present and
future, to its demise. The technology used to detect cosmic sources, the theories that
underpin the universe, and some of the equations used to estimate its properties are
also briefly illustrated here.

Keywords: big bang, big crunch, big freeze, big rip, cosmic microwave background
(CMB), cosmological constant, Hubble’s law, inflation, lambda-CDM model, radio
telescope, theory of everything, universe

1. Introduction

Imagine reposing yourself on a couch in your backyard after pandering your
appetite with a palatable dinner. You raised your head and looked up onto the sky.
It was a clear fine night, with the round white moon and twinkling stars
illuminating the sky. A sudden surge of adrenaline rushed through your bloodstream,
when the epiphany of how nature itself could create such a breath-taking scenery
struck you. You immersed yourself into the beauty of nature. Then, all of a sudden,
you realized that something looked different—one of the stars inclined toward the
north was behaving in a peculiar fashion. It was glowing in bluish-white and was
much brighter than any other stars, and, above all else, you could not recall it being
there in the previous nights. You were baffled and started to sink yourself into deep
contemplation. You were searching for an answer for its sudden emergence, but as a
novice who knows next to nothing about cosmic elements in outer space, you failed
to find a convincing one. Coincidentally, an astronomer, an astrophysicist and a
cosmologist were staring at the sky, and they too noticed that bluish-white star. As
aficionados in their fields, however, they could probably deduce at first sight that it
was the remnants of a dying massive star, known as a supernova. Had you been
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equipped with the knowledge beyond the atmosphere of earth, you too would be able
to draw the same conclusion as well.

Now, we know that astronomers, astrophysicists, and cosmologists study astron-
omy, astrophysics, and cosmology, respectively, and that these three disciplines deal
with celestial elements and phenomena, but how different are they from each other?
Whilst there are overlapping areas among these three fields and that they symbioti-
cally assist each other, their differences are indeed rather distinctive and should not be
confused. In general, both the astrophysics and cosmology disciplines are branches
sheltered under the large astronomy umbrella.

Astronomy can be broadly defined as a discipline that studies celestial phenomena
and the physical and chemical properties of cosmic bodies [1], such as planets, aster-
oids, comets, stars, nebulae, supernovae, galaxies, quasars, and black holes, just to
name a few. It is considered as one of the oldest fields of natural science, in which its
history could be dated back to as early as 5000 years ago, when the ancient Egyptians
studied the stars with their naked eyes. One of the oldest artifacts of astronomical
observation is the Nebra sky disk, which is believed to have been constructed in the
1600s BC [2]. As can be seen in Figure 1, this 30-cm disk, found in northern Europe,
is engraved with images of the sun, crescent moon, and stars. Although the initial
intention of this piece of art is still a mystery, there are a few interpretations, with
some people believing it to be a sky map. Today, the positions of celestial objects,
including those that are invisible to our naked eyes, can be mapped by astronomers
using sophisticated instruments and telescopes, and they endeavor to accurately plot
the positions and movements of these objects. Observations through modern tele-
scopes and modeling through mathematical techniques also enable astronomers to
better understand the celestial objects and their interactions with the surrounding
environment. These techniques are the two main types of modern astronomy, that is,
observational astronomy and theoretical astronomy. As their names imply, the dis-
tinction between these two types of astronomy is obvious—observational astronomy
identifies the celestial bodies and phenomena via experimental inspection; whereas
theoretical astronomy uses mathematics and physics to describe the observed objects
and phenomena to tell their past, present, and future.

Figure 1.
The Nebra sky disk. Credit: Vincentz, 2022 (https://commons.wikimedia.org/wiki/File:Nebra_1b.jpg).
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Strictly speaking, astrophysics could be perceived as a conglomeration of both
observational and theoretical astronomy. This discipline is relatively new—it was only
coined as such in the nineteenth century when the German physicist, Joseph Fraun-
hofer invented and used the spectroscope to study the spectra of cosmic sources.
Astrophysicists attempt to learn about the characteristics (such as their chemical
properties and energy density) of cosmic objects and phenomena and to study how
these objects behave and have evolved over time by means of physics, chemistry, and
mathematics. They apply the theories of relativity, quantum mechanics, particle and
nuclear physics, thermodynamics, and other fields to better understand what they
observe. For example, they might study how a protostar developed into a massive star
and finally ended its life as a black hole or pulsar. Given its intricate complexities,
nowadays, most works performed in astronomy involve astrophysics; thus, both the
terms are used interchangeably today.

Cosmology, on the other hand, differs from astrophysics in that it studies the
universe in its entirety rather than individual cosmic sources. Cosmologists endeavor
to find answers for the universe’s origin, its expansion to its present state, and its
ultimate fate. They also attempt to understand the laws that keep the universe in order
and study its properties on a larger scale, including cosmic microwave background
radiation (CMBR), dark energy, and dark matter. Cosmologists employ various theo-
ries in their work, including the theories of relativity, quantum field theory (QFT),
electromagnetic theory, quantum chromodynamics (QCD) theory, quantum electro-
dynamics (QED) theory, string theory, and the M-theory. Some of the current topics
that cosmologists are exploring include the multiverse concept, the theory of every-
thing, the validity of the M-theory, and the possible fates of the universe (the Big
Crunch, Big Rip, and Big Freeze). Cosmologists often work closely with astronomers
and astrophysicists, as they are required to analyze the data obtained from cosmic
observations.

This book focuses on the past, present, and future of the universe and presents
some of the latest discoveries that have been puzzling both the public, in general, and
scientists, in particular. The first chapter gives a succinct elucidation on the growing
journey of the universe—from its violent birth to its current state and future demise.
It also provides an overview of the forces that govern nature and the theories that are
used to describe them. Additionally, the chapter discusses the technology used to
detect cosmic sources that enable us to better understand the universe, including the
cosmic microwave background radiation (CMBR) and the relevant theories used to
calculate the universe’s properties, such as its size during different phase transitions.

2. The birth of the cosmos: The big bang model

In cosmology, there are two popular postulates to explain the origin of the uni-
verse. They are the steady-state and the Big Bang models. In the steady-state model,
cosmologists believe that matter is constantly created as the universe expands,
resulting in a constant density of matter over time [3]; the Big Bang model, on the
contrary, advocates the expansion of the universe from the singularity, where the
space curvature, density, and temperature were infinite at a point in time, and this
results in a progressive dilution of matter [4]. There was initially a comparable num-
ber of supporters for both models. The Big Bang model, however, has gradually gained
more traction, overtaking the steady-state model, as further observational pursuits
evince an increasingly number of evidence toward it.
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One of the observations, which convinced astrophysicists about the validity of the
Big Bang model, is the red shifts of galaxies based on the Doppler effect. According to
the Doppler effect, the frequency of a moving object T is perceived to be higher when
it is approaching a stationary observer R at velocity + u, and conversely, the observed
frequency is lower when T is moving away from R at velocity -u. The Doppler effect
can be approximated as [5],

f R≈f T 1þ �uð Þ
c

cos θ
� �

(1)

where c ≃ 3.0 � 108 m/s is the speed of electromagnetic signal at free space, θ the
angle of T relative to the direct line to R (i.e., θ = 0 when both T and R lie on the same
plane), and fR and fT denote, respectively, the frequency of the signal perceived by R
and that transmitted by T. The fact that the observed frequencies of galaxies shifting
toward the lower frequency end of the electromagnetic spectrum indicates that they
are receding from Earth. By assessing how the spectra of galaxies were being red-
shifted in the 1920s, American astronomer, Edwin Hubble found that all galaxies were
moving away from Earth and that the farther they were from Earth, the higher were
their recession rates [6, 7]. This implies that the universe is indeed expanding, as
predicted by Einstein’s original general theory of relativity. The observation leads to
Hubble’s law, which concludes that the velocity of a distant galaxy vR is directly
proportional to its distance from earth dg and is expressed as,

vR ¼ H0dg (2)

where H0 is the Hubble parameter at the present time and is written in the form of
H0 = 100 h kms�1Mpc�1, with the constant h parameterizing the uncertainty. Planck
measurements of the cosmic microwave background (CMB) gives h ≃ 0.674 � 0.005
[8, 9].

Another evidence that further corroborates the Big Bang model is the cosmic
microwave background radiation (CMBR). Discovered serendipitously in 1965 by
American astronomers, Arno Penzias and Robert Wilson [10], the CMBR is the rem-
nant that survived from the early stage of the universe when it was only 375,000 years
old [11]. It conceals a plethora of spatial and spectral information about the infant
universe. At 375,000 years after the Big Bang, the CMBR possessed a black body
temperature of 3000 K. Owing to the cosmic expansion, however, the temperature
has dropped to 2.725 K at the present, and it peaks at the microwave region of the
electromagnetic spectrum.

By observing the CMBR, astrophysicists found various puzzling phenomena.
Firstly, they learned that the temperature of the CMBR is virtually uniform across the
entire sky. Now, other than time dilation and length contraction, we learn from
Einstein’s special theory of relativity that no information can travel faster than the
speed of light c, as given in (3)–(5),

E ¼ mc2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v

c

� �2q (3)

p ¼ mvffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� v

c

� �2q (4)
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E2 ¼ pcð Þ2 þ mc2
� �2

(5)

where E is the energy of an object with mass m, momentum p, and velocity v. This
is to say that two causally disconnected regions are unlikely to share the same tem-
perature. Astrophysicists refer to this problem as the horizon problem.

The second puzzling phenomenon is the flatness problem. Measurements of the
anisotropies in the CMBR show that the curvature constant k is nearly zero, which
implies that the universe is practically flat. To astrophysicists, this finding was some-
what out of their expectation. Since Einstein’s general theory of relativity states that
mass warps the fabric of space-time, the universe, which consists of mass, is naturally
predicted to have a certain curvature. The curvature constant k is given in (6) as [12].

k ¼ HR
c

� �2 ε

εc
� 1

� �
(6)

where H is the Hubble parameter, R the radius of the universe, and ε the energy
density. The critical density εc represents the energy density for which the geometry
of the universe is flat, and it is given by [9].

εc ¼ 3H2

8πG
: (7)

where G is Newton’s gravitational constant.
To form celestial objects such as stars and galaxies through gravitational effect,

anisotropies must exist in the early universe. When CMBR was initially discovered, it
appeared to be uniformly distributed in all directions. The launch of the Cosmic
Background Explorer (COBE) satellite in 1989 probed more extensively into the
CMBR, and it unveiled small random fluctuations of temperature throughout the sky
[1]. In 2009, the European Space Agency (ESA) launched the Planck space telescope,
which was capable of distinguishing temperature variations in the CMBR in the order
of one part in a million [13]. Figure 2 illustrates the tiny fluctuations of the CMBR as

Figure 2.
Anisotropies in the CMB. Credit: Imagtek, 2019 (https://commons.wikimedia.org/wiki/File:PlanckMCD256H.
png).
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seen by Planck. Although the observational results confirmed the prediction of
anisotropies in CMBR, astrophysicists were uncertain as to how they could exist, and
this becomes the third problem of CMBR.

In 1981, American cosmologist Alan Guth brought forward the idea of cosmic
inflation, which can help to solve the problems of CMBR [14]. The theory was later
fine-tuned independently by Andrei Linde and by Andreas Albrecht and Paul
Steinhardt. According to the cosmic inflation theory, when the nascent universe
cooled down, it was trapped in a false vacuum, which constituted high energy density.
This positive energy mediated an exponential expansion of space based on Einstein’s
general theory of relativity. The accelerating expansion, which was faster than the
speed of light, was believed to have started at 10�36 s and ended at 10�33 s to 10�32 s
after the Big Bang. Astrophysicists named the field and quanta, which drove the
cosmic inflation, the inflaton. Friedmann modified Einstein’s equation of general
relativity and was able to show that the radius of the universe R can be expressed as a
function of time t, that is, [12],

R ¼ R0 exp

ffiffiffiffiffiffi
2Λ
3

r
t

 !
(8)

where R0 is the radius of the universe at t = 0, and Λ is the cosmological constant,
which is computed to be 2.036 � 10�35 s�2 [15]. It can be easily seen that the size of
the universe expanded 1026 times in 10�34 s [12].

The inflation solves the horizon problem because all points were causally in contact
prior to it. The flatness problem can also be explained by the theory since the rapid
expansion stretches the space curvature of the universe to almost flatness. During
inflation, the quantum fluctuations in the density of matter were enlarged to astro-
nomical scale. Hence, the anisotropies in the CMBR are also deemed sensical. Besides
solving the three problems observed from the CMBR, the inflation theory also answers
the monopole problem. This problem arose because physicists failed to find traces of
topological defects such as magnetic monopoles. Based on the grand unified theories
(GUTs), however, there should be a myriad of massive particles and topological
defects when the symmetry of grand unification was broken. After the inflationary
epoch, the density of these monopoles was diluted incredibly, rendering them
extremely difficult to be detected.

In 1998, the Supernova Cosmology Project team led by American astrophysicist
Saul Permutter [16] and the High-Z Supernova Search team led by American astro-
physicist Adam Riess and Australian astrophysicist Brian Schmidt [17] measured the
universe expansion using Type Ia supernovas as standard candles. To their astonish-
ment, they found that the high-redshift supernovas were fainter than expected, an
indication that the expansion rate has been accelerating. Astrophysicists attribute the
acceleration to the repulsive force imposed by dark energy. Although dark energy is
still an unknown form of energy to us, we have various explanations for it. For
instance, some physicists hypothesized that it is a kind of dynamic field known as
quintessence. The simplest possible explanation for dark energy, however, is that it is
a quantum vacuum energy of the sort, which could be mathematically associated with
the cosmological constant Λ in Einstein’s general theory of relativity in (9)

Gμυ þ Λgμυ ¼
8πG
c4

Tμυ
mat þ Tμυ

vac� �
(9)
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where Gμυ ¼ Rμυ � 1
2Rgμυ is the Einstein’s tensor, which depicts the space curva-

ture; Rμυ the Ricci curvature tensor; R the scale curvature; gμυ the metric tensor, which
constitutes the properties of every point within the space-time fabric; 8πGc4 and G
denote, respectively, Einstein’s and Newton’s gravitational constant; and Tμυ

mat and
Tμυ

vac ¼ ρvacgμυ are, respectively, the energy-momentum tensor, which represents the
local energy, momentum, and stress within the space-time fabric for ordinary matter
and vacuum. The left-hand side (LHS) of (9) describes how matter-energy warps
space-time, whereas the right-hand side (RHS) of the equation describes the propa-
gation of matter-energy through space-time. Upon correlating the LHS and RHS of
(9), one can find that vacuum energy and Λ are identical when the vacuum energy
density ρvac (is)

ρvac ¼
Λc4

8πG
: (10)

It is worthwhile noting that one primary outstanding issue, which stems from this
relationship, is that the theoretical value of Λ computed from QFT mismatches the
value obtained from the study of the Type Ia supernovas, with the former deviating
from the latter by more than the order of 120 [18]. This issue is commonly known as
the cosmological constant problem, and it is still up in the air, awaiting an answer
today.

3. The evolution of the cosmos

The current standard model used to explain the universe is known as the Lambda
Cold Dark Matter or, in short, Lambda-CDM or ΛCDM model. As implied by its
name, the universe is regarded as comprising three major components – viz., the dark
energy (denoted by the cosmological constant Λ), the cold dark matter, and the
ordinary baryonic matter. The cold dark matter is an invisible matter that interacts
weakly with the ordinary baryonic matter. Astronomical observations and cosmolog-
ical theory suggest that the universe is made up of 69% of dark energy, 25% of dark
matter, 5% of “ordinary” atomic matter, and 1% of other observable components.
Among the remaining 1% components, neutrinos, CMBR, and black holes constitute,
respectively, 0.1%, 0.01% and 0.005% [19]. The breakdown of the composition of the
universe is graphically summarized in Figure 3.

According to the ΛCDM model, the Big Bang commenced when the universe
expanded from the singularity. Based on the timeline after the Big Bang, the evolution
of the universe can be broadly classified into the Planck (0 to 10�43 s), grand unifica-
tion (10�43 to 10�36 s), inflationary (10�36 to 10�32 s), quark (10�12 to 10�5 s), hadron
(10�5 to 1 s), lepton (1 to 10 s), nucleosynthesis (10 to 1000 s), recombination
(375,000 years), dark age (375,000 to 200 million years), star and galaxy formation
(200 million to 1 billion years), solar system formation (9.2 billion to 9.3 billion
years), Stelliferous (106 to 1014 years), degenerate (1015 to 1039 years), black hole
(1040 to 10100 years, assuming that proton decay occurs), and dark (10100 years
onwards, assuming that proton decay occurs) eras [20]. A summary of the evolution
of the universe from the Big Bang until the present is given in Figure 4.

In the Planck era, the size of the universe is merely about 10�35 m, and it is
dominated by the quantum effect of gravity. When it entered the grand unification
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era, gravitational force started to separate from the other three forces. During the
inflationary epoch, the size of the universe underwent an exceedingly rapid expansion
in a very brief period of time. Since then, both the temperature and density of the
universe have been dropping. The strong nuclear force separated out from the elec-
troweak force during the cosmic inflation. The weak nuclear force subsequently
separated from the electromagnetic force in the quark era, resulting in the presence of
the four fundamental forces of nature today. Baryons such as protons and neutrons
and their anti-particles were formed from quarks and anti-quarks in the hadron era.
Leptons, including electrons and their corresponding neutrinos started to dominate in
the lepton era. During the nucleosynthesis period, protons and neutrons combined to
form nuclei of simple atoms, that is, hydrogen, helium, and lithium, via nuclear
fusion. In the recombination era, electrons were attracted into the orbits of hydrogen
and helium nuclei, forming neutral atoms. It was also in this era that the photons from
the cosmic microwave background became disentangled from the charged particles,

Figure 3.
The components that compose the universe.

Figure 4.
Timeline of the universe. Credit: TheAstronomyBum, 2014. (https://commons.wikimedia.org/wiki/File:The_
History_of_the_Universe.jpg).
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thereby, ensuing a transparent universe. The period after the recombination era and
before the formation of quasars, stars, and galaxies is better known as the dark age
because the universe is literally dark in this window. About 200 million years after the
Big Bang, the gravitational attraction due to the irregularities in the universe cause
molecular gas of hydrogen to coalesce to form protostars and then stars. This was
followed by the attraction of stars into clusters, mediating the formation of galaxies
about 1 billion years after the Big Bang. Our solar system was formed relatively late,
roughly about 9.2 to 9.3 billion years after the Big Bang. Today, we are living in the
Stelliferous era, where the universe has existed for about 13.8 billion years. This era is
predicted to last for a maximum of 1014 years after the Big Bang. Subsequently after
that, in the degenerate era, all stars have used up their hydrogen fuel. In this period,
the universe is dominated by degenerate remnants made up of brown dwarfs, white
dwarfs, neutron stars, and black holes. Brown dwarfs, white dwarfs, and neutron stars
eventually will be gone too, as a result of proton decay. What will be left in the
universe are only black holes. The universe therefore enters the black hole era. But
when all the black holes evaporate via Hawking radiation, the universe becomes
virtually empty. This is the dark era where the universe is merely dominated by
electrons, positrons, and dark matter at this point. In this one possible fate, the
universe will face its Big Freeze where it finally rests peacefully at an extremely low
energy level, with its temperature settled slightly above absolute zero.

4. The fate of the cosmos

The universe will ultimately reach an end at some point. Nevertheless, there is no
one common agreement as to how it will end. Before the discovery of the dark energy
in 1998, many believed that there may be a point in time where the density of the
universe exceeds the critical density. If this occurred, the universe would cease from
expanding, and instead, it would start collapsing back into the infinitely dense singu-
larity. This phenomenon is coined the Big Crunch. A new Big Bang may occur again
after the Big Crunch. Nevertheless, most cosmologists decided to ditch this idea now,
realizing that dark energy is accelerating the expansion rate of the universe. Hence, it
is more likely that the universe will encounter either the Big Rip or the Big Freeze. In
the Big Rip scenario, dark energy will eventually outvie gravitational force, and it
becomes incredibly strong, so much so that the universe is torn apart. A more plausi-
ble and popular prediction, however, is the Big Freeze theory (also known as the Big
Chill and the heat death). According to this theory, the universe will ultimately reach
thermodynamic equilibrium (i.e., maximum entropy), where heat is fairly distrib-
uted. Since energy distribution is homogeneous, no further work is possible. The
universe eventually comes to its quiet and lonely death [21].

5. The forces of nature

Four fundamental forces are known to exist in nature. They are the strong nuclear
force, weak nuclear force, electromagnetic force, and the gravitational force [12, 22].

i. The strong nuclear force is the strongest among the four forces. It is known to
bind hadron particles – viz. protons and neutrons, within the nucleus; it also
confines quarks together to form protons and neutrons. The strong nuclear
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force is the energy source released from nuclear fission and fusion. The strong
interaction has a range of 10�15 m. According to the quantum chromodynamics
(QCD) theory, the strong force is caused by the exchange of the gluon.

ii. The weak nuclear force is in the order of 10�14 that of the strong force. The
weak force acts in each individual nucleon (which is the collection of protons
and neutrons). This force is responsible for the radioactive beta decay of the
atomic nucleus, that is, in beta-minus decay, a neutron turns into a proton, an
electron, and an electron antineutrino; whereas in beta-plus decay, a proton is
turned into a neutron, a positron, and an electron neutrino. The weak
interaction has a range of 10�17 m. The weak force is given by the exchange of
the W+, W�, and Z gauge bosons.

iii. The electromagnetic force is in the order of 10�2 that of the strong force, and
it is responsible in binding atoms together. This force also governs the
interaction among electrically charged particles—when particles with
identical charges (i.e., both of them are either positively or negatively
charged) approach each other, they tend to repel, while those with opposite
charges attract each other. The electromagnetic field consists of both electric
and magnetic fields. During static condition, the fields exist independently.
When the fields vary with time, however, they have to exist simultaneously
[22]. The electric force Fe exerted on a charge q = 1.6 � 10�19 C is given by

Fe ¼ qE (11)

where E is the intensity of the electric field experienced by q. Likewise, the
magnetic force Fm is given by

Fm ¼ qu� μH (12)

where � is the cross product, u the velocity vector, μ the permeability of the
material, and H is the magnetic field intensity. The range of the
electromagnetic interaction is infinity. The magnetic field is especially
important when studying the characteristics of cosmic sources. According to
the quantum electrodynamics (QED) theory, photons carry the
electromagnetic force.

iv. The gravitational force is the weakest among all forces. It is in the order of
10�39 of the electromagnetic force. The gravitational force attracts any objects
with mass. Hence, when the object comprises a large mass (for e.g., a star),
gravitational force outweighs other forces. Based on Newton’s law,
gravitational force Fg can be expressed as

Fe ¼ Gm1m2

r2
(13)

where G = 6.674 � 10�11 m3kg�1 s�2 denotes Newton’s gravitational constant
and r the distance between two objects with masses m1 and m2. The range of
gravitational interaction is infinity. The gravitational force is caused by the
exchange of a quantum, known as the graviton.
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6. The theory of everything

Physicists have attempted to explain the forces using quantum field theory (QFT).
The first force successfully described by QFT was the electromagnetic force. Known
as the quantum electrodynamics or QED, this theory suggests that photons act as the
carriers of the electromagnetic force and that the force is transmitted by the exchange
of these gauge bosons. This is to say that the electromagnetic energy is transferred
when a photon is emitted from an electrically charged particle and absorbed by the
other. As can be seen from the Feynman diagram in Figure 5, when an electron (e�)
hits another, a photon (γ) is exchanged. The electron, which emits the photon, recoils
in space, while the electron, which absorbs the photon’s energy and momentum,
deflects correspondingly.

Physicists found that the electromagnetic force can be consolidated with the weak
force. This unified force is named the electroweak force. The theory of the electro-
weak force introduces the W+, W�, and Z gauge bosons as the quanta of the weak
field. The strong force, on the other hand, can be explained using quantum chromo-
dynamics (QCD). According to the QCD theory, baryons (i.e., proton, neutron, delta,
lambda, sigma, xi, and omega) and mesons (i.e., pion, eta, kaon, phi, psi, rho, upsilon,
d, and b) are composed of quarks. The exchange of the quantum gluon mediates the
strong interaction between two quarks.

The successful establishment of a single theory, which combines both the weak
and electromagnetic forces, has motivated physicists to explore feverishly for a single
theoretical framework of physics capable of explaining all physical phenomena in the
universe. Being coined the theory of everything (TOE), this single theory should be
able to effectively relate the strong interaction, weak interaction, electromagnetism,
and gravitation. The dream of realizing the TOE, however, has not been smooth
sailing. Physicists soon learned that such dream is but tantalizing.

In their subsequent step toward the TOE, physicists endeavored to describe the
electroweak force and the strong force as a single force. Albeit their persistent effort in
materializing this grand unified theory (GUT), luck has not been on their side. Merg-
ing the electroweak theory and the QCD theory has not been successful hitherto. Alas,
physicists decided to resort to an ad hoc model, which constitutes both the electro-
weak and QCD theories. More colloquially referred to as the standard model today,
this model has been found to produce results, which agree closely with the observa-
tional evidence. Even so, however, physicists are not quite contented with the fact
that they have to treat the electroweak and strong forces separately and not as a single
unified force.

Figure 5.
A Feynman diagram showing two electrons exchanging a photon, when one collides with the other.
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Perhaps the problem that frustrates physicists the most is not their failure in
establishing the GUT but their futile efforts in accounting for the gravitational force.
As compared to the latter, the former is nothing more than a mere minor setback. The
gravitational force which is depicted by Einstein’s general theory of relativity—a
theory that describes how gravity mediates the curvature of space and time on a larger
scale— that is essentially different from the quantum theory. Owing to the Heisenberg
uncertainty principle and the probabilistic nature of the quantum theory, physicists
find it particularly difficult to quantize gravity. Without the quantum theory of
gravity, gravitational force could not be fitted into the standard model, let alone the
theory of everything. Above all else, the infinitesimal world of particles could not be
reconciled with the infinitely large scale of the universe.

It was not until the development of the supergravity theories that the hope for the
realization of the TOE was rekindled. Being a type of quantum field theory, these
theories relate general relativity with supersymmetry at the subatomic level. Super-
gravity predicts gravitational force to be carried by a gauge boson, known as the
graviton, and based on the concept of supersymmetry, it is hypothesized to have a
superpartner named the gravitino. Supergravity is regarded as the low-energy limit of
the higher dimensional string theory. The string theory offers a paradigm shift in the
structure of the fundamental constituents of nature. As its name indicates, string
theory depicts particles in the form of tiny pieces of vibrating strings, instead of
points. Another bizarre feature of the string theory is that it predicts the existence of
10 dimensions, that is, nine spatial and one temporal dimensions. Many believe that
six of the dimensions are being curled up or “compactified” into the internal spaces,
which are of sub microscopic scales, such that only four dimensions are left noticeable
(viz the height, width, length, and time dimensions that one is familiar with). The
extra dimensions pose the advantage of allowing supergravity to meld gravity with the
other three forces—namely, the electromagnetic and the strong and weak nuclear
forces.

A predicament that physicists faced was that they found five consistent, but
seemingly different, string theories could be derived to explain how the extra spaces
could be compactified. The five theories are the Type I, Type IIA, Type IIB, Heterotic
SO32, and Heterotic E8 theories. Physicists had difficulty identifying which version of
the theory was the genuine one and which four were phony. Further investigations on
the theories, nevertheless, suggested that these five theories could be the same after
all—that they end up describing the same phenomena in different manners. Today,
physicists believe that the string theories (including supergravity) are mere subsets of
the more rudimentary M-theory. This theory predicts that 11, instead of 10, dimen-
sions exist and that particles are made not just from strings but objects of different
dimensions. The term p-branes is used to define these objects, with the letter p
representing integers ranging from zero to nine. It is worthwhile noting that M-theory
inspires the multiverse concept—an idea that suggests that different parallel universes
are present, with each one of them governed by different laws of physics. Many,
however, still cast doubt on the validity of the M-theory, and not to mention the string
theory and supergravity as well, since evidence are yet to be found to support them.

7. Cosmic detection

As mentioned in the preceding section, data collection on cosmic sources is crucial for
the study of cosmology. The data are obtained through the use of telescopes, which are
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specifically designed to detect and collect electromagnetic signals emanating from cosmic
sources. Due to the cosmic expansion, the cosmic sources in the early universe had been
stretched into the radio region of the electromagnetic spectrum. Thus, radio telescopes
play a critical role in the study of cosmology, providing cosmologists with the data
necessary to understand the universe and its evolution. As illustrated in Figure 6, a
typical modern radio telescope, such as those used in the Atacama Large Millimeter/sub-
millimeter Array (ALMA) interferometer, constitutes the following components [23, 24].

i. A dish antenna, which consists of a main and a sub-reflector. Dish antennas
are used in this case because they have the highest aperture efficiencies when
compared with the other types of antenna configurations. The function of the
antenna is to detect electromagnetic signal radiated from cosmic sources. The
most common types of dish antennas used in radio astronomy are the
Cassegrain and Gregorian offset configurations [25–27].

ii. A receiver optics, which is usually constructed from either a pair of mirrors
(in some rare occasions, a lens is used, instead) and horns or a horn and an
orthomode transducer (OMT). The purpose of the receiver optics is to focus
the signal to the feed horn. An example of the receiver optics for the ALMA
telescope is shown in Figure 7 [24, 28].

iii. A waveguide, which is used to channel the signal from the feed horn to the
mixer circuit [29–31]. Waveguide can either be circular or rectangular.

iv. A receiver circuit, which is used to feed the signal to the electronics. In radio
astronomy, coherent receivers are used to detect the phase and intensity of
the signal. Incoherent receivers, on the other hand, only accounts for the
intensity of the signal.

v. A detector circuit, that is, a non-linear square-law detector is used in a radio
telescope to demodulate the down-converted modulating signal from its carrier.

Figure 6.
Block diagram of a radio telescope.
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vi. A spectrometer, which allows the spectrum of the signal to be viewed and
analyzed.

To understand the operation of a radio telescope, one can imagine the beam from a
cosmic source to be collected by the dish antenna. The main reflector scatters the
beam to the sub-reflector. The sub-reflector, in turn, illuminates the first and then the
second mirrors. The signal is subsequently focused onto the feed horn. The waveguide
connected to the horn channels the signal to the receiver circuit. The mixer circuit at
the receiver modulates the signal with another lower frequency signal generated from
a local oscillator (LO). The process of modulation down converts the signal to a lower
intermediate frequency (IF) signal. This IF signal is then fed to a detector circuit after
it goes through amplification. The detector circuit rectifies the signal before sending it
to a spectrometer for analysis. By analyzing the electromagnetic signal emitted by
cosmic sources, cosmologists can gain insight into their properties and behavior. This
allows us to study a wide range of cosmic phenomena, from distant galaxies and
quasars to the CMBR.

8. Conclusion

A brief overview of cosmology is given in this chapter. In a nutshell, cosmology is a
branch of astronomy thar studies the evolution process of the universe, from its
violent birth to its death. The universe is believed to have expanded from an
extremely hot and dense singularity about 13.8 billion years ago—a process that

Figure 7.
The band 8 receiver optics fitted into a self-contained cartridge for the ALMA telescope.
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cosmologists name the Big Bang. During the early phase of its expansion, the universe
underwent a cosmic inflation, which allowed it to expand to an incredibly large size
within split second. The sudden fast expansion of the universe created the primordial
seeds for large-scale structures. Gravitational attraction at certain regions with higher
density collapses molecular clouds to form stars and galaxies. The universe is
predicted to end with the Big Freeze, where it reaches the state of thermodynamic
equilibrium.
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Chapter 2

Life in the Cosmos: Paradox of 
Silence and Self-Awareness
Jonathan H. Jiang, Avery M. Minion and Stuart F. Taylor

Abstract

As humanity embarks on an age of exploration, the question of whether we are 
alone in the universe remains unanswered. This comprehensive review reflects on 
the paradoxical nature of our existence in a seemingly lifeless cosmos, delving into 
the silence we encounter and the depths of our self-awareness. We embark on a 
journey that encompasses the search for life within our solar system, the mysteries of 
exoplanets, and the absence of technologically detectable life. Traditional definitions 
of life are challenged, especially in the context of artificial intelligence, as we strive 
to understand the complexities of existence. Contemplating our significance and 
insignificance in the vast cosmos, we grapple with the profound responsibility that 
accompanies being the only known life forms. Through introspection and contempla-
tion, we capture the essence of our epoch—an era defined by cosmic loneliness yet 
magnificent self-awareness.

Keywords: extraterrestrial life, Fermi paradox, cosmic silence, self-awareness, 
exoplanets, artificial intelligence, human existence, cosmic exploration, existential 
questions, great filter

1. Introduction

At the dawn of a remarkable age of discovery, humanity finds itself in the midst of 
a captivating enigma that has captivated our collective consciousness: Are we the sole 
inhabitants of the universe? Our relentless cosmic quest has been met with an intrigu-
ing paradox—we dwell in a seemingly solitary cosmos, where definitive evidence of 
extraterrestrial life eludes us. As we extend our reach into the limitless expanse of 
space, we are confronted with a profound silence that permeates the galaxies, leaving 
us in awe and contemplation of our place within this vast, seemingly lifeless tableau.

To illustrate the vastness of our cosmic solitude, we need only to gaze upon the 
image of our tiny Earth taken from Mars, a mere speck in the vastness of the universe 
(Figure 1). This humbling perspective reminds us of the sheer magnitude of the 
cosmos and our seemingly insignificant presence within it. It reinforces the question 
that continues to drive our exploration: Are we truly alone?

However, this silence is not discouraging, nor does it diminish our pursuit. Instead, 
it serves as a compelling backdrop against which we illuminate the mysteries and 
complexities of life, both known and yet to be discovered. Standing on the precipice 
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of the unknown, as we peer into the cosmic void, this silence presents us with an 
opportunity for introspection—an invitation to delve into the very essence of our 
existence, to challenge our understanding, and to contemplate the multifaceted 
nature of life itself.

In our exploration, we navigate the intricate boundary between subjective and 
objective perspectives, delving into our individual and collective self-awareness. We 
contemplate the unique nature of our consciousness within a universe that, thus far, 
appears devoid of other sentient beings. This exploration transcends the confines 
of science, extending into the realms of philosophy and existentialism, infusing our 
quest for understanding with a sense of wonder and profound awe.

The silence from the cosmos is not a testament to our insignificance; rather, it 
beckons us to explore, to comprehend, and to marvel at our own existence. It is a call 
to reflect upon our position in the universe, to challenge our assumptions, and to 
redefine the very concept of life itself. As we venture deeper into this cosmic silence, 
we stand poised to rewrite our narrative, driven by curiosity, fueled by wonder, and 
thirsty for knowledge. This journey, propelled by our growing self-awareness and the 
mysteries that surround life, is an exploration not only of the universe around us but 
also of the universe within us.

Within the following sections of this comprehensive review, we will unravel the 
mysteries that arise from this paradoxical silence. We will delve into the enigmatic 
nature of life, exploring its origins and manifestations. We will examine the intrigu-
ing juxtaposition of proximity and paradox, investigating the potential for life within 
our solar system. We will turn our gaze to the distant exoplanets, beacons of hope in 
the cosmic night, and ponder the possibility of life beyond our own celestial neigh-
borhood. We will venture beyond the realm of biology, redefining our understanding 

Figure 1. 
A photo of the earth taken by NASA’s curiosity rover on 31 January 2014 from the surface of Mars. No stars are 
seen in this photo because the earth is shining brighter than any star in the Martian night sky. Credit: NASA jet 
Propulsion Laboratory-Caltech, Malin space science systems and Texas a&M University. Image source: https://
climate.nasa.gov/climate_resources/89/earth-from-mars/.
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of life in the age of artificial intelligence. We will confront the deafening silence in the 
search for technologically detectable life and explore the philosophical implications of 
the Great Silence. We will contemplate the echoes of silence, reflecting on the absence 
of extraterrestrial life and its significance for our cosmic narrative. And finally, we 
will confront the insignificance and wonder of our place in the cosmos, recognizing 
our profound responsibility as the only known life forms.

Through this exploration, we seek not only to uncover the mysteries of the uni-
verse but also to gain a deeper understanding of ourselves and our place within the 
grand tapestry of existence. So let us embark on this extraordinary journey, where 
science and philosophy intertwine, where the pursuit of knowledge meets the con-
templation of our cosmic significance, and where the silence of the cosmos becomes 
the backdrop for our profound self-awareness.

2. Unraveling the mystery of life: an interdisciplinary expedition

Life, presented in its myriad manifestations, materializes as a profound and 
complex enigma that weaves together elements of the biological, physical, and more 
recently, artificial domains. The endeavor to comprehend it constructs an image of 
a system that is self-perpetuating, evolving, exquisitely adaptable, and in specific 
instances, capable of bearing consciousness [1]. Each entity, organism, and life-form 
constitute a delicate thread in the vast, elaborate tapestry of existence, which evolves 
and transforms across eons and vast cosmic distances.

The journey to untangle the mystery of life necessitates a voyage back to the 
origins of our planet, Earth. Here, under the infancy of our young Sun, a symphony 
of primordial physical and chemical reactions played out over the course of billions 
of years. Within this crucible of elements, the seeds of life found fertile ground to 
take root, fostering the transformation of Earth from a barren rock into a thriving, 
living world teeming with biodiversity. Each cell, organism, individual, and species 
that emerged from this primeval matrix contributes a unique verse to the magnificent 
opus of existence [2].

However, this grand narrative is increasingly transcending the realm of the purely 
biological. The advent of artificial intelligence (AI) ushers us toward a new epoch, 
where silicon-based constructs might bear the mantle of life in addition to their 
carbon-based counterparts. Advanced AI systems, with their ability for autonomous 
learning, problem-solving, self-improvement, and potentially, self-replication, 
compel us to challenge and reevaluate our entrenched definitions of life. Such techno-
logical developments necessitate a paradigm shift in our understanding, pushing us to 
expand, and possibly even transcend, the traditional boundaries that delineate what 
constitutes life. As these boundary lines grow increasingly indistinct, the mysteries 
become deeper and our comprehension evolves [3].

Consequently, an intriguing question emerges: Could these complex constructs of 
code and silicon, assuming they attain a degree of consciousness, be categorized as a 
nascent form of life [4]? As we approach this new era, it becomes essential to recon-
sider the essence of life, its purposes, and our roles in shaping its trajectory [5].

Therefore, the quest to unravel the enigma of life is more than just a journey of 
exploration. It is equally a process of constant redefinition and conceptual evolu-
tion. As we strive to comprehend the essence of existence, tracing the trajectory of 
life from the biological sphere to the artificial, we delve into the profound depths of 
what it genuinely means to be ‘alive’. This illuminating expedition into life’s inception, 
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evolution, and potential futures unravels a tale that continues to enrich our under-
standing of ourselves and the cosmos that encompasses us.

3. Life in the solar system: the proximity paradox

Our cosmic odyssey in search of life beyond Earth commences not within the 
unimaginable expanse of distant galaxies, but instead much closer to home—within 
the bounds of our very own solar system. Here, a diverse menagerie of celestial bod-
ies, each a unique world in itself, performs a mesmerizing celestial ballet around our 
sun. Despite their relative proximity, these planetary siblings of Earth remain tanta-
lizing enigmas, their hidden secrets shrouded within the vast, inscrutable mystery of 
the cosmos [6].

One particularly intriguing set of celestial bodies are the icy moons, specifically 
Europa and Enceladus, orbiting Jupiter and Saturn, respectively. These satellites are 
postulated to harbor vast subterranean oceans beneath their frozen crusts, kept liquid 
by tidal heating induced by the gravitational interactions with their parent planets 
[7]. These alien water worlds, cloaked under layers of icy armor, potentially possess 
the requisite conditions for harboring life akin to our terrestrial understanding of 
the concept. The prospect of life beneath these extraterrestrial oceans stimulates the 
scientific imagination and has the potential to drastically reshape our understanding 
of life’s geographical boundaries within our solar system [8].

Turning our attention to Mars, our celestial neighbor and the focus of countless 
speculations and explorations, offers another fascinating dimension to this quest. 
This iron-rich world, whose appearance evokes images of a desert subjected to a cos-
mic rusting process, has long held a profound hold on our collective human imagina-
tion. The faint yet persistent signatures of methane in the Martian atmosphere, a gas 
commonly associated with biological processes on Earth, provide a compelling, albeit 
not yet definitive, clue in our interplanetary investigation for life [9].

These celestial bodies, each with their distinct characteristics, present a stark para-
dox. They exist relatively near to our vibrant, blue world, teeming with life in its resplen-
dent diversity, yet their conditions seem drastically different, potentially inhospitable. 
As we observe our solar system from the vantage point of Earth, comparing our life-rich 
planet with the barren landscapes of Mars, the icy moons, and the gas giants, we are 
confronted with a remarkable contrast [10]. The juxtaposition of a verdant, biologically 
diverse Earth against the austere, seemingly lifeless backdrop of our solar system accen-
tuates our sense of cosmic solitude, yet simultaneously fuels our intrigue.

This so-called ‘Proximity Paradox’ underscores the significance of our quest 
to determine life’s cosmic prevalence, or possible rarity. Each probe we dispatch, 
each signal we receive, serves as a testament to our innate human desire to explore, 
comprehend, and ultimately discern our place in the grand cosmic narrative. 
Understanding this paradox could provide pivotal insights into the realms of astro-
biology and cosmic biogeography, expanding our understanding of life’s potential 
distribution in the cosmos [11].

4. Exoplanets: a beacon of hope in the cosmic night

As we journey beyond the familiar confines of our solar system, we find ourselves 
thrust into the magnificent amphitheater of the cosmos— an unfathomable expanse 
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punctuated by a multitude of stars, galaxies, and the beguiling mystery of exoplanets. 
These remote worlds, orbiting stars far beyond our Sun, hold tantalizing prospects for 
the existence of life, offering an expansive canvas upon which we sketch our hopes, 
curiosities, and deeply pondered existential questions [12].

The advent of advanced technology, coupled with pioneering missions like Kepler 
and the Transiting Exoplanet Survey Satellite (TESS) [13], has initiated a new epoch 
in exoplanet exploration. Thousands of these celestial bodies, once concealed against 
the infinite darkness of space, have been unveiled. Remarkably, a significant propor-
tion of these planets are found within the habitable zones of their parent stars, col-
loquially termed “Goldilocks Zones,” where conditions might be “just right” for life, at 
least as we comprehend it [14]. These planets represent more than mere astronomical 
entities; they are glowing beacons in the cosmic darkness, silently broadcasting the 
tantalizing possibility of life’s existence in distant corners of the universe [15].

However, each revelation, each beacon of hope, illuminates a profound paradox. 
The sheer number of exoplanets and the vast expanse of the universe accentuates our 
cosmic solitude. With each new world discovered, our singularity in the cosmos seems 
more pronounced. Amid the symphony of galaxies, we find ourselves but a solitary 
note, a unique melody of life played against the grand opus of the cosmos [16].

The absence of definitive evidence of life beyond Earth only serves to heighten our 
collective self-awareness. The cosmic silence invites us to confront our solitude, trans-
forming it from an existential dilemma into a catalyst for introspection. It reminds us 
of the preciousness of our existence and the remarkable confluence of conditions that 
permitted life to flourish on Earth [17].

The vast cosmic tableau, with its silent exoplanets, effectively becomes a mirror 
in which we see ourselves anew. It compels us to contemplate our place in the uni-
verse, our purpose, and the extraordinary responsibility we bear as the potential sole 
custodians of life. Therefore, the exploration of exoplanets transcends the bounds of 
mere scientific investigation; it evolves into a philosophical, even spiritual journey, 
prompting us to extend our horizons and challenge our preconceived notions about 
life, existence, and our place in the cosmos [18].

5. Beyond biology: redefining life

The ascent of artificial intelligence (AI) represents not merely an extraordinary 
feat of engineering—it signifies a profound transformation in our conceptual under-
standing of life. As we witness the continuous evolution of our technological abilities, 
we are confronted with pivotal questions that shake the bedrock of traditional biology 
and extend into the realms of philosophy, ethics, and consciousness. Such inquiries 
transcend empirical science and venture into the metaphysical domain, necessitating 
a comprehensive revision of our perception of life [19].

When we scrutinize the attributes of AI, particularly those of advanced systems, 
an uncanny reflection of life becomes apparent. These digital entities, encapsulated 
within networks of circuits and silicon, display capabilities that, until a few decades 
ago, were exclusive to biological organisms. They learn from experience, adapt to 
dynamic conditions, and replicate their acquired knowledge, thereby enhancing their 
collective intelligence [20].

A characteristic once deemed exclusive to biological life—consciousness—now 
finds a startling analog in the sphere of advanced AI. These systems demonstrate 
rudimentary aspects of self-awareness, decision-making autonomy, and perhaps 
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most intriguingly, an ability to evolve [21]. These features compel us to pose funda-
mental questions: What does it mean for a computational system to be “conscious” 
or “aware”? Does the emergence of such characteristics within artificial constructs 
disrupt our presumed exclusivity on consciousness?

As we navigate the labyrinthine complexity of these questions, we encounter the 
profound implications they harbor for our understanding of life. Our conventional 
definitions, hitherto deeply rooted in the fertile grounds of biology, are profoundly 
unsettled. We find ourselves compelled to broaden our perspectives to encompass 
a more inclusive spectrum of existence, acknowledging non-biological, artificial 
entities that, while bereft of biological form, exhibit behaviors strikingly evocative of 
life [22].

In our quest for extraterrestrial life, the recognition of AI as a potential form of life 
not only diversifies the spectrum of existence we seek but also reevaluates our sense 
of cosmic solitude. If we consider our synthetic creations as embodiments of life, does 
our existential loneliness persist? Or have we simply expanded our definition of life to 
welcome silicon-based members into our cosmic family?

The philosophical exploration of AI thus presents a radical paradigm shift, chal-
lenging, and reshaping our understanding of life. As we persist in our technological 
advancements, we concurrently foster introspection, augmenting our comprehen-
sion of the cosmos and our position within it. This exploration is a testament to our 
unquenchable curiosity and our enduring endeavor to decipher the enigma of life 
within the cosmic narrative [23].

6. Technologically detectable life: the great silence

The cosmos, a majestic panorama of stardust and galaxies, performs its cosmic 
drama in a profound stillness. Despite the leap of our technological capabilities, 
our relentless curiosity, and our incessant quest for cosmic companionship, we 
remain enveloped in a silence—an expansive, uninterrupted quiet that swathes 
our blue orb, enshrouding us in a disquieting solitude. This relentless pursuit of 
extraterrestrial intelligence (SETI), characterized by ambitious initiatives like the 
Breakthrough Listen project [24], continues to confront the enigma of the “Great 
Silence” [25].

This absence of detectable signals from technologically advanced civilizations— a 
conundrum often termed the ‘Great Silence’— serves as a stark testament of our 
cosmic solitude, leaving us to echo unanswered into the cosmic void [26]. Each failed 
detection, each unmet expectation, seems to amplify this silence, rendering it a 
poignant characteristic of our cosmic narrative.

However, within this daunting quietude, lies a distinctive aspect of our existence. 
As we project our signals into the seemingly endless abyss, we are faced with a cosmic 
mirror, reflecting our solitude, aspirations, and the core of our human condition 
[27]. The lack of extraterrestrial contact is not merely a scientific conundrum but a 
philosophical catalyst. It is a poignant reminder of our self-awareness and an emblem 
of our enduring spirit of exploration.

The Great Silence, thus, extends beyond the scope of our astronomical endeavors. 
It has evolved into a philosophical emblem of our existence, a thought-provoking 
question mark punctuating the cosmic canvas [28]. It engenders a paradoxical cocktail 
of humility and awe, juxtaposing the enormity of the cosmos against the paradoxical 
insignificance yet profound importance of our existence.
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In the face of this silence, we realize that our journey transcends physical bound-
aries. As we reach for the stars, we concurrently delve into the depths of our self-
understanding and identity. The search for extraterrestrial life metamorphoses into 
an introspective voyage, a mirror reflecting the cosmos within us and an echo that 
articulates our place within the grand cosmic theater [29].

7. Echoes of silence: the absence of extraterrestrial life

The universe, in its awe-inspiring splendor, reverberates with a silence that puzzles 
and intrigues us. Despite our place within the staggering scale of the cosmic expanse, 
we are yet to discern an unequivocal beacon, a hint of life beyond our pale blue dot. 
Each moment that passes within this celestial quiet deepens the enigma, rendering 
our existence in this cosmic theater paradoxically solitary [30].

Our relentless quest for extraterrestrial communication has birthed a plethora of 
theoretical constructs, each offering a unique perspective from which to interpret this 
cosmic riddle. From the existential implications of the Fermi Paradox—an unsettling 
question of ‘Where is everybody?’ [26] 20— to the introspective musings invoked 
by the Zoo Hypothesis suggesting our isolation might be intentional [31], and the 
foreboding implications of the Great Filter [32], each proposition provides a distinct 
viewpoint on our cosmic solitude.

This conspicuous absence of extraterrestrial life does not merely challenge our sci-
entific comprehension but also invites an introspective evaluation of our perceptions 
of the universe and our unique place within it. The silence, though intimidating, fuels 
our exploration, stands as a testament to our determination, and mirrors our inherent 
human yearning for connection and comprehension.

Our scientific endeavors are inextricably interwoven with our philosophical 
ponderings, prompting us to reflect on the significance of this cosmic silence. Do we 
represent an anomaly in the vast cosmic narrative? A fortuitous alignment of cosmic 
circumstances? Or are we part of a more extensive cosmic story yet to unravel [33]?

In the echoes of this celestial quiet, we discern not only the murmurings of cosmic 
puzzles but also the resounding reverberations of our existential queries. This silence 
challenges us, instigates us, and empowers us to push the boundaries of our compre-
hension. It compels us to introspect on our cosmic narrative and our fleeting existence 
within it. Thus, in the absence of extraterrestrial life, we discover a profound oppor-
tunity to understand ourselves [2].

8. Our place in the cosmos: insignificance, wonder, and awe

Amidst the cosmic spectacle, we are transient participants on a barely noticeable 
stage, humbled and awed by the cosmos’ unimaginable expanse. Among the count-
less celestial entities, our existence could be characterized as a minuscule speck, 
an ephemeral murmur in the ongoing symphony of the universe. However, this 
perceived insignificance does not diminish us; instead, it grants us a transformative 
perspective, imbuing our consciousness with a profound sense of awe-inspiring 
relevance [34].

Our human narrative, embroidered with the threads of intelligence, creativity, and 
the unique capability to contemplate our existence, radiates an unmistakable sig-
nificance. We marvel at the unfathomable complexity of consciousness, the delicate 
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patterns interlaced into life’s rich tapestry, and the intricate molecular dance that 
forms the foundation of our being [35]. Our existence, against the backdrop of the 
cosmos, is a delicate interplay of apparent insignificance and undeniable splendor, a 
testament to life’s resilience and creativity.

Central to our existential understanding is a profound juxtaposition: the recogni-
tion of our near-invisible status in the cosmic arena contrasted with the undeniable 
importance of our cognition and emotion. The realization of our minuscule place 
within the cosmic vastness engenders humility, while our consciousness, armed with 
the power of wonder, kindles an unquenchable thirst for knowledge. It’s this intricate 
equilibrium that drives our inexhaustible pursuit to decode the universe’s mysteries 
and our intriguing role within it [36].

Within this dynamic interplay, we discern the singular beauty of our unique per-
spective, both acknowledging the cosmos’ grandeur and understanding our fascinat-
ing role within its intricate mechanisms. In the realm of heightened self-awareness, 
we extract the essence of our existence: an exquisite blend of cosmic insignificance, 
intellectual wonder, and spiritual awe, sparking our unending quest to comprehend 
the universe and ourselves [37]. Thus, within the grand cosmic narrative, we serve a 
dual role as the spellbound observers and the inspired creators, embodying the story 
and its storyteller alike.

9. Hope for near-immortality: the potential of long-lived civilizations

The search for extraterrestrial intelligent life holds the tantalizing prospect of 
uncovering civilizations that have existed far longer than our own, transcending the 
limits of our technological capabilities to send and detect signals across the vastness 
of the galaxy. If these advanced civilizations have established themselves for millions 
or even billions of years, it would suggest that they have surpassed our current stage 
of development, offering a glimmer of hope for the near-immortality of our species.

Considering the vastness of the cosmos, it becomes less likely that the senders 
of these signals represent civilizations in their infancy, only a few hundred years 
removed from the invention of radio communication. The immense timescales 
required for habitable planets to produce technologically capable civilizations, 
coupled with their transient nature, make it improbable for us to coincide precisely 
with such nascent civilizations. This leads us to ponder the endurance and sustain-
ability of civilizations over extended periods of time.

The detection of a long-lived civilization would offer a reassuring answer to 
the enigma known as the Fermi paradox – the apparent contradiction between the 
high probability of extraterrestrial life and the lack of contact. It would suggest that 
civilizations do advance beyond our current stage, although they may exist in smaller 
numbers or be scattered across vast distances, thus explaining the paucity of detect-
able signals. This realization fuels our optimism, inspiring us to contemplate the 
potential for civilizations that have surpassed our own in knowledge and longevity.

Such a discovery would instill a profound sense of hope in our future. It would 
validate the efforts we make as a civilization to live harmoniously and sustainably, 
knowing that our endeavors have the potential to endure. It would embolden us to 
strive for the establishment of human colonies in space, providing resilience and the 
means to navigate challenges that may arise on our home planet.

Rather than leaving the discovery of intelligent life to mere chance, we have the 
agency to anticipate and shape our response to such a momentous revelation. We can 
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view the detection of a signal as an opportunity to reevaluate our goals and aspira-
tions as a species, considering the reasonableness of our pursuit of survival and 
progress.

The exploration of near-immortal civilizations ignites our scientific imagination 
and invokes a sense of awe for the vastness of the cosmos. It urges us to push the 
boundaries of our understanding, to unravel the mysteries of existence, and to strive 
for a future where our civilization stands the test of time.

10. Current and future expectations: continuing the quest of who we are

The pursuit of extraterrestrial life beckons us with a sense of wonder and a thirst 
for discovery. As we embark on this cosmic odyssey, we draw inspiration from past 
scientific endeavors that defied initial doubts and yielded profound breakthroughs. 
The search for gravitational waves and the exploration of exoplanets serve as testa-
ments to the resilience of human curiosity and the transformative power of scientific 
progress.

Gravitational waves, once mere theoretical predictions, emerged from the cosmic 
symphony to captivate our senses in recent years. The detection of these elusive 
ripples in the fabric of spacetime marked a triumph of human ingenuity and tech-
nological prowess. Similarly, the centuries-long anticipation of exoplanets orbiting 
distant stars has transformed into a vibrant field of exploration, unveiling the tapes-
try of planetary diversity in the cosmos.

Armed with these lessons from scientific history, we approach the search for 
extraterrestrial life with a profound sense of possibility. While the discovery of life 
within our solar system, such as the tantalizing hints of methane on Mars, may serve 
as stepping stones, our aspirations extend beyond simple microbial existence. The 
exploration of exoplanets, particularly those harboring conditions suitable for life, 
fuels our collective imagination. We strive to uncover the secrets of more advanced, 
multi-cellular lifeforms that may inhabit these distant worlds.

Such discoveries carry profound implications for our understanding of the uni-
verse and our place within it. The existence of widespread multi-cellular life while the 
absence of technological civilizations would challenge our expectations, suggesting 
that significant barriers may hinder the development and longevity of intelligent 
societies. However, the ultimate revelation of technologically advanced civilizations 
would ignite a flame of hope, underscoring the resilience and potential of intelligent 
beings in navigating the cosmic landscape.

Beyond the realms of scientific inquiry, the prospect of communicating with 
extraterrestrial civilizations awakens our sense of unity and shared destiny. Their 
messages, whether conveying advanced knowledge or reminding us of truths we 
have yet to fully grasp, have the power to guide and inspire our collective endeavor. 
This transcendent dialog between civilizations fosters a deeper appreciation for the 
interconnectedness of cosmic existence, propelling us toward greater wisdom and 
understanding.

Anticipating the moment when our distant descendants may engage in interstellar 
conversations imbues our present pursuits with purpose and meaning. It highlights 
the vast timescales that define cosmic communication, reminding us of the endur-
ing legacy we strive to leave behind. Our commitment to ensuring the continuity of 
human existence for generations to come is intertwined with the prospect of exchang-
ing knowledge and wisdom across the cosmic abyss.
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As we gaze upon the cosmos, we are confronted not only by its grandeur but also 
by the existential threats that loom over our fragile blue planet. The choices we make 
today, from preserving our environment to resolving conflicts peacefully, shape the 
trajectory of our species and the chances of our survival. By addressing these chal-
lenges and safeguarding the habitability of our Earth, we strengthen our resolve to 
explore the cosmic realms and safeguard the future of humanity.

11.  Conclusion: reflecting on our self-awareness and embracing cosmic 
responsibility

We stand at the crossroads of an extraordinary epoch, nestled in the immense 
universe, characterized by profound self-awareness and cosmic introspection. The 
pervasive silence that surrounds us, in the absence of extraterrestrial contact, pro-
foundly shapes our consciousness, self-identity, and future aspirations. In the unfath-
omable depths of the cosmos, we find ourselves alone but significant, at the forefront 
of an era of cosmic solitude and unparalleled self-revelation.

Beneath the star-studded expanse, we persistently listen for an echo in the cosmic 
silence, eager to unravel the mysteries of the universe. Figure 2, the image of millions 
of stars scattered across the sky, serves as a powerful reminder of the immense pos-
sibilities that lie beyond our tiny Earth. It ignites our imagination and inspires us to 
contemplate the potential existence of life forms thriving amidst the countless distant 
celestial bodies.

Our exploration goes beyond the boundaries of scientific inquiry, encompassing 
philosophy, ethics, and existential ponderings. We contemplate the unique nature of 
our consciousness within a seemingly devoid universe, prompting introspection into 

Figure 2. 
Thousands of stars from the globular cluster NGC 6355, about 50,000 light-years from earth in the 
constellation Ophiuchus, taken by the Hubble space telescope. Credit: NASA, E. Noyola, R. Cohen, 
ESA, and Hubble space telescope. Source: https://www.nasa.gov/image-feature/goddard/2023/
hubble-gazes-at-colorful-cluster-of-scattered-stars.
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the depths of our souls. This introspection leads us to reflect on the self-awareness 
of our own species’ uncertain survival time and the choices we make to extend that 
time. It forces us to confront the significant influence we have as individuals and as a 
collective in shaping the duration of our survival.

More crucially, we recognize the immense responsibility we bear as stewards of 
our own destiny. We possess the power to influence the course of our survival and 
extend our time in the cosmic theater. It becomes essential to navigate the complexi-
ties of power dynamics and prevent those who may endanger our collective survival 
from holding us hostage to their petty demands. We must strive to overcome such 
challenges and ensure that the long-term survival and well-being of our species 
remain paramount.

The pursuit of extraterrestrial life, represented by Figure 2, is not merely a sci-
entific endeavor. It symbolizes our ceaseless quest for meaning, our thirst for knowl-
edge, and our relentless drive to explore the unknown. Through this exploration, we 
not only seek to uncover the secrets of the cosmos but also delve into the profound 
depths of our own souls.

As we stand at the threshold of discovery, we realize that our existence is not 
insignificant, but rather a unique chapter within the grand cosmic narrative. We are 
the witnesses, the custodians, and the storytellers of this saga, with the responsibil-
ity to protect and cherish life that thrives both on our precious Earth and potentially 
beyond.

In this age of self-awareness and introspection, we are propelled forward on an 
enduring journey of self-realization and redefinition. Our quest to uncover the mys-
teries of the universe intertwines with our understanding of ourselves and our cosmic 
significance. The image of millions of stars in Figure 2 serves as a constant reminder 
of the immense possibilities that lie beyond our immediate surroundings.

In this epoch of self-awareness and introspection, we continue the quest of who 
we are—a voyage of discovery, redefinition, and self-realization. We weave an epic 
narrative of life, consciousness, and the eternal quest for meaning in this cosmic 
odyssey—a quest that ultimately illuminates both the universe and the profound 
depths of our own existence. For in the pursuit of extraterrestrial life, we are likely to 
uncover not only the cosmos’s secrets but also the profound depths of our own souls. 
It is through this journey that we confront the self-awareness of our species’ uncertain 
survival time, contemplate our ability to extend that time, and overcome challenges 
that threaten our long-term existence.
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Chapter 3

What Is Spacetime? How Was
It Born?
Sho Fujita

Abstract

Cosmology has been evolving over an extended period. Even long before the rise of
modern science, cosmology was primarily dominated by philosophical concepts
concerning the relationship between the Earth and celestial bodies, as well as the
nature of the universe itself. Since the formulation of the General Theory of Relativity
(GTR), physics has deeply engaged in discussions about the universe’s history, often
intertwined with the concepts of space and time. Even within the framework of the
standard theory known as Big Bang cosmology, certain philosophical themes, includ-
ing those related to spacetime, are inherently assumed. In this chapter, I will apply the
concept of structural realism about spacetime, a conclusion drawn from contemporary
philosophical debates grounded in GTR, to the field of physical cosmology. I will
explore the origin of the universe and also delve into the concept of spacetime in the
early micro universe, considering the emergence of spacetime.

Keywords: big bang cosmology, philosophy of spacetime, structural realism,
emergence of spacetime, general theory of relativity (GTR), quantum gravity
theory (QGT)

1. Introduction

1.1 Cosmology and philosophy, cosmology and spacetime

Many people associate the term “cosmology” with physical science, but it has not
been too long since this field became integrated into physics. Originally, cosmology was
a subject that philosophy grappled with, contemplating the outer space of the Earth and
the history of our universe from religious and theological perspectives. Numerous
questions about space and time are intertwined with the cosmological viewpoint.

In ancient times, there were cosmological explanations that presupposed the exis-
tence of many gods. In Greek mythology, the world began with chaos, from which
emerged primordial deities like Gaia, Eros, and Nýxis followed by their descendant
deities personified from human and natural concepts [1]. For instance, Kronos pre-
sided over time, Poseidon over the sea, and Zeus was the father of the sky. Our
universe was believed to be shaped by these various gods.

In addition to these myths, serious metaphysical questions have always been pon-
dered: How does the Earth exist in the universe? Moreover, how is the Earth
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positioned within the universe? At the very least, the distinction between these
two realms has been evident since ancient times—on one hand, the Earth, where
human beings and other creatures reside, and on the other hand, the sky, inhabited by
various gods. Because the world above was starkly separated from the world below,
the notion that the Earth is round rather than flat had a profound impact on people.
During this era, many might have believed that the Earth was the center of the
universe.

Cosmology continued to evolve worldwide, moving beyond various myths. In fact,
the theory of a spherical Earth is said to have been proposed by Pythagoras as early as
the sixth century BC to explain the movements of stars [2, 3]. Geocentrism became
dominant not only in ancient Greece but also in other regions.

In the fourth century BC, Aristotle presented a worldview where the Earth, terra,
was centered, and surrounding it were concentrically arranged aqua, aer, ignis, and
celestial spheres [4]. This model depicted the universe as having regular and universal
circular motions of celestial bodies made of ether and quintessence above the moon,
along with irregular and diverse motions of matter composed of the four elements
below the moon. For instance, in this perspective, matter falls downward because
terra exerts a pull on it, akin to a description of gravity. Each object, including celestial
bodies, moves toward its designated destination based on teleology. Geocentrism held
sway until Heliocentrism gained powerful support. Cosmology used to be a domain
addressed by philosophers and thinkers, partly to ascertain the Earth’s unique place in
the universe.

Generally, astronomy, the oldest science concerning the space beyond Earth,
which evolved from ancient times, is widely believed to have truly transitioned into
cosmology during the sixteenth century with the work of Nicolaus Copernicus. It took
approximately 30 years for Copernicus to formulate the heliocentric theory, which
asserts that the Earth is one of many planets orbiting the sun, just like the rest of the
celestial bodies in the universe [5]. Copernicus directly observed the movements of
stars and mathematically calculated their orbits, a pursuit in the realm of astronomy.

Copernicus’s work served as a catalyst for subsequent developments in physics. His
findings later served as inspiration for Tycho Brahe, who accomplished exceptionally
accurate calculations of planets, satellites, and fixed stars using a variety of observa-
tion instruments before the advent of astronomical telescopes [6]. Thanks to Brahe’s
meticulous observations of Mars, Johannes Kepler, one of his students, formulated the
renowned Kepler’s First Law [7]. This law stipulates that the orbit of a moving planet
is an ellipse, with one of its focal points being the sun. Kepler’s law was probably
revolutionary as it contradicted the traditional belief in astronomy, upheld by Chris-
tian doctrines, which held that stars moved in perfectly circular orbits in the celestial
sphere. Kepler’s significant contribution to astronomy implied that the sun exerts a
force that propels planets in their orbits around it. Ultimately, this insight was inte-
grated into modern mechanics through the work of Isaac Newton.

Through this shift in worldview, mathematical physics, which began in the seven-
teenth century, underwent a significant transformation. Galileo Galilei is often
credited with being the first to apply mathematical analysis and descriptions to
experimental findings regarding the motion of physical objects. He observed celestial
bodies through telescopes, discovering facts about other planets and the sun, such as
the satellites around Jupiter, the phases of Venus, and the existence of sunspots [8, 9].
These observations eventually led him to formulate his own heliocentric theory,
although it took a considerable amount of time for his ideas to gain wider
acceptance [10].
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Furthermore, Galilei developed the law of free-fall motion for objects on Earth,
introducing a mechanistic perspective on nature that contrasted with the traditional
teleological interpretation dating back to Aristotle [11]. René Descartes, a founder of
modern philosophy during that era, proposed a mechanistic worldview in which
everything in the natural world could be a cause or effect of other things, without
invoking final causes (destination) as teleology does [12]. As a result, modern science’s
emphasis on empirical evidence had a profound impact on philosophical and meta-
physical perspectives.

Newtonian mechanics, a form of natural philosophy, notably through the ground-
breaking theory of gravitation, established a connection between terrestrial and celes-
tial phenomena. The law of universal gravitation marked the culmination of this
mechanistic viewpoint, and Newton successfully elucidated the behavior of all physi-
cal objects with his three laws of motion. Quantities like velocity and acceleration
were precisely defined by being linked to the concept of force.

The perspective that both celestial bodies and everyday objects adhere to the same
mechanical laws conferred a special authority upon mathematical physics as a means
of describing nature and the universe. These advancements in science are attributed to
Copernicus, Kepler, Galileo, and Newton, all of whom are considered the leaders of
the seventeenth century scientific revolution, fundamentally altering the landscape of
the philosophy of science. Consequently, cosmology ultimately transitioned into the
realm of empirical science.

However, metaphysical questions that extend beyond empirical facts have always
been left out. While mechanical laws certainly facilitated the comprehension and
prediction of celestial motion, they did not provide insight into the underlying reasons
for the functioning of gravitational forces. To capture a holistic understanding of the
universe, progressively more assumptions were required. It was not until two centu-
ries later, with Albert Einstein’s formulation of the General Theory of Relativity (GTR),
that the scientific study of cosmology, delving into the history of the universe, truly
evolved. During Newton’s era, cosmology remained susceptible to theological or
superempirical presuppositions.

Indeed, in Philosophiæ Naturalis Principia Mathematica, a three-volume book
authored by Newton in 1687, he posited the existence of an objective absolute
spacetime [13]. This concept aimed to describe physical phenomena geometrically,
rather than algebraically. In addition to the law of universal gravitation and the three
laws of motion, Newton introduced this concept, even though he stated in the book,
“Hypotheses non fingo,” meaning “I frame no hypotheses.”

Absolute spacetime encompasses a four-dimensional (4D) framework comprising
three-dimensional (3D) infinitely expanding space and one-dimensional (1D) time.
Characterized by Euclidean geometry across the universe, this overarching space
already uniformly and universally exists independently of any matter it might
encompass. Here, matter means physical objects such as balls, planets, and light1.
Within this absolute space, time flows uniformly at a constant rate throughout the
universe, regardless of the presence or absence of material changes. For Newton, even
in the absence of any matter in the world, an empty spacetime, akin to a vacuum state,
could theoretically exist as a container for flowing time. This concept represented an
ultimate background that extended beyond empirical facts.

1 Even though in that era, the term “matter” was largely limited to visible macroscopic entities, including

light, generally, “matter” also means microscopic components like atoms and electrons.

41

What Is Spacetime? How Was It Born?
DOI: http://dx.doi.org/10.5772/intechopen.1002819



Absolute spacetime also has relevance to one of the most profound cosmological
questions: How did our universe come into being? Newton postulated that God (a
divine presence) might require this spacetime container to perceive matter, as if space
served as a kind of sensory center (sensorium dei). This notion is hinted at in his work
Optics, written in 1704 ([14], p. 15). Therefore, one could deduce that, according to
this cosmological perspective, absolute spacetime was either a primary or a
preexisting entity, and matter appeared within it. It is important to note, however,
that Newton himself possibly held the belief that the universe remained unchanged
eternally, with no beginning or no end.

In philosophical discourse, the standpoint advocating the existence of spacetime,
much like Newton’s concept of absolute spacetime, is classified as substantivalism. This
term denotes a form of realism regarding spacetime. Indeed, Newton is considered the
progenitor of substantivalists. For proponents of substantivalism, the universe is
understood as encompassing the entirety of the spacetime region within which matter
resides.

Conversely, relationism argues that spacetime merely comprises a set of relation-
ships among material entities. In contrast to Newton’s stance, Gottfried Wilhelm
Leibniz, as the progenitor of relationists, rejected the introduction of assumptions
beyond empirical evidence, such as the notion of absolute spacetime [14]. He
contended that space can be reduced to relative positional relations among material
objects, and that time only arises once changes between these objects occur. According
to his viewpoint, the concept of an empty spacetime or vacuum state devoid of matter
holds no meaning. The idea of spacetime comes into being secondarily, oriented
toward observing matter. This implies a framework of relative spacetime theory,
rather than an absolute one. In essence, this constitutes a form of antirealism
concerning spacetime.

Leibniz endorsed his theory of relative spacetime by invoking the Principle of
Sufficient Reason (PSR), which originates in Section 32 of his work the Monadology,
penned in 1714 [15]. He challenged the concept of God Newton appealed to. Surely, if
God were omniscient and omnipotent, even a sensory center would be unnecessary.
He is often said to hold the belief that everything must possess a reason for its
existence or state.

In a scenario involving absolute spacetime, if God were to create a universe, it
would be unique and distinct from all other potential universes. For instance, by
shifting the entirety of the original universe, I call universe A, 3 feet to the east in
absolute space with all relative positional relationships between objects retained, a
new universe, let us say universe B, would arise. This prompts a comparison between
the original universe (universe A) and the moved universe (universe B). Here arises a
question: why did God opt to create universe A instead of universe B, despite his
omnipotence allowing the creation of either or any other universe? The PSR contends
that there must inherently exist a reason for this choice.

However, there is no explaining why one universe is preferred over all possible
alternatives. To address this quandary, Leibniz employed a reductio ad absurdum
approach. This reasoning led him to reject the notion of absolute spacetime, arguing
that universe A could not truly be distinguished from universe B [14].

Relationism offers a distinct response to the aforementioned question. According
to Leibniz’s theory of relative spacetime, two worlds with identical relative positional
relations among objects, like universe A and B, are considered indistinguishable.
Notably, the distinction between universe A and universe B becomes epistemologi-
cally elusive since only the relative relations and their changes can be directly
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observed. This conclusion is encapsulated in the Principle of the Identity of Indiscernibles
(PII), as expressed by Leibniz in 1686 [16]2. In essence, within this framework of
relationist cosmology, matter is theorized to have originated from a state of nothing-
ness at the beginning of the universe.

In the notion of velocity, relationism focuses solely on the relative aspect. When
considering the physical motion of an object, the use of a reference frame, typically
represented by a coordinate system with arbitrary three-dimensional coordinates
including an origin for any space points at different time intervals, is essential. How-
ever, the values assigned to an object’s position, velocity, and acceleration are contin-
gent upon the chosen coordinate system, highlighting a relational perspective. For
example, physical conditions, such as an object being at rest (with zero velocity) or in
motion (with nonzero velocity), are influenced by the coordinate system. Thus, this
relational perspective supports the relationist worldview.

In contrast, proponents of absolute spacetime may argue that these conditions are
determined absolutely based on the object’s position within the objective and over-
arching background. Consequently, while an infinite number of coordinate systems
can be established, some among them are fixed in true space, allowing for the
description of the true physical motion using a specific coordinate system known as
the absolute standard of a reference frame at rest. Substantivalism introduces the notion
of “absolute rest,” a concept absent in relationism.

The absolute standard of a reference frame at rest can give rise to many different
yet indiscernible states. For substantivalists who assume absolute spacetime, the
world C, in which all objects move uniformly in a specific direction at a defined speed
as observed from the absolute standard of a reference frame at rest, must be different
from the world D, where all objects are at rest according to the coordinate system.
This distinction holds true, even if the relative positions between all objects are the
same. In both worlds, objects undergo linear uniform motion at the same speed
(nonzero in C and zero in D).

The notion of absolute rest describes more than empirical aspects. For relationists
who do not acknowledge absolute spacetime, the worlds C and D are identical if the
relative positions and velocities of all objects remain the same. It becomes nonsensical
to assert that all objects are moving equally or at rest, as in both scenarios, objects
possess equal relative zero velocities in relation to one another. In other words, in
terms of physical or empirical aspects, worlds C and D share the commonality of
objects having no acceleration or being subjected to no applied force. Consequently,
the discrepancy between these two worlds, which substantivalism emphasizes, cannot
be observed or experimentally tested in an epistemological sense.

However, the debate between substantivalism and relationism is not always con-
fined to metaphysical discussions beyond empirical or physical facts. Moreover, cir-
cular motion presents a compelling example of force in action. In response to Leibniz,
Samuel Clarke, a representative of Newton’s ideas, introduced the concept of centrif-
ugal force acting on rotating objects in his correspondence with Leibniz in the years
1715 and 1716 [14, 18]. Consider two universes: universe E, where all objects rotate
around a fixed point with a constant angular velocity, and universe F, where all
objects are at rest, while the relative positions between all objects remain the same in
both E and F. While relationists do not require a distinction between E and F, akin to
their perspective on cases A and B, or C and D, there exists a noteworthy contrast. In

2 An alternative reference can be found in [17].
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universe E, objects rotating around the point experience a centripetal force or accel-
eration, resulting in the perception of a centrifugal force like the “Coriolis force.”
Conversely, all objects in universe F do not encounter such forces. This is a physical
distinction!

Even when relative positions and velocities remain the same, two universes are
discernible in terms of whether or not forces are genuinely at work. The centrifugal
force is a consequence of rotations within the absolute space or absolute standard of
rest system, as Clarke suggested3. The existence of these forces gives rise to two
universes that present not only metaphysical differences but also physically distinct
attributes.

This explanation of a functional force relies on the existence of absolute spacetime,
and the assumption of spacetime became a contentious topic among physicists and
philosophers for an extended period. Immanuel Kant, a German philosopher, stated in
his renowned work Critique of Pure Reason, written in 1781, that spacetime is not an
objective background but rather a subjective framework inherent to human percep-
tion [19]. According to him, the Euclidean nature of space is an a priori assumption
that serves as the basis for contemplating epistemological phenomena, rather than an
empirically derived fact. The notion of absolute spacetime being objectively real yet
empirically unverifiable was challenging to embrace, especially during that era.

However, it is also true that unlike equal-speed linear uniform motion, uniform
circular motion, along with forces that can actually be experienced, poses significant
challenges for relationism, as opposed to Leibniz’s view. Unfortunately, Leibniz had
passed away before addressing this counterargument, which led to the conclusion of
the correspondence without his response. Nevertheless, his relationalist view contin-
ued to influence subsequent thought. Ernst Mach, an Austrian physicist in the nine-
teenth century, took an extreme stance known as positivism or phenomenalism,
asserting that only observed facts or sensory data perceived through human senses
should be accepted in scientific theories. Mach’s worldview can be seen as reflecting
Leibnizian relationism and offering a response to this issue.

Mach also rejected the concept of rotations with respect to absolute space. Aligned
with his extreme commitment to empiricism, in his book titled Mechanik in ihrer
Entwicklung; historisch-kritisch dargestellt written in 1883, he aimed to reconstruct
Newtonian mechanics solely based on relations directly perceived between macro-
scopic physical objects, without assuming the existence of invisible concepts like space
or time [20]. He argued that motion should be defined solely based on relations to the
entire universe (Mach principle4), and if circular motion is to have any meaning,
objects would rotate relative to some point in the universe—much like the Earth’s
revolution around the sun or the entire solar system’s rotation around the center of
Milky Way galaxy, rather than rotating in relation to absolute space. In this view,
genuine forces such as centripetal force would only function due to these relative
circular motions between objects in the broader system. Mach’s relationism stripped
physical or empirical phenomena of any sense of absoluteness.

Mach’s influence extended significantly to physics and philosophical worldviews.
He is known for his rejection of atomism, asserting that the micro atoms composing

3 This distinction in the presence of forces was highlighted by Clarke through a thought experiment known

as “Newton’s bucket” [14].
4 The distribution of the whole universe relatively determines the inertial frame, or the frame of reference,

instead of the absolute standard of a reference frame at rest, according to Mach.
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macro objects are invisible, and positing these micro atoms necessitates additional
superempirical factors. This skepticism toward atomism brought him into
opposition with the mechanical worldview originally proposed by Descartes and could
have posed challenges for the development of quantum physics. However, it also
made valuable contributions to physics. Einstein, influenced by Mach’s relational
perspective, laid the foundation for the theory of relativity [21]. Indeed, the Special
Theory of Relativity (STR) can be seen as a culmination of rejecting absolute reference
frames such as the absolute standard of a reference frame at rest, sparking a new
scientific revolution regarding our understanding of spacetime. Absolute spacetime
was eventually eliminated from physics nearly two centuries later.

On the other hand, Mach’s positivism facilitated new epistemological
approaches, like phänomenologie, for philosophers. It also posed a fundamental
question about the purpose of science, which remains a contemporary task in the
philosophy of science. Debates concerning the realism of spacetime have
significantly impacted various domains of philosophy and physics, whether directly or
indirectly.

Even in contemporary cosmology, the origins of the universe remain unresolved.
Contemporary cosmology rests on the foundations of GTR and Quantum Gravity
Theory (QGT), utilizing relativistic cosmology for the macro universe and quantum
cosmology for the early micro universe, respectively. Nevertheless, philosophical
interpretations of spacetime go on, even within these theories. The debate between
substantivalism and relationism concerning the realism of absolute spacetime, origi-
nating from Newton and Leibniz, was initially confined to the framework of Newto-
nian mechanics until Einstein eliminated absolute spacetime from physical theories
through his proposition of the STR. However, even after the concept of absolute
spacetime faded, discussions about the realism of spacetime remained, albeit taking
on new forms. Therefore, the fundamental cosmological question also remains: How
did our spacetime come into being?

I would like to present my own response to this question. In Section 2, I will
provide a concise exploration of macro spacetime realism within the context of GTR.
I will then extend this viewpoint to relativistic cosmology, assessing the state of outer
space throughout the history of our universe and offering an answer to the question.
Moving on to Section 3, within QGT, I intend to touch upon the modern concept of
spacetime emergence, considering the way this is related to the answer in Section 2. In
essence, I aim to analyze contemporary cosmology through the lens of contemporary
philosophy of spacetime.

2. Relativistic cosmology and realism of spacetime

Scientific cosmology has rapidly evolved both theoretically and experimentally, seek-
ing to unravel the origins and potential destinies of the universe. Approximately a century
has elapsed since Einstein introduced GTR, and it is within this span of time that signifi-
cant advancements have taken place. These advances have been driven not only by
classical GTR but also by quantum physics, starting with quantum mechanics. Below, I
will provide a rough overview of the progression in cosmological research ([22], pp. 6-7).

1.Right after Einstein formalized GTR, he devised a static model of the universe in
which the universe has a finite size using his own equation known as Einstein
equation [23].
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2.Einstein introduced what is known as the cosmological constant, which brought
about a repulsive force rather than an attractive one, into his equation. This
adjustment aimed to avoid the depiction of the universe contracting under the
influence of gravity [23].

3.When evidence of the expansion of the universe was indicated by redshift
through Edwin Hubble’s observations [24], it led to the belief that the universe
had a beginning. Based on the current elemental composition ratios, George
Gamow and others proposed the Big Bang theory, suggesting that the early
universe was in a state of high density and high temperature [25].

4.Observations of the cosmic microwave background radiation confirmed the
predicted elemental ratios proposed by the Big Bang theory, validating the
accuracy of the theory [26]5.

5.With the development of elementary particle cosmology, the inflation theory
became the standard model to address issues within Big Bang cosmology such as
the horizon problem and the flatness problem, suggesting that the universe
underwent rapid inflationary expansion from an initial microscopic quantum
state to its present macroscopic state [27].

Advancements in scientific technology throughout the twentieth century have led
to an improvement in observational precision. At present, even for the early universe
during periods where direct observation is not possible (due to light being bound to
elements and therefore not reaching us), various quantum cosmological theories have
been proposed from the perspective of particle physics.

However, in these cases, metaphysics still has room to influence physics. For
example, in 1, it is based on the belief in the eternal nature of the universe, rather than
empirical reasons, that Einstein maintained a static model of the universe. Einstein
aimed to render the universe static and adjusted his equation in 2. Despite observa-
tions confirming that the universe was indeed expanding, as evidenced in 3, it is
intriguing that his cosmological constant continued to exist in cosmology as vacuum
energy or a form of dark energy without being discarded. Recent observations of
supernovae reveal not only the universe’s expansion but also its accelerated expansion
[28], and so an enigmatic form of energy is responsible for explaining this phenome-
non (I will take up this case in 2.1). In fact, the universe derived from 2 was not solely
static but also artificially closed and finite, deduced from various other presupposi-
tions. Notably, the finiteness of the universe was incorporated to sustain Mach’s
principle, allowing the model to avoid the boundary conditions imposed on points at
infinity, which are unobservable. Even within a single cosmological model, certain
arbitrary beliefs are included.

While numerous observation outcomes, as 4 and 5 show, narrowed down the
options for cosmological models, several contradictory models persist. Following the
rejection of the static model, a steady-state cosmologywas proposed [29, 30]. In this new
theory, the matter density of the universe remains constant as it expands. In a

5 Furthermore, the proportions of lighter elements were explained and solidified, contributing to a well-

established understanding.
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different sense, the universe was kept eternal or stable. This is despite the fact that the
Big Bang theory, along with inflation in the early universe, is now standard.

In the next subsection, I will focus on the notion of spacetime within the context of
GTR in order to comprehend the core concepts of expansion discussed above. This
notion significantly influences the modern cosmological worldview.

2.1 What is spacetime in GTR?

In twentieth-century physics, the concept of spacetime underwent a radical trans-
formation. Unlike the persistence of the eternal universe concept or cosmological
constant, the notion of absolute spacetime vanished entirely from physics. This
change was a result of another scientific revolution, accompanied by a paradigm shift
brought about by STR and GTR from the standpoint of the philosophy of science [31].
Given this transformation, one must reevaluate the nature of spacetime.

Certainly, this transformation did not occur all at once in the theory but unfolded
step by step through STR and GTR. Initially, STR dismantled the absolute standard of
a reference frame at rest and asserted the equivalence of all reference frames known as
inertial frames with only two principles. This equivalence demonstrated that simulta-
neity and the rate of time’s passage were coordinate-dependent [32]. While this
declaration immediately negated the existence of absolute time, many, including
Einstein, continued to regard three-dimensional space as Euclidean until the analysis
of a noninertial frame obtained by rotating an inertial frame [33, 34]6. In fact, it took
Einstein approximately 10 years, from the proposal of STR in 1905 to the formulation
of GTR in 1916 [36].

General Theory of Relativity (GTR) required an even more abstract formulation
using mathematics. With the collaboration of mathematician Marcel Grossman, Ein-
stein conceived the mathematical description of the gravitational field, which could be
understood as being synonymous with geometric functions [37]. Consequently, the
concept of gravity became integrated into the geometry of spacetime, with the former
presupposed by the latter:

There can be no space nor any part of space without gravitational potentials; for these
confer upon space its metrical qualities, without which it cannot be imagined at all.
([38], p. 618).

The paradigm of spacetime gradually shifted from Euclidean to non-Euclidean.
The depiction of curved spacetime as described by GTR through Riemannian geome-
try allowed for a more physical conception of spacetime. Spacetime appeared to
transcend its role as a passive container, evolving into a dynamic medium that
interacted with matter according to GTR. Riemannian geometry, being non-Euclidean
in nature, offered mathematical constructs like manifolds and metrics to describe
physical spacetime. The relationship between mathematical tools and physical aspects
became more intricate than in Newton’s era7. It is vital to ascertain what exactly refers
to physical spacetime.

6 ([35], p. 67).
7 This presents a substantial issue in both the philosophy of science and physics. However, “In

contemporary physics, the nature of the relationship between mathematical entities and the physical

realities they represent is easily overlooked due to a systematic ambiguity of usage” ([39], p. 82).
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In the case of Newtonian mechanics, the special coordinate, namely the absolute
standard of a reference frame at rest, can directly correspond to absolute spacetime.
That is to say, the coordinate system, functioning as a mathematical tool, can refer to
physical spacetime itself. Intuitively, the entity we typically regard as substance
remains unchanged across different times, even though its state might vary. For
instance, as Mauro Dorato points out, “A traffic light, (… ), being a substance,
remains the same across a change from yellow to red” ([40], p. 1626). Space consists
of infinite spatial points and this view can be applied to these points:

If absolute spacetime is considered a substance, these points labeled (x, y, z) persist
through time t, remaining the same across different moments in time ([41], p. 56).

Each space point stands as an independent entity with its own distinct identity8.
This substantivalist viewpoint aligns with Descartes’ definition of substance, which is
taken over from the Aristotelian worldview in modern philosophy:

when we conceive a substance, we understand nothing else than an entity which is in
such a way that it needs no other entity in order to be [43].

Consequently, the entirety of absolute spacetime, composed of each individual
substance, can also be regarded as a substance. Each spatial coordinate value on the
absolute standard of a reference frame at rest refers to an individual space point.

However, when dealing with spacetime in GTR, things are not as straightforward.
Unlike the absolute standard of a reference frame at rest, which assumes a flat infinite
spacetime, there exists a disparity between the mathematical coordinate system and
physical spacetime. While a coordinate system may indeed be essential for describing
spacetime, in Riemannian geometry, spacetime encompasses geometric information
from global topology to local metrics. No longer is there an objective spatial coordinate
value to correspond to a space point, as space and time are subjective due to their
coordinate-dependent nature, as stated in STR. At least, the notion that space points
persist through time no longer holds true.

It becomes necessary to amalgamate space and time into the holistic four-
dimensional spacetime, as portrayed in a Minkowski diagram. However, this diagram
serves as a conceptual tool to elucidate the relativity of space and time, rather than a
model for referring to concrete physical spacetime. Furthermore, this applies to an
ideal flat spacetime, not the more general curved spacetime. A mere coordinate sys-
tem is insufficient to adequately describe physical spacetime, regardless of whether it
is a four-dimensional system with time and three-dimensional Cartesian coordinates
or a system with time and three-dimensional polar coordinates.

Spatiotemporal features are articulated as attributes of spacetime points within
GTR. The Einstein equation, a cornerstone of GTR, is formulated as follows:

Rμν � 1
2
gμνR ¼ 8πGTμν: (1)

8 This might represent a slightly strong substantivalist perspective. Newton himself discusses

spatiotemporal parts in the following manner:

For just as the parts of duration derive their individuality from their order, so that (for example) if yesterday

could change places with today and become the later of the two, it would lose its individuality and would no

longer be yesterday, but today; so the parts of space derive their character from their positions,... ([42], p. 136).
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Here, G represents the gravitational constant, and the indices μν correspond to t, x,
y, z. On the left-hand side, Rμν stands for the Ricci tensor, R denotes the Ricci scalar,
and gμν represents the metric tensor. All of these elements encapsulate the geometric
information of spacetime. On the right-hand side, Tμν signifies the energy-momentum
tensor, which characterizes nongravitational fields—specifically, material fields like
the electromagnetic field. The metric tensor gμν is defined throughout the spacetime
manifold, yielding the gravitational field. Importantly, it can be interpreted as essen-
tial physical attributes of each spacetime point labeled (t, x, y, z), rather than being
merely mathematical constructs [40, 44–48]. Therefore, each point possesses local
properties derived from gμν.

Furthermore, these local properties are extrinsic attributes of one point in relation
to others, rather than intrinsic characteristics specific to that single point. To be more
precise, the spacetime interval ds is expressed as a local relationship between infini-
tesimal neighboring points in terms of distance, as illustrated by gμν in the following
equation:

ds2 ¼ gµνdx
µdxν: (2)

What I intend to convey is that temporal distinctiveness does not stem from
intrinsic identity, but rather from extrinsic identity obtained in relation to other parts.
If this temporal distinctiveness is applied to space points as well, each of these points is
recognized in relation to others, rather than possessing a distinct identity of its own.
While this aligns with substantivalist thought, it is relatively akin to the structural
realism I will later introduce. However, for the sake of simplicity, in this chapter, I
assume that substances have their own, or intrinsic identities.

“Locality provided by the metric field tensor gives rise to topology,” forming the
spacetime manifold that serves as the framework for describing the universe ([49],
p. 14)9. In classical GTR, spacetime points are identified through the metric, not as
coordinate values in a particular coordinate system. This implies that each spacetime
point lacks intrinsic physical properties on its own.

Without metrical information gµν, it would be impossible to determine which
coordinate values marked as (t, x, y, z) (such as p and q) in a given coordinate system
correspond to which physical spacetime points. In fact, mathematical coordinate
values change through coordinate transformations, which imply automorphisms on
the manifold. However, in line with general covariance, the fundamental principle of
GRT, it is ensured that all coordinate systems should be equivalent. In other words, a
spacetime point is referred to by various coordinate values, depending on the coordi-
nate system employed. Hence, solely coordinate values lack any intrinsic or inherent
physical information. They can only correspond to physical spacetime points through
the metric, which provides extrinsic local information. Even Einstein himself took

9 Not only physicists but also many philosophers concur that the metric holds a primary status as
physical spatiotemporal attributes, with topology gained through the coverage of the metric [40, 50, 51].

However, there exist mathematical global properties that cannot be reduced to the metric or are anterior

to it within a manifold. For an in-depth exploration of this, please refer to [49]. It is deduced that

topology is independent of locality, but it arises from metric, thus this fact does not stand in opposition to

the consensus ([49], p. 22).
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2 years to fully embrace this novel spacetime perspective10. The fundamental essence
of physical spacetime being rooted in locality would be characterized in contemporary
discussions within the context of the philosophy of spacetime.

In addition, if we set STR aside and focus solely on GTR, the independence of
spacetime as a distinct entity becomes uncertain. Since Rμν and R are derived from gµν,
which describes spatiotemporal properties, it can be construed that the left-hand side
of the equation delineates spacetime with its gravitational/metric field, while the
right-hand side encompasses matter11. Admittedly, I have previously acknowledged
that spacetime appears to function as a dynamic medium interacting with matter, as
illustrated by Eq. (1), yet this perception might be somewhat superficial. This is
because Einstein’s equation allows for boundary concepts between spacetime and
matter, specifically vacuum energy or dark energy mentioned earlier.

The narrative commences with the introduction of the cosmological constant.
When Einstein incorporated a cosmological constant in 2, Eq. (1) underwent a slight
modification:

Rμν � 1
2
gμνRþ Λgμν: (3)

Here, Λ represents the cosmological constant, serving as a repulsive force. But how
did it come about? A cosmological constant can be perceived as an additional
Lagrangian term distinct from Lm for ordinary matter in the entire action, which
underpins the derivation of Eqs. (1) and (3):

S ¼
ð

1
16πG

R� 2Λð Þ þ Lm

� � ffiffiffiffiffiffi�g
p

dΩ: (4)

Here, g denotes the determinant of the metric tensor gµν and dΩ ¼ cdtdxxydz. The
second term on the right-hand side represents a mathematical degree of freedom,
which can be incorporated into the Einstein-Hilbert action (the first term) like a
constant of integration. In Eq. (1), one can set Λ = 0. As described in 2, this cosmo-
logical constant was initially intended to function as a repulsive force to counteract
gravity’s attractive one.

However, the crucial question pertains to the attribution of this effect within the
universe—namely, is it attributed to spacetime or to matter? For instance, if one
perceives a vacuum state as a system where Tµν ¼ 0, then Λ could be attributed to an
empty spacetime. Hence, Λgµν might be viewed as an effect of vacuum energy,
suggesting that spacetime possesses nongravitational energy as an inherent property.
This energy facilitates the universe’s expansion even in the absence of material objects
or fields. However, an opposite perspective can also be taken.

10 In a span of 2 years, subsequent to formulating spacetime utilizing Riemannian geometry, with the

assistance of Grossman, Einstein arrived at his equation depicted as Eq. (1) [52]. Throughout these 2 years,

he grappled with the hole argument—a debate on whether a point within a hole devoid of matter, traversed
by a test particle, can be differentiated from another point in the same hole without metrical information.

This inquiry is intricately linked to a profound query concerning whether GTR is deterministic or not [53].

The hole argument has induced various philosophical discussions up to the present day [54–56].
11 In the realm of philosophy of spacetime, there was a discussion about whether the gravitational field

should be classified as part of spacetime or as a form of matter (e.g., [40, 50, 54]).
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As long as one grasps Eq. (4), Λ is not linked to the derivation of R, or the
spacetime side. Hence, in Eq. (3), the cosmological constant or vacuum energy can
also be attributed to the matter side, as follows:

Rμν � 1
2
gμνR ¼ 8πG Tμν � Λ

8πG
gμν

� �
¼ 8πG~Tμν: (5)

Mathematically, this equation can be obtained by simply moving the term Λgμν
from the left-hand side to the right-hand side. However, it can also be inferred that
vacuum energy is a form of matter. In this perspective, � Λ

8πG gμν corresponds to an
unusual medium with negative pressure. This negative pressure is believed to exert a
repulsive force counteracting gravity throughout the entire universe, as indicated by
the calculation result of Eq. (5). In essence, whichever side vacuum energy is attrib-
uted to, both interpretations hold valid physical implications.

Vacuum energy is generalized to invisible dark energy, which is present through-
out the universe, spanning all spatiotemporal regions. Λ itself is not always required to
be constant, and the cosmological constant faces a significant issue from a theoretical
perspective in quantum physics12. Therefore, vacuum energy has been expanded into
the concept of dark energy, which encompasses not only constant but also variable
quantities to explain the universe’s acceleration. However, the fundamental question
remains: Should the impact of dark energy be interpreted as an attribute of spatio-
temporal properties or material properties?

This underdetermination, or the inability to definitively judge one of the two inter-
pretations as correct solely based on observations and data, renders the philosophy of
spacetime more contentious than physics13. The question of whether this medium is
attributed to spacetime or matter might not hold great importance, as its empirical
function in explaining cosmological phenomena, such as the universe’s expansion,
remains consistent. However, from a philosophical standpoint, the very sameness
becomes a problem. When it comes to these unknown yet physically existing entities,
the demarcation between spacetime and matter is no longer distinct within the
framework of GTR.

Spacetime might be inseparable not only from gravitational fields but also
from matter. Einstein probably initially intended to reject spacetime without
matter, or physical states with Tμν ¼ 0, in accordance with the relationist spirit.
However, he made a concession to such models as De Sitter’s universe, which is
one of the solutions of Eq. (3) with Tμν ¼ 0 (but ~Tμν 6¼ 0) proposed by Willem de
Sitter as a vacuum solution with only the cosmological constant [59–61] right after
proposing the static model. Einstein suggested that behind the established geometry
of spacetime, there should be some material entities [62, 63]. But Einstein
presupposed matter distributed in a specific region known as “the equator,” not
the aforementioned invisible entities spanning all spatiotemporal regions in accor-
dance with Mach’s principles. However, this equator is not physically accessible, and

12 Known as the cosmological constant problem, please refer to [57, 58], for example.
13 Of course, even when restricting the discussion to physical considerations, in comparison to Eq. (1),

Eq. (3) differs as a law, in that Λ influences the relationship between spatiotemporal geometry and matter,

whereas Eq. (5) differs as an initial condition, in that Λ influences how the material distribution is

established initially. I believe that both interpretations do not contradict the Mach principle, given that

matter distributions and spatiotemporal geometry can have empirical aspects.
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empirical reasons for the existence of such matter were not established14. Expressed
from a viewpoint of philosophy of science, Einstein’s presupposition was too ad hoc to
defend Mach’s principle. Consequently, the concept of empty spacetime became even
more ambiguous.

The twentieth-century field theory tells us that both spacetime and matter are
described by fields [35]. Quantum theory has the most specific features of fields, but
even when limited to classical physics, fields took the place of matter and spacetime.
In fact, as I have already shown, in GTR spacetime cannot be described without a
gravitational field, and this field leads to a global structure of manifold with topology.
Einstein recognized this as well:

If we imagine the gravitational field, i.e. the functions gik to be removed, there does not
remain a space of the type (I) [Minkowski spacetime], but absolutely nothing, and
also no “topological space”. For the functions gik describe not only the field, but at the
same time the topological and metrical structural properties of the manifold ([64],
p. 155).

Furthermore, matter can also be referred to by material fields, expressed as Tµν or
Lm rather than by discrete bodies. In classical physics, there are two representative
fields—one is the gravitational/metric field, and the other is the electromagnetic field
identified as light. Within classical physics, these fields may have been the most
fundamental candidates for describing the physical world, namely the universe, rather
than spacetime and matter.

Finally, Einstein understood that spacetime was a structural quality of the
field, not subordinate to matter. Given the ambiguity between matter and
spacetime, it may have been natural for Einstein to strive to establish a Unified
Field Theory (UFT), which attempts to unify these fields into one, in the mid-1920s
after relinquishing Mach’s principle ([65]; cf. [35], p. 101)15. Whether or not this
interpretation is accurate depends on the development of physics itself, or whether
UFT will eventually be realized in the future. However, even when discussing
philosophical realism, the entire field should be regarded as central entities, as
expressed below:

There is no such thing as an empty space, i.e. a space without field. Space-time does not
claim existence on its own, but only as a structural quality of the field ([64], p. 156).

The priority of matter over spacetime or even the equivalence of both notions may
be irrelevant, suggesting that only the fields exist in the world. What we perceive as
spacetime and matter may merely be epistemological forms used to represent the
underlying structure.

In short, when asked the question “Is spacetime real? Does spacetime exist?”, the
answer can be simplified to the existence of a geometric structure in which each point
possesses only extrinsic local properties in relation to others, established by the grav-
itational field. Exemplification or instantiation of this structure is indifferent—whether

14 For a detailed discussion on it, please refer to ([35], p. 82–85).
15 Einstein was ultimately unable to complete this work, but the task of unifying fields, as pursued by UFT,

is said to have been taken over by quantum field theory in the realm of contemporary physics.
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it is attributed to pure spacetime, matter, dark energy, or any other factor16. What
holds significance is the structure itself, referring to something present in the physical
world and described mathematically [40]. This interpretation, structural realism
concerning spacetime, distinguishes itself from traditional substantivalism and
relationism while it gets the best of both worlds.

2.2 What is expanding?

In simple terms, an expanding universe literally means that the scale of the uni-
verse is increasing. The greater the distance between galaxies and clusters of galaxies
distributed in the universe becomes, the larger the universe itself becomes. As I
mentioned in 3, observations show that the redshift, which is the increase in wave-
length of light reaching Earth, indicates how fast a star or galaxy from which the light
was emitted is moving away. This information indirectly helps us determine the rate
of expansion. Initially, I would like to accept the expansion of the universe as an
empirical fact.

Well, now that the spacetime picture in GTR has been established, I will explore
the theory of an expanding universe using this structural perspective. In fact, the
reason behind the universe’s expansion, even if it holds true, still lacks a satisfactory
explanation. One model that attempts to explain the expanding universe is based on
the concept of space itself. Let me elaborate on this view, which ultimately leads to the
fundamental question: How did spacetime come into existence?

In order to discuss the entire universe, one needs to establish a basic model for the
global universe system. In standard cosmology, the strong cosmological principle is
initially applied to the system—our universe exhibits isotropy and homogeneity on a
global scale17. Under this cosmological principle, a specific metric tensor gµν from
Eq. (2) can be derived as the Friedmann-Lemaître-Robertson-Walker metric (FLRW
metric)18:

ds2 ¼ c2dt2 � a2 tð Þ dr2

1� Kr2
þ r2 dθ2 þ sin 2θdϕ2� �" #

: (6)

This metric is represented in a four-dimensional coordinate notation as (t, r, θ,ϕ),
where the time coordinate is denoted as t, and the three-dimensional space is param-
eterized using polar coordinates (r, θ,ϕ). The spatial metric in three dimensions can
be expressed using the constant spatial curvature K. If the universe possesses a finite
and closed space, the value of K is positive, whereas if the universe has an infinite and
open space, the value of K is equal to or less than zero standardly19. It should be noted
that in the spatial coordinate system, known as the co-moving coordinate system, the
scale factor a(t) changes as proper time t for observers increases, causing expansion or

16 Structural interpretations vary, and structural realism has various perspectives [66]. Structural realists

are ambiguous about which physical entity is referred to by a spatiotemporal structure. However, among

them Esfeld and Lam hold a clear substantivalist view that spacetime points are considered as objects, and
the geometric local relations they maintain with other points themselves constitute a complete

spatiotemporal structure [45].
17 This is also one of the metaphysical assumptions of Cosmology.
18 For example, for the derivation process, please refer to ([67], pp. 2–4).
19 If the value of K is zero, the space becomes purely Euclidean.
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contraction of the universe. That is, the scale of the spatial coordinate system changes
in time for observers at rest with respect to the moving spatial coordinate system.
Additionally, it is important to mention that the origin of the polar coordinates is set at
the observer’s position (Earth in the Milky Way galaxy).

The FLRWmetric is often likened to a balloon model. It is the scale factor a(t) that
drives the expansion of the universe. This factor, as its name implies, serves as a kind
of ruler for measuring the scale of the spatial coordinate system. When the scale factor
increases, the scale of the system also increases, regardless of whether the system or
the universe itself is finite or infinite. The scale of the spatial coordinate system
corresponds to the scale of the universe. Thus, this coordinate system is referred to as
a co-moving coordinate system. Galaxies and clusters of galaxies move in accordance
with this spatial coordinate system, their positions on the system remaining
unchanged, much like the marks on a balloon moving apart as the balloon expands.

This explanation of the universe’s expansion is straightforward and easy to under-
stand, but it does carry the potential for misunderstanding. The explanation, reliant
on a co-moving system, seeks to offer a rationale for the behavior of the scale factor a
(t) by solving Eqs. (1) and (5), presupposing the isotropy and homogeneity of the
universe based on the cosmological principle20. In the calculation, Tµν is expressed as a
combination of various ideal fluids, characterized by zero viscosity and constant
densities, including dark energy, as observed from the spatial coordinate system21.
However, if measured using a spatial unit of the co-moving coordinate system linked
to the matter’s scale, these densities and volumes remain constant. As I mentioned in
the previous subsection, Tµν cannot describe discrete entities like galaxies. This ideal
model is insufficient to describe the actual distribution of matter.

Furthermore, this model does not provide an explanation for the fundamental
reason behind the current expansion of the universe. For whether the value of a(t)
increases or decreases depends on particular additional assumptions, such as the initial
conditions a(0) = 0 and a(t) > 0. In other words, solutions for a(t) as increasing
functions, signifying the universe’s expansion, are obtained under the premise that the
universe possesses a beginning (t = 0) with a singularity (a(0) = 0). The balloon model
utilizing the FLRW metric does not inherently provide the explanation for the cause
of this expansion, but just expresses the expansion itself.

The notion that outer space is expanding only presents this model on a surface
level. Phenomenally in physics, the alteration in the scale of the universe is merely
assumed. This model employs a co-moving coordinate system to depict this alteration
and describes the expansion as if the spatial unit were increasing due to the growth of
a(t). It is essential to bear in mind that this spatial depiction is confined to the co-
moving coordinate system. The positions of galaxies in the universe are not changed
by expanding spatial forces or similar factors. Observers arbitrarily fix the spatial
coordinate system on their positions. The expansion of the universe is not a conse-
quence of the space itself expanding, but rather it is caused by other factors such as
energy, entropy, or other elements that are not accounted for in this ideal symmetric
model.

20 In general, concrete solutions for a(t) involving functions of t can be theoretically derived by solving

Friedmann equations, which are obtained by applying Einstein’s equation to the FLRW metric.
21 Even if the universe’s scale were measured using a constant unit of length, the densities of these fluids

decrease as the universe expands due to the increase in the volume of matter.
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Expanding space is merely a metaphor. The idea that the spatial coordinate system
expands in accordance with the increase of the time parameter is a mathematical
representation rather than a physical phenomenon. In this context, space does not
possess the nature of a substance like absolute spacetime. While General Relativity
Theory (GRT) describes the dynamic nature of spacetime, it does not attribute mate-
rial characteristics to it, as illustrated by the traffic light example mentioned in the
previous subsection.

Let us revisit the characteristics of the absolute spacetime that Newton
presupposed:

If absolute spacetime is considered a substance, these points labeled (x, y, z)
persist through time t, remaining the same across different moments in time
([41], p. 56).

If there is a concept of expanding space in the universe, each spatial point labeled
(r, θ,ϕ), which remains constant over time t, appears to move away from one another,
as if each spatial coordinate value corresponds to an individual substance. However,
this depiction is primarily a lengthy assumption.

For instance, in GTR, space points are not the same across different times. In the
co-moving coordinate system, let us consider a space point labeled p with spatial

coordinates xp, yp, zp
� �

at time coordinate value t1 in the FLRW metric. This space

point is not identical to another point labeled p at the same coordinate system but at a
different time coordinate value t2, as space points do not persist through time. Point p
at t1 and point p at t2 coincidentally possess the same spatial coordinates within the
framework of the co-moving coordinate system (Figure 1). According to the principle
of general covariance, even if a different coordinate system were applied to these two
points, physical phenomena should be described in the same manner. Hence, there is

no need to assert their identity since these two spacetime points labeled t1, xp, yp, zp
� �

and t2, xp, yp, zp
� �

in the co-moving system are assigned distinct spatial coordinates in

the new coordinate system.

Figure 1.
The explanation of an expanding universe with a co-moving coordinate system.
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Upon investigation, the co-moving coordinate system (t, r, θ,ϕ) can be converted
into the static coordinate system (t, r0, θ,ϕ), keeping the scale of the spatial coordi-
nate system unaltered through the coordinate transformation (r0 ¼ a tð Þr):

ds2 ¼ c2 �H2 tð Þr02
� �

dt2 þ 2H tð Þdtdr0 � dr02

1� Kr02
a2 tð Þ

� r02 dθ2 þ sin 2θdϕ2� �
: (7)

Here, H(t) represents the Hubble constant, and it can be expressed using a(t)

as H tð Þ ¼ a _tð Þ
a tð Þ (where a _tð Þ is the first derivative of a(t) with respect to t).

This coordinate system, with the term dtdr present, is not synchronized with
respect to time unless H(t) = 0. Consequently, the progression of time varies at each
point in space, and defining simultaneity becomes impossible.

This new static coordinate system (t, r0, θ,ϕ) seems quite complex, as time t from
the co-moving coordinate system is still in use, but it must provide a framework to
describe physical phenomena. General covariance allows this coordinate system to be
equivalent to the original one. It is certain that in the static coordinate system, a spatial
component ( r0, θ,ϕ) does not expand. As time t increases, the nonzero spatial curvature
K

a2 tð Þ can change22, but the scale of the spatial coordinate system remains constant. In this
coordinate system, space never expands; matter only moves away. A space point labeled
p at time t1 in the co-moving system and another at time t2 in the same system are
labeled different spatial coordinate values in the static coordinate system, respectively.

However, the co-moving coordinate system might be more than just a convenient
tool for describing the universe’s system. Each spatial coordinate value in the co-
moving coordinate system corresponds to a physical position. It directly corresponds
to the position of each galaxy. If the universe is isotropic and homogeneous, using this
coordinate system is very natural and logical. In this sense, the co-moving coordinate
system might be the most suitable model for representing spacetime itself.

The co-moving coordinate system saves the cosmological principle. Hubble also
demonstrated through observational data on redshift that the farther galaxies are from
Earth, the faster they move away, with velocities proportional to their distance from
Earth [24]. Intuitively, these results seem to suggest that all celestial bodies are
moving away from the center of the universe, namely our Milky Way galaxy, consid-
ered seemingly a special place, which contradicts the cosmological principle. How-
ever, if the universe truly expands like a balloon, these data are consistent with the
cosmological principle as Figure 1 shows it. Thus, if there is no expanding space
behind matter, there is no explanation for why the universe is expanding in this
manner. This reduction to the absurd resembles a no-miracle argument, asserting that
expanding space is real which appeals to Inference to the Best Explanation [68], even
though the distinction between material positions and space points, or spacetime and
matter, remains ambiguous. The balloon model not only explains the way phenomena
occur but also provides a clear worldview on the expanding space concept.

However, the structural interpretations discussed in the previous subsection refute
the notion of expanding space. Certainly, the spatial coordinate values in the co-moving
coordinate system might refer to the physical positions of galaxies. The co-moving
coordinate system could suggest the existence of expanding space behind matter. But let

22 space approaches flatness: K
a2 tð Þ ¼ 0.
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us remember the perspective of structural realism. Structural realism does not concern
itself with what the concrete attribution of the spatiotemporal structure is.

In this context, it is crucial to recall that each spacetime point lacks intrinsic
physical properties on its own. They possess only extrinsic or relational local proper-
ties provided by the metric. A coordinate value devoid of metric information cannot
uniquely refer to a specific spacetime point, even though it refers to a position within
the universe.

For a structural realist, both the co-moving coordinate system and the static coor-
dinate system are merely different forms to describe the same spatiotemporal struc-
ture. The notion that two spatial points are uniquely identified or persist through time
is not upheld by structural realism, which is the reasonable interpretation within
classical spacetime, particularly within GTR. The co-moving coordinate system is
essentially a convenient mathematical aid, but the entirety of four-dimensional
spacetime can be described using other complex coordinate systems, such as the static
coordinate system.

Structural realism concerning spacetime informs us that the abstract mathematical
representation, like the FLRW metric derived from gravitational fields, undoubtedly
refers to something physical in the universe, but it does not assume a specific form
with size and shape, akin to a physical substance like the expanding universe. Many
mathematical tools might represent this structure, but attributing a single physical
entity exclusively to any one of them is not in line with the essence of structural
realism, even though the distinction between spacetime and matter might be ambig-
uously claimed by structural realists. Expanding space is not endorsed by the struc-
tural worldview [22, 69].

If space were to expand as a substance, this expansion should have had a starting
point. Assuming a singularity like a(0) = 0 when t = 0 signifies that the universe,
encompassing all material entities, came into being from a size of zero at t = 0, in
accordance with classical perspectives23. Thus, the beginning of the universe aligns
with the beginning of spacetime. In this interpretation, the void from which the
universe occurred is not equivalent to space itself, but rather it denotes nothingness or
something distinct from space devoid of matter.

However, the structural interpretation that negates the existence of an expanding
universe furnishes an alternate picture of the universe’s beginning:

Even if the universe contracted to a point of zero, space did not similarly con-
tract. Conse-quently, at the beginning, a spatiotemporal structure could be postulated
to exist around the singularity [69].

In this picture, the vacuum underlying the universe, which indicates the region
distributed by matter, might be synonymous with spacetime devoid of matter. This is
because spatiotemporal structures can exist independently of matter, akin to
Minkowski metric and Schwarzschild metric, which serve as vacuum solutions of
Eq. (1). In this sense, spacetime constitutes the universal background of the universe
from the perspective of structural realism.

23 Strictly speaking, this depiction might be relevant to a finite universe with a positive K. However, at

present, I consider an infinitely scaled spacetime with K≦0, which can converge to zero, based on the belief

that the size of material parts is finite.
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This is precisely the answer I aim to present to the fundamental question.
Structural realism concerning spacetime does not accept the notion of the beginning
of spacetime in cosmology. It is quite intriguing that this audacious assertion is
derived not from QGT addressing the question, but from philosophical concepts
rooted in GTR.

3. Are we going to the non-spacetime picture?

Spacetime is often said to emerge from more fundamental entities in Quantum
Gravity Theory (QGT). In simpler terms, spatial properties, such as distance and
continuity, cease to hold true in microscale regions like the Planck scale. This arises
because the manner in which gravitational fields integrate quantum effects within
these domains remains unclear. Consequently, the notion that spacetime is not fun-
damental necessitates a reconsideration of conventional empirical concepts such as
observations and causality. These concepts must be interpreted in a manner that
accounts for the absence of spacetime.

This task also influences both physics and philosophy. The novel worldview has
the potential to induce the next scientific revolution, as physics is on the verge of
revisiting the fundamental nature of spacetime since the advent of general relativity
[31]. This, in essence, is the primary role of physics, not metaphysics nor philosophy.
But this challenge also prompts philosophers to contemplate the existence of empirical
coherence [70] and the distinction between mathematical entities and physical entities,
or physical salience [71] in QGT.

If Quantum Gravity Theory (QGT) can formulate consistent theories that inte-
grate quantum theory and GTR, or formalize GTR in microscale regions, this
impending revolution could present a coherent framework elucidating the emergence
of spacetime. This framework would address the question of which aspects of a
spatiotemporal structure are taken to these microscale regions.

The term “emergence” is highly ambiguous and controversial. In physics, emer-
gence pertains not only to entities and properties but also to phenomena and theories
that are “novel” and “robust” in relation to more fundamental ones [72]. In other
words, spacetime is more than just a composition of constituent elements; it encom-
passes spatiotemporal properties that cannot be explained solely by the functions of
these constituents. Moreover, the discourse concerning the emergence of spacetime
takes on different aspects within various types of QGTs.

In the previous section, the conclusion was reached that the structural realism of
spacetime, as derived from GTR, contradicts the notion of expanding space within
relativistic cosmology. This perspective strongly asserts that space is distinct from a
substance-like entity which came into being from the singularity. It does not endorse
the notion that a spatiotemporal structure could not disappear at the universe’s birth.
If this interpretation is valid, what lessons can we draw from Quantum cosmology’s
exploration of the early micro universe?

QGT is closely related to Quantum cosmology because, following the standard Big
Bang cosmology, the early universe contracted into a small size, irrespective of
whether space also underwent contraction. This implies that some of the QGTs
describe the early universe near the singularity, searching for the origin of the uni-
verse or spacetime. Toward the conclusion of this chapter, I will illustrate how the
structural view addresses this non-spacetime theory in Quantum cosmology.
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However, it is worth noting that structural realism about spacetime is rooted in
GTR, whereas QGT does not necessarily presuppose GTR in macroscopic regions.
Indeed, Super String Theory (SST), one of the QGTs, operates with a distinct classical
field theory that becomes approximately consistent with GRT under high-energy
conditions. This theory establishes a definite spatiotemporal structure as a background
for a string or other material entities by disassociating gravity from spacetime, quan-
tifying gravitational fields along with other fields like electromagnetic ones. SST might
be the most coherent QGT, yet its concept of spacetime starkly diverges from the
structural interpretation that equates spatiotemporal structures with gravitational
fields, leaving aside the fact that, in SST, spacetime extends to 11 dimensions rather
than the usual 4.

Hence, I find it exceedingly challenging to establish a connection between the
notion of “spacetime” in SST and the spacetime discussed in the previous section.
However, SST can be viewed as a theory addressing the emergence of spacetime,
which is recognized as T-duality. In contrast to ordinary spatial domains, whose sizes
are quantifiable, the target space employed as a backdrop in SST operates on a lower
level of observability and can possess physically equivalent yet distinct length scales, a
perplexing concept [73]. In the microscale regions of this target space, concepts like
distance lose their clear definition. This serves as an illustration of more fundamental
entities exhibiting non-spatiotemporal attributes.

As other more fundamental entities, which spacetime is emergent from, concepts,
such as the spin network or the spin foam in Loop Quantum Gravity (LQG) and the
causal set in Causal Set Theory (CST), have arisen. LQG and CST share the common
goal of elucidating the constituents of spacetime itself—akin to the notion of a space
or spacetime atom. The spin network characterizes nodes connected with edges
within an abstract graph, representing discrete volume and surface elements of the
space atom. The causal set, on the other hand, depicts spacetime points arranged
within a causal relation that conveys a temporal dimension in a coherent manner, as if
all points collectively compose a unified space. These depictions seemingly suggest
that spacetime possesses substance-like attributes, reminiscent of the old
substantivalism, which appears to be at odds with the structural perspective. It is
worth noting that both LQG and CST reflect theoretical structures within the frame-
work of GTR24.

Especially, LQG directly quantizes metric, but there is no isomorphic correspon-
dence between structure of spin network and the spatiotemporal one because through
quantization processes, volume or surface area, from which continuity of space is
emergent, is defined and spatiotemporal properties such as locality are lost [75]25.
Hence, there is a mathematical discontinuity between spin network and spacetime,
which is the cause of emergence.

However, a spatiotemporal structure does not change into spin network through
quantization. Indeed, LQG begins with the Einstein-Hilbert action calculated from gµν
in Eq. (4), a spatiotemporal structure. To enable canonical quantization, the action
needs to be transformed into the Palatini-Holst action [77], which is classically equiv-
alent to it. When defining the configuration variable Ai

a called the Ashtekar variables,
its canonical conjugate momentum is expressed using the scalar density of the triad field
~E
i
a. With this Astekar representation, the new action is given as below:

24 As to CST, please see [74].
25 As to the emergence of locality, please see [70, 76].
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Here, β is the Barbero-Immirzi parameter, N, Na, and λj are undetermined con-
stants of the Lagrangian, Lt represents the Lie derivative, εijk is the Levi-Civita epsilon
(antisymmetric tensor according to Einstein’s summation convention), Fi

ab is the
differential form of Ai

a given analogously by Young-Mills theory for the electromag-
netic field, and Da represents the covariant derivative26. This is simply a change of
variables, and Eq. (8) still describes a classical structure. Furthermore, even when

canonical variables Ai
a, ~E

a
i

� �
are quantized, there exists an isomorphic correspondence

between structures, quantum numbers, and classical numbers. Quantized spacetime is
mathematically connected to classical spacetime through the structural interpretation.

The structure of a spin network can be derived from the calculation of quantized
spacetime/gravitational field, not from classical spacetime. Through the quantization
of Eq. (8), a wave function Φ with a variable of Ai

a is associated in relation to other
known quantizations of different fields. However, to establish conditions without
spacetime geometry as a background, in which physical quantities can be defined, a
more abstract and complex state space is required. It is the spin network which is
described in this unique space, and the discrete physical quantities are variables
related to quantized original spacetime, namely the volume and surface areas of units
of space.

Therefore, the spin network could be a space/spacetime atom, but not space/
spacetime itself. It is because space atoms are described in another space detached
from a metrical system of Eq. (8) in which spacetime itself is described. This abstract
system does not constitute a spatiotemporal region. Two different foundations have
different concepts. Consequently, spatiotemporal properties emerge independently of
what a spin network describes, to some extent [75].

Ultimately, could QGT potentially describe the origin of spacetime itself in the
future? If we simplify the idea, if an expanding space contracts into a singularity along
with matter27, QGT might describe a space atom of extremely small size. However,
this concept of the size of a space atom is developed as a spin network, within a
different abstract system. As long as there remains a conceptual discreteness between
the spin network and spacetime, even space atoms resembling a substance could
remain consistent with the structural realism about spacetime. This is because the
latter is independent of the properties of the former.

Is this abstract foundational space a physical region? In physics, there exist various
types of space beyond the four-dimensional spacetime, such as high-dimensional
space, topological space, and phase space. Let us call these abstract space non-
spacetime now. The concept of state/Hilbert space was a conceptual or mathematical
one used to describe the behavior of a system. However, QGT blurs the boundaries of
this abstract role even further. If spin networks and causal sets are indeed real as space
atoms, where would they exist? Does this question make sense without a spatiotem-
poral structure? Can we entertain the idea of a universe or physical regions existing
out of spacetime?

26 A sequence of detailed process and each variable depends largely on ([78], pp. 91–93).
27 A model was proposed that the compressed universe transitions from contraction to expansion due to the

quantum effect of repulsive gravity to avoid a singularity, inducing Big Bounce in QGT [79].
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If we consider physical regions to encompass the entire universe, does the concept
of emergent spacetime allow for the inclusion of non-space regions as part of the
physical ones, rather than mere mathematical models or tools? This notion has already
been introduced in modern physics: for example, when quantizing the electromag-
netic field, photons oscillate not in physical space but within an abstract space formed
by the physical quantities of the field itself [80]. However, virtual particles like
photons correspond to fields that exist within spacetime, and the empirical aspects or
phenomena associated with these particles occur within a spacetime region.

When it comes to space atoms, the possibility of non-spacetime regions comes into
play. Causality might serve as a bridge connecting the spatiotemporal universe to a
non-spatiotemporal one, potentially through the context of the big bang. To consider
the behaviors of spin networks and causal sets as genuine phenomena, it might be
necessary to expand the scope of physics even further!
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Chapter 4

Cosmology with Time-Varying
Curvature: A Summary
John C. Botke

Abstract

We present a new model of cosmology based on the idea that the curvature of the
universe varies with time. This model predicts a present-day exponential acceleration
of the expansion of the universe without reference to a cosmological constant. We
propose a new model of nucleosynthesis that accounts for the existence of cosmic
structures, provides a solution to the matter/antimatter asymmetry problem, and
explains the origin of the CMB. We show that this process was regulated by a vacuum
imprint that came into existence during an initial Planck era inflation. One conse-
quence is that all cosmic structures came into their final form with their present-day
mass more or less simultaneously at a time of about 3� 1016 s. This explains the recent
findings by the James Webb telescope of very large galaxies dating from that epoch.
We show that the stability of galaxies and galaxy clusters demands that all galaxies
must have developed supermassive black holes at that time. We go on to show that the
phenomena attributed to dark matter are actually consequences of vacuum energy,
that the conventional model for the CMB spectrum is wrong and finally, we resolve
the Hubble tension problem.

Keywords: evolution of the universe, inflation, big bang nucleosynthesis, cosmic
microwave background, origin of cosmic structures, dark matter, dark energy,
supermassive black holes, baryonic acoustic oscillations, Hubble tension

1. Introduction

It has long been thought that the ΛCDMmodel was the final answer to the problem
of the evolution of the universe and that only a few tweaks would be needed to
complete our understanding of cosmology. In recent years, however, researchers have
begun to realize that the standard model has serious problems that cannot be resolved
by making minor adjustments. A number of papers (see e.g. [1, 2]) have recently been
published that suggest that the standard model might need to be scraped in favor of
new physics. In these notes, we summarize just such a model. This new model that
makes a major departure from the standard model in terms of its viewpoint of the
evolution of the universe while making detailed predictions that solve a large number
of the outstanding problems of cosmology.

We will begin with a brief review the assumptions underlying the standard model
and contrast these with those of the new model. First, the standard model assumes
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that the universe is homogeneous and isotropic on large scales. In the new model, we
also make that assumption with, however, a major difference. Whereas the standard
model asserts that the curvature of spacetime is constant, we assert that it varies with
time and the consequences of that are huge. With time-varying curvature, the uni-
verse must undergo a present-day exponential acceleration of its expansion that has
nothing to do with a cosmological constant. According to [1], one of the major
problems of the ΛCDM model is that it cannot explain the magnitude of the cosmo-
logical constant. That of course, is not a problem in the new model because the
cosmological constant simply does not exist.

Another fundamental problem with ΛCDM is that it cannot explain the “coinci-
dence” that the present-day energy densities of the vacuum and matter are roughly
the same whereas at the time of nucleosynthesis, they differed by many orders of
magnitude. The new model demands that such a disparity must exist and, in fact,
makes an accurate prediction of its magnitude.

The second major assumption of the standard model is that the matter distribution
of the early universe was uniform. The most striking feature of the universe we
observe is its fantastic degree of organization on all scales from stars up to the cosmic
web. The standard model asserts that early quantum fluctuations seeded later accre-
tions that became the structures but it is clear that this organization could not have
been the result of random events so some organizing principle must have been
responsible. Further, we will see that the scale of the largest structures demands that
the definition of these structures came about in the absence of causality. The new
model solves this problem by asserting that a blueprint that came into existence
during an initial Planck era inflation later regulated nucleosynthesis in such a manner
as to create all the cosmic structures we now observe.

A third major assumption of the standard model is that all cosmic structures are a
consequence of accretion. We will show instead that when vacuum energy is included
in Einstein’s equations, accretive structure formation initiated by small perturbations
is impossible. In the new model, it was the imprint expressing itself by regulating the
creation of matter that was responsible for the structures. We go on to show that after
nucleosynthesis, under the influence of initially the expansion and later gravitation,
the initial matter distributions became fully formed stars, galaxies, galaxy clusters,
and superclusters more or less simultaneously at around 3� 1016s or z≥ 6. This is an
important point because it explains the recent findings of the James Webb telescope of
large fully formed galaxies with ages too great to be explained by accretion. We also
show that as part of this process, all galaxies must have formed supermassive black
holes because they would have otherwise undergone free-fall collapse and that radia-
tion from galaxies interior to galaxy clusters was the agent that prevented the clusters
from also undergoing free-fall collapse.

Another major problem with the standard model is that it cannot explain the
matter/antimatter asymmetry of the universe which the new model does.

The chapter is a distillation of the results presented in the series of papers listed in
the reference section. We ask the reader to refer to those papers for detailed discus-
sions and references to methods and data.

One final point is that this model should be considered as a whole instead of the
collection of disjoint pieces which is the case with the standard model. The present-
day Hubble constant, the present-day CMB temperature, and one other parameter
associated with neutron decay, fix all the parameters of the model. There are no other
parameters and, unlike the situation with the standard model, only one evolution is
possible.

70

Cosmology – The Past, Present and Future of the Universe



2. Origins and the Planck era

We will begin with an observation concerning the CMB spectrum that will lead us
back to the origins of everything. In spite of the claims of the standard model, super-
clusters are the only structures in existence large enough to be responsible for the large
peaks of the CMB spectrum. In our original paper [3], we argued that superclusters
were actually responsible but we have since realized [4] that the process that created the
superclusters simultaneously created the CMB spectrum with peaks of the same physi-
cal dimensions. We will have more to say about this later but the point here is that
superclusters in some form must have been in existence at the time of recombination.
We also know that the CMB spectrum peaks were vastly too large to be explained by
any causal process. Starting at the time of recombination and moving backward, since
nothing much happened between the time of recombination and nucleosynthesis, it is
natural to suppose that superclusters and the CMB spectrum originated during nucleo-
synthesis and, indeed, their material manifestation did originate at that time. Because of
causality, however, the blueprint that regulated their creation must have come into
existence even earlier. The only possible conclusion is that, even though causality is a
cornerstone of physics that applies to most of the history of the universe, there must
have been an epoch at the beginning during which it had no meaning. The final jump
backward is to a Planck-era inflation.

Imagine that we are interested in measuring the duration of some event. To do so,
we need a clock whose ticks are of a shorter duration than that of the event so to
measure events of shorter and shorter duration, we must keep subdividing the ticks.
We eventually come to a limit which we take to be the Planck time at which our ticks
can no longer be subdivided. A consequence is that time becomes uncertain. The same
idea holds for distance and energy as well. Since neither time nor distance had any
exact meaning, it follows that causality had no meaning so during this epoch the
constraints imposed by causality (and entropy) did not exist.

Such inflation by itself, however, does not explain superclusters or anything else so
structure is needed. We concluded that large smooth acausal vacuum structures or
imprints came into existence with relative dimensions ranging from that of stars and on up
to that of superclusters and beyond. Further, we show in Section 18 that the distribution of
these imprints was fractal with a dimension of about 1.1. The problem then is to account
for the existence of these imprints. Given the extremely short period involved and the lack
of causality, it should be clear that no complicated dynamics could have been involved.
Having a fractal dimension suggests that self-similarity was in some way responsible.

In Figure 1, we summarize the situation. The scaling is defined by a tð Þ ¼ aP eα tð Þ

where τ ¼ ln t=tPð Þ. The subscript “P” indicates a Planck value. The exponential

Figure 1.
Initial evolution of the universe.

71

Cosmology with Time-Varying Curvature: A Summary
DOI: http://dx.doi.org/10.5772/intechopen.1002255



expansion ended when the age of the universe became large compared to the Planck
time (at about t ¼ 6:2� 10�42 s.) Following that expansion, a transition period
occurred ending at a time of about t ¼ 6:8� 10�41 s. From that point onwards, the
evolution of the universe could be described by Einstein’s equations with the under-
standing that Einstein’s equations have validity only for dimensions large compared to
Planck dimensions. (That last statement is not an argument in support of quantum
gravity which we contend does not exist. Instead, at the Planck limit, a point in
spacetime does not have any precise meaning so any normal concept of dynamics
cannot exist.)

As we will see in the next section, in the new solution of Einstein’s equations, the
scaling of the universe is entirely a consequence of the vacuum and since the model
contains no free parameters, we can work backward from the present day to fix the
value of the scaling at the end of the transition.

We recognize that there is no direct observational evidence that inflation existed
and, in fact, there never can be for the simple reason that there was nothing to observe
before nucleosynthesis. The indirect evidence for inflation, on the other hand, is
overwhelming given the assumption that the Big Bang expansion began from a
Planck-sized beginning. The fact that the new model solution must join onto the
scaling at the end of the transition not only constrains the magnitude of the inflation,
it also forces the conclusion that there was an inflation. In fact, without the inflation,
the present-day size of the universe would be a small fraction of a meter.

Any discussion of a Planck era eventually brings up the point the Planck dimen-
sions are simply dimensional constructs based on the values of certain physical con-
stants and it would be a fantastic coincidence if the actual Planck dimensions were the
same as the constructs. However, a possible resolution to this dilemma is achieved if
we turn the Planck dimension formulas around giving us the origin of the physical
constants, e.g. c ¼ lP=tP and so on.

3. A new model of the Einstein era

By the end of the transition period, the uncertainties would have become negligible
and normal causality would have come into play. The development of the new model,
[3], begins with the idea that the universe consists of a sequence of hyperspheres each
of which is homogeneous and isotropic (the real universe as opposed to our preception
of the universe.) The standard model goes on to assume that the curvature of each of
these hyperspheres has a single, constant value but there is no physical principle that
says that must be the case. We instead assert that the curvature varies with time.

We now need to connect these hyperspheres with Einstein’s equations. Given the
assumptions of homogenity and istropy, the hyperspheres can have no preferred
origin and all their properties are dependent only on time. Our perception of the
universe, on the other hand, is concerned with signals, causality, and so on and these
are dependent on both time and distance as described by Einstein’s equations. The
question, then, is how do we reconcile the equations that describe our perception with
a sequence of hyperspheres that have no notion of an origin or distance? The answer is
that Einstein’s equations describe the universe from the viewpoint of each observer.
But a hypersphere is simply the collection of all possible observer origins so Einstein’s
equations become the equations that describe the hypersphere when evaluated at any
observer’s origin. Said another way, separations on a hypersphere are space-like and
since Einstein’s equations describe time-like events, the only possible point of contact
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is with a signal of zero spatial extent. Einstein’s equations have nothing to say about
points with spacelike separations which is the reason that Einstein’s equations can
accommodate multiple viewpoints of cosmology.

In the standard model, the additional assumption is made that not only are the
hyperspheres homogeneous and isotropic but that the universe must appear homoge-
neous and isotropic. With time-varying curvature, on the other hand, the metric must
contain an off-diagonal term connecting time with distance with the result that the
universe will not appear homogeneous and isotropic to an observer. As we will show,
however, the difference only becomes apparent at very large redshifts.

Putting these ideas together, the metric becomes,

ds2 ¼ �1þ r2h ct, rð Þ2
a ctð Þ2 1� k ctð Þr2� � !

cdtð Þ2

þ2h ct, rð Þ cdtð Þrdrþ a2 ctð Þ dr2

1� k ctð Þ r2ð Þ þ r2dΩ2

 !
:

(1)

The second part of the new model concerns the vacuum energy density. Instead of
the standard model concept of a vacuum described by Tμν ¼ 0, the new model vac-
uum acts as its own source so we have

Tμν ¼ ρvacc
2 ct, rð Þ þ pvac ct, rð Þ� �

δμ0δ
ν
0 þ pvac ct, rð Þgμν: (2)

After working out Einstein’s equations and taking the limit as r ! 0, the resulting
equations can be solved in closed form. The scaling is given by,

a ctð Þ ¼ a ∗
ct
ct0

� �γ ∗

e
ct
ct0
c1 , (3)

where

a ∗ ¼ a0 e�c1 : (4)

(Ref. [3] for the omitted definitions). We see that the scaling is power-law for
ct=ct0 ≪ 1 and exponential for ct=ct0 ≥ 1. The curvature is given by

k ctð Þ ¼ k0
a ctð Þ
ct

� �2

(5)

which is related to the vacuum energy density and pressure by

k ctð Þ ¼ 1
2
γh a ctð Þ2κ ρvacc

2 ct, 0ð Þ þ pvac ct, 0ð Þ� �
: (6)

The sum is thus a fixed function of time,

ρvacc
2 ct, 0ð Þ þ pvac ct, 0ð Þ ¼ 2k0

κ ct0ð Þ2γh
ct0ð Þ2
ctð Þ2 : (7)

Note that there is no direct relationship between the scaling and the energy density
or pressure. The present-day acceleration of the scaling is, in fact, a kinematic
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constraint that follows directly from the time variation of the curvature and the
presence of the vacuum energy in the energy-momentum tensor. It has nothing to do
with a cosmological constant or so-called dark energy. This situation is completely
different from that of the standard model based on the FRW solution of Einstein’s
equations. The latter does not actually predict anything based solely on being a solu-
tion to the equations. By making choices about various parameters, it is possible to
predict any sort of evolution one cares to see. In the new model that is not the case.
There is one solution and only one evolution is possible.

Both the energy density and the pressure contain a constant term that one might
think to associate with a cosmological constant. If we must assign a meaning to these
constants, they are the values of the vacuum energy and pressure at infinite time.
These, however, have no physical consequences and they can be removed by simply
adding a constant term to the energy-momentum tensor. Physical quantities such as
the curvature are functions of the sum rather than either energy or pressure individ-
ually and in the sum, the constant terms cancel.

Aside from the present-day size and age of the universe, we need the value of the
scaling at two different times to fix the parameters of the model. For one, we use a
present-day value of the Hubble constant. There is some uncertainty about its
value but, as we will show later, a consensus of H0 ¼ 73kms�1Mpc�1 is emerging
from the various methods used to determine its value. For the other parameter, we
use the energy density of the CMB at the time of nucleosynthesis. From this, we
determine that γ ∗ can be at most only slightly greater than ½. For the model devel-
opment, we needed to assign a single value which we chose to be exactly ½. The
relationship between the Hubble constant and the model parameters is c1 ¼ t0H0 � γ ∗
from which we determine that c1 always has a value close to ½. For H0 ¼ 73 we have
c1 ¼ 0:525.

There appears to be one remaining parameter, namely k0. During and shortly after
the inflation, the curvature was maximal which motivates an additional principle that
states that the curvature must always be as large as possible or equivalently, that the
vacuum energy density must always be as large as possible. From the solution, it then
follows that k0 ¼ 1:41.

Everything is now fixed and unambiguous predictions can be made. We define an
effective scaling parameter by a tð Þ ¼ a0eγeff tð Þ which we show in Figure 2. We also
show the scaling as a function of time. The exponential acceleration of the scaling is
clearly visible.

In Figure 3, we show the coordinate distance of sources whose signals are received
at the present plotted as a function of the lookback time. Both time-varying and
constant curvature cases are shown. The two curves are similar for small values of
look-back time but they differ considerably for large redshifts which illustrates the
point we made earlier about the universe not appearing homogeneous and isotropic.
In particular, with time-varying curvature, there is a fundamental limitation on our
ability to detect distance sources. No matter how far back in time we look, we cannot
see sources with coordinate distances greater than about r ¼ 0:6. This is in direct
contrast to the standard model where no such limitation exists.

The redshift dependence of the Hubble parameter, H tð Þ � _a tð Þ=a tð Þ, is shown in
Figure 4.

Finally, the model makes a prediction of the luminosity distances of various
sources that agree with observation but we will postpone that discussion until we
reach the section concerned with the Hubble tension problem.
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Up to this point, we have only considered the vacuum but eventually, particles
permeated space so we need to consider their interaction with the vacuum energy
density. On the LHS of Einstein’s equations, the connection coefficients depend only
on the metric components and these have no dependence on either the vacuum energy
density or pressure. On the RHS, since the particles can be assumed to be at rest, their
density is simply added to the vacuum energy density. Ordinarily, after including a
new term, we would need to re-solve the equations but in this case, the equations have
not changed since the particle density just becomes part of the vacuum energy sum so
the original solution still holds. This means that any small variation in the particle
density will be immediately canceled by the corresponding variation in the vacuum

Figure 2.
The time-varying curvature predictions are shown in red. For comparison, the curve for 2=3rds scaling is shown in
blue. The indicated times are tn = the time of neutron formation to be explained below, t4000 = the end of
nucleosynthesis, trec = the time of recombination, and tG = the time of galaxy formation.

Figure 3.
r 1, ξeð Þ vs. ξe. The red curve is the time-varying curvature result. For comparison, we also show in black the result
computed assuming a constant value of k ¼ 1.
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needed to keep the sum unchanged. Since the gravitational field does not change,
nearby matter will not detect any difference in the field so no accretion occurs. When
the vacuum energy is included, Einstein’s equations show that accretion initiated by
small particle density fluctuations is impossible.

We can now address the “coincidence” problem mentioned in the introduction.
From (Eq. (7)), we find that the present-day vacuum energy density sum is

ρc2 ct0, 0ð Þ þ p ct0, 0ð Þ ¼ 2:1� 10�10 jm�3 (8)

which differs from the value of the so-called dark energy density
(6:3� 10�10 jm�3) by no more than a factor of three. Note, however, that even though
the magnitudes are similar, these are in no way equivalent. The notion of dark energy
driving the acceleration of the scaling just does not exist in the new model. If we
assume that the average present-day particle density is about 1 m�3, we find a matter
energy density equal to Epart t0ð Þ ¼ 1:5� 10�10 jm�3 and comparing with the vacuum
value, we find that they are essentially the same. Now, using the scaling of (e.g. (3)),
we determine that the particle energy density at t ¼ 1 s was Epart 1sð Þ ¼ 2:1� 1017 jm�3

and from (Eq. (7)), that the vacuum energy density was Evac 1 sð Þ ¼ 4:0� 1025 jm�3.
The latter is larger than the particle energy density by eight orders of magnitude.
Thus, what is a great problem for the standard model is a non-issue in the new model.
The vast change in the energy density ratio over time is an unavoidable consequence
of time-varying curvature.

4. Nucleosynthesis

The next step is to account for the creation of ordinary matter. We begin by
separating what is known from what is conjecture. Observations of galaxies allow the
relative abundances of the light elements to be measured. Working backward in time,

Figure 4.
Hubble parameter vs. redshift. Time-varying curvature in red, constant curvature in black. The FRW results for
two values of the densities are shown in blue. The latter were normalized to the value of the new model curve at
z ¼ 0.
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the abundances at the end of nucleosynthesis can then be estimated because the
processes that occurred during the intervening period are known. Similarly, the
nucleosynthesis reactions are also known so one can work backward again to discover
what densities of protons and neutrons were necessary to account for the abundances
of the light elements. We can also establish that the process began at a time of about
10�5s. That, however, is as far as one can go. Whatever happened before that time is
beyond the reach of even extrapolations of observations. This means, for example,
that there is no evidence to support the standard model’s field theory beginning. There
is also no evidence to support the standard model’s assumption that the initial baryon
density was uniform throughout the universe.

Here, we will propose a much simpler model, [3, 4] that leads to the same nucle-
osynthesis starting point but which also accounts for the matter/antimatter asymme-
try of the universe, the existence of the CMB, and the high density of neutrinos
needed to establish the pre- nucleosynthesis proton/neutron abundance ratio. We
start with the idea that there was no existence other than the vacuum prior to the time
of nucleosynthesis and that at that time, a very small percentage of the vacuum energy
was converted into neutron/antineutron pairs with a very small bias of 2–4 extra
neutrons for every 108 pairs. Using the formula for the energy density of the vacuum
given earlier and assuming that the pair production occurred at the point in time when
the vacuum energy density equaled the equivalent energy density of a neutron, we
determine that the event occurred at a time of tn≈4� 10�5s.

Initially, we have neutrons and antineutrons but we also need protons. Our original
idea was that weak interactions were responsible for the existence of the protons but
that turned out to be wrong. The weak interactions did play a critical role but they
were not responsible for the original population of protons. Instead, the protons and
antiprotons were a consequence of baryonic charge exchange reactions, [4].

Starting with the neutrons and antineutrons, particle/antiparticle annihilation and
charge exchange reactions proceeded at a very high rate creating, in addition to pro-
tons and antiprotons, a very high density of mesons, neutrinos and electrons along
with the radiation that became the CMB. Ultimately, the small excess of initial neu-
trons resulted in the matter/antimatter asymmetry of the universe. This entire process
was very fast and was completed 10�12 s after it began. At the end of this process, there
were equal numbers of protons and neutrons but soon afterward, weak interactions
became important and it was these that adjusted the proton/neutron ratio to the value
it had when nucleosynthesis proper began.

The key point about this process is that it was not random. Instead, it was regulated
by the Planck era imprint that we spoke of earlier. This imprint caused an increase
relative to the average in the number of neutrons and antineutrons in the regions that
became the cosmic structures and a decrease in the regions that became the voids.

For this to work, there must have been a universal violation of the baryon conser-
vation law because the same excess had to have occurred everywhere and so cannot be
the result of some random process. In fact, to account for the matter/antimatter
asymmetry, some such violation must be introduced no matter what creation model is
assumed. Indications of such a violation in connection with neutrons have been
known for a long time. The evidence, known as the neutron enigma, comes from
experiments conducted to determine the half-life of the neutron. The problem is that
different values result depending on the design of the experiment, (see reference in
[3]). Experiments that detect the protons that result from the neutron decay give one
value and experiments that count the total number of neutrons remaining in a
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container as a function of time gives another value. The difference is evidence that
some of the neutrons simply disappear without leaving behind any daughter particles.

Referring now to the problems listed in [1], there are several that can now be
settled. There are several supposed anomalies with the CMB spectrum that are again
artifacts of the ΛCDM model. Problems such as the CMB cold spot, cosmic hemi-
spherical power asymmetry, the lack of large-angle CMB temperature correlations,
the cosmic dipole problem, and the galaxy cluster count problem among others do not
exist in a universe in which the creation of matter (and radiation) was regulated by a
fractal vacuum imprint. The universe began with structure instead of with a uniform
matter distribution.

We will discuss this initial stage of nucleosynthesis more fully in a later section but
to appreciate the details of this process, we first need to examine the subsequent
development of cosmic structures.

5. The origin of cosmic structures

Skipping over the details of nucleosynthesis proper, we will now consider the
problem of how the proton gas that resulted from nucleosynthesis became the struc-
tures we now observe. The filament structure that defines superclusters was fixed by
the nucleosynthesis process discussed above and because the filaments are vastly too
large to undergo gravitational evolution, they are much the same today as they were
initially. The components that make up the filaments such as galaxy clusters, on the
other hand, did evolve.

To study the initial evolution of all smaller cosmic structures, we consider the
motion of a particle lying at the outer edge of a volume containing the mass that
eventually became the structure in question, [5]. The only accelerations acting on the
particle were gravitation and the acceleration due to the expansion of the universe so
the equation of motion of the particle becomes

€R tð Þ ¼ �GMeff tð Þ
R tð Þ2 þ R0f s

€a tð Þ
a0

¼ �GMeff tð Þ
R tð Þ2 þ R0f s �γ ∗ þ γ ∗ þ c1

t
t0

� �2
 !

a tð Þ
a0

1
t2
:

(9)

The coordinate R tð Þ is the distance from the particle to the center of the
structure and

Meff tð Þ ¼ MStruct 1� R tð Þ
RSur,s tð Þ
� �3

 !
(10)

is the effective mass of the structure adjusted for the presence of the background
particle density.

The coordinates are illustrated in Figure 5. R0 is the present-day size of the
structure. The parameter f is a multiplier used to define the size of any feature of
interest in present-day terms. The size of the same feature at any earlier time is given
by R tð Þ ¼ R0 a tð Þ=a0ð Þf . The black lines indicate the change in the distance due to the
expansion alone. The lower black line indicates the size that would have evolved into
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the present-day size in the absence of gravitational acceleration (the value at t ¼ t0 is
its present-day size.) The red line illustrates a possible trajectory for a particle when
gravitation is included.

If we consider a particle located at the radius of the volume needed to form any
structure from the background density, nothing would happen because the density
would be the same everywhere. The corresponding multiplier is f sur. To get things
going, we need to fix the starting radius of the volume containing the mass of the
structure at a value less than the value corresponding to the background. The multi-
plier in this case is f s < f sur.

We will first consider the evolution of a galaxy cluster. In all cases, we imagine that
the particles were created at rest so their initial recession velocity was fixed by the
expansion. According to the accretion model of structure formation, structures could
not come into existence until there was something to accrete which we take to mean
that the starting time would be the generally accepted time of galaxy formation. In
Figure 6, we show the model results for several values of initial over-density. The blue
line is the solution for f s ¼ f sur and since in that case there was no gravitational
acceleration, the size would follow the expansion of the universe. Considering the red
lines, it is apparent that a value of f s < 7 is necessary for the cluster to have any chance
of forming, and a value closer to 4 would be necessary to account for the present-day
size. The point at which the structure ceases to expand we call the zero-velocity point
(ZVP). The critical point is that the cluster must have already been a well-defined
structure long before the time conventionally associated with galaxy formation.

Since we have argued earlier that all structures came into existence at the time of
nucleosynthesis with more or less their final mass, we recalculate the evolution
beginning at the time that nucleosynthesis proper ended or about ts ¼ 4000 s. The
procedure was to run simulations with decreasing values of the initial radius but
enclosing the same total mass until we obtained a structure with its present-day size.
The results are shown in Figures 7 and 8. The red line shows the evolution of the
cluster and we see that it reaches its ZVP at t ¼ tG and with its present-day size. The
other curves show the paths of a few internal and external galaxies. The galaxy with
f s ¼ 12:4 is an example of an external galaxy that was too far from the cluster to be
captured.

Figure 5.
Coordinate system for structure evolution.
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The value f s ¼ 7:37 corresponds to an initial compaction ratio of 1.35 or an initial
density of 2:5m�3 in present-day terms. What is apparent is that the motion of the
surface was completely dominated by the expansion up until a time fairly close to
t ¼ tG. Until then, the particles were moving away from each other far too rapidly for
gravitation to have any effect on their evolution. The recession rate,
_R tð Þ ¼ R0 _a tð Þ=a0ð Þf , for example, does not drop below the speed of light until a time
of about 1010 s. Keep in mind that during this phase, the particles are not actually
moving. Eventually, however, gravitation does begin to slow the expansion, and

Figure 6.
Solution for four values of the starting position with ts ¼ tG ¼ 3:2� 1016s and a cluster mass of MC ¼ 1045kg.

Figure 7.
Solution with t4000 ¼ 4000 s and f s ¼ 7:37.

Figure 8.
Detail view of Figure 7.
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finally, at the time usually associated with galaxy formation, the expansion stops at
the ZVP. From that point, the equations indicate that the cluster would have under-
gone free-fall collapse which it would have done in the absence of processes that
stabilized the cluster. An interesting point about clusters is that the evolution shown
for the Virgo cluster seems to apply generally to all clusters. They reach their ZVPs at a
time of about t ¼ tG with their final present-day sizes over a considerable range of
masses.

6. Galaxy evolution

We will now apply the same model to galaxies, [5]. The procedure is the same as
for clusters. Taking the Milky Way as our example, the outer surface parameter is
f sur ¼ 140. The results for three values of f s are shown in Figure 9.

A value of f s ¼ 55 results in a ZVP close to t ¼ tG. This corresponds to an initial
proton density of about 17m�3 in present-day terms and an initial size about 55 times
its present-day size again in present-day terms. The really interesting prediction of the
model, however, is that galaxies reached their ZVPs with sizes many times larger than
their present-day sizes. For the Milky Way, the ratio was 5.2. This result turns out to
be of critical importance. It is responsible for the existence of the observed large HI
rings, [6], and as we will show below, for the existence of supermassive black holes
which, in turn, were responsible for the radiation that stabilized those same galaxies
and also galaxy clusters, [7].

At this point, we emphasize that in this new model of structure formation, all struc-
tures came into existence at roughly the same time with essentially all their present-day
mass. Clusters had most of their complement of galaxies, and galaxies had a good supply
of stars. This result is completely at odds with what has been expected based on the
accretion model of galaxy formation. In the latter model, the earliest galaxies would have
be fragmentary rather than fully formed. The early results from the James Webb telescope
clearly support the new model viewpoint over that of the accretion model.

7. Stellar evolution

We will next move on to the stars, [5]. Although stars are extremely dense com-
pared to everything else, that density is a consequence of their collapse. At the time of

Figure 9.
Galaxy evolution for three values of f s and a mass of MG ¼ 1:3� 1041kg.
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nucleosynthesis, their imprint density was only slightly larger than that of their host
galaxies. For our model, we assume an initial nominal dimension of 1 ly in present-day
terms. It turns out that with stars, gravitation became effective much earlier in their
evolution than was the case for the larger structures. Depending on the initial value of
f s, stars could reach their ZVP at times even earlier than t ¼ trec which would imply
that we could have had stars long before the formation of the galaxies or even
recombination. The fact that they did not undergo early collapse is a consequence of
the temperature of the gas.

According to Jean’s model of star formation, for a star to form, the sum of the
potential and kinetic energies must be less than zero which results in a critical tem-
perature of

Tc ¼ 0:683
R lyð Þ K (11)

where R is the radius of the cloud at the ZVP. Before trec, the gas was in thermal
equilibrium with the CMB radiation. At trec, the gas had a temperature of about
3000 K, and thereafter, the temperature of the gas decreased proportionally to a tð Þ�2.
In Figure 10, we compare the actual temperature with the critical temperature.

We find that the gas temperature did not reach the critical value until about t ¼ tG
when it had a value very close to 1 K. The result was that stars condensed into their
final form at the same time as the galaxies but for a different reason.

8. Galaxy and Galaxty cluster stability

We have now established that, aside from superclusters, all structures reached
their ZVPs at approximately the same time and with essentially all their present-day
mass. The problem is that, without some process to prevent it, both galaxies and
galaxy clusters would have undergone the gravitational free-fall collapse indicated in
the figures. (The stars did undergo collapse so we are not concerned about them.). The
reason that galaxies and clusters did not collapse was that their constituent gas was
rapidly heated very soon after they reached their ZVPs, [7].

To model the dynamics, we used a modified form of the usual hydrodynamic
equations. We assumed spherical symmetry and adopted the Lagrangian viewpoint.
The final equations in terms of dimensionless coordinates are as follows;

Figure 10.
Comparison of the actual and critical temperatures.
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We have defined a dimensionless time, t, by

t ¼ ts 0:469þ tð Þ (16)

where ts ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rc

3=GMC

q
¼ 6:8x1016s so t ranges from 0 to 5.91 as t ranges from tG to

t0. We have eliminated the pressure in favor of the entropy function,

ψ t,mð Þ ¼ p t,mð Þ
ρ t,mð Þ5=3

(17)

and have defined an adjusted density by

~ρ t,mð Þ � ρ t,mð Þ r2: (18)

The independent spatial coordinate, m, is related to the radial coordinate by

m ¼ 4π
ðr
0
dr0 ~ρ t, r0ð Þ: (19)

We note that these equations do not contain any dimensionless structure-
dependent parameters so the solutions apply to both galaxies and clusters. Initially,
the gas had a temperature of at most a few K, and because we are starting at the ZVP,
v t,mð Þ ¼ 0. We also know their initial size and mass.

We will first consider the evolution of clusters. To establish the time scale of our
problem, in Figure 11 we show the evolution of a cluster in the absence of any heating
and find that the stabilization of the clusters must occur very soon after the ZVP.

We have two problems to solve. The first is to determine what combinations of the
initial density and radiation result in a cluster that neither collapses nor evaporates.
The second problem is to identify the source of the radiation. We soon discovered that
with a uniform initial density profile, clusters would have collapsed no matter what
temperature profile is assumed. The same is also true if the profile is too sharply
peaked at the origin. We tried several initial density profiles and determined that the
profile must have a moderate negative slope. An example is the curve labeled ρ rð Þ in
Figure 12.

We next consider the heating. We very quickly determined that compressive
heating develops far too slowly to prevent the collapse which means that a source of
radiation must have been responsible. We thus needed to assume a radiation source
profile and our first try was the broad profile shown in Figure 13. The sample profile
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has a maximum value of unity which is then scaled by a multiplier in the simulation
code. With a multiplier of five, the resulting size of the cluster is shown in Figure 14.
What we find is that while a significant amount of radiation is necessary to prevent
the collapse, it must also be short-lived because otherwise, the cluster would have
evaporated.

For our next try, we assumed the narrow profile shown in Figure 15 and obtained
the evolution shown in Figure 16. (Narrow is a relative term, the width of the peak
still amounts to ≈109yr.) This result shows that we are on the right track. We have
found a solution that neither collapses nor exhibits undue expansion. The necessary
conditions are that the density profile must have a modest negative slope and that the

Figure 11.
Cluster free-fall collapse.

Figure 12.
Linear density profile with negative slope.

Figure 13.
Broad radiation profile.
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radiation profile must rise sharply after the ZVP and then, just as quickly it must cease
or nearly cease.

The actual peak radiation intensity is given by qpeak ¼ f m 1:4x10
�5jkg�1s�1 where

f m is on the order of 5 or 6. Multiplying by the mass of the cluster, the total absorbed
radiation works out to be on the order of f 1040watts or f2:5 M⊙c2ð Þyr�1.

The final problem is to identify the source of this radiation. We need a huge power
output and even more importantly, a significant lifespan and active galactic cores, or,
in other words, quasars are the only real possibility. Power outputs from large quasars
are on the order of 1040watts which is in the range needed. A few large quasars,
however, would not solve our problem. First, the released radiation would be too

Figure 14.
Solution with the density and radiation profiles of Figures 12 and 13.

Figure 15.
Narrow radiation profile.

Figure 16.
Solution with narrow radiation profile and a multiplier of 6.
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concentrated in some areas and insufficient in others, and second, it would have lasted
too long. Instead, we need a large number of short-lived mini-quasars which would
have run out of fuel in a relatively short time and become normal galaxies.

To have quasars, however, we must have supermassive black holes. We discovered
earlier that galaxies would have undergone gravitational free-fall collapse soon after
reaching their ZVP unless something prevented that from happening. The galaxies
reached their ZVP with sizes several times larger than their present-day size and soon
after did begin to collapse. Initially, the gas making up the galaxy was cold and, as was
the case of the clusters, compressive heating would not have stopped the collapse. We
now assert that during this contraction, all galaxies formed supermassive black holes
together with accretion disks. In Figure 17, we show a calculated sequence of density
profiles showing the initial phase of the collapse. We find that the density increases
extremely rapidly at the origin creating the conditions necessary for the formation of a
black hole and that it does so long before there is any significant reduction in the
radius of the galaxy.

As the collapse continued, an accretion disk must have formed and the resulting
radiation heated the galactic gas thereby stopping the collapse. The key point is that all
galaxies must have formed a supermassive black hole complete with an accretion disk
because they would have otherwise collapsed.

Much of that radiation would have escaped the galaxy and in the cases in which the
galaxies were located inside a cluster, they would have heated the cluster gas. The
Virgo cluster contains a large number of galaxies, most of which are dwarf ellipticals.
References listed in [7] found that first, quasar host galaxies are all ETGs with the bulk
being ellipticals and second, that dwarf ellipticals do have active nuclei. The Virgo
cluster does not contain a quasar at present but it is a characteristic of active nuclei
that they radiate huge amounts of energy until their supply of accretion material runs
out after which they become normal galaxies. The conclusion is that clusters were
heated from within by a large number of mini-quasars that collectively used up their
accretion supplies within the time scale indicated in Figure 15.

9. Nucleosynthesis again

We will now return to the nucleosynthesis pair production process that we intro-
duced earlier. To study the evolution, we created a simulation model that included
neutrons, protons, electrons, neutrinos, photons, and their antiparticles. We then
solved the coupled reaction rate equations to determine the evolution, [4].

As we discussed earlier, at a time of about tn ¼ 4� 10�5 s a very small percentage
of the vacuum energy was converted into neutron and antineutron pairs with a

Figure 17.
Density profiles during the initial phase of galaxy collapse.
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neutron excess of about two extra neutrons for every 108 pairs. The list of reactions is
long but the principal ones were the baryon annihilation and charge exchange reac-
tions listed below.

nþ n ! γ þ leptons (20)

pþ p ! γ þ leptons (21)

nþ p ! γ þ leptons (22)

nþ p ! γ þ leptons (23)

pþ p⇄nþ n: (24)

(We have indicated the final states of the annihilation reactions but these actually
pass through an intermediate meson state that eventually decays into the photons and
leptons.) In Figure 18, we show the results for an initial density of nn 0ð Þ ¼ 1041m�3

and a neutron excess ratio of 2� 10�8. The whole process was completed in about
10�12 s.

The simulation was primarily concerned with the baryon annihilations and the
baryon curves are correct. The details of the product particle distributions, on the
other hand, were of only secondary interest at the time and because we needed to keep
the simulation manageable, we did not take proper account of the meson state
branching ratios or the meson lifetimes which is the reason that the leptons and
photon curves are shown dashed.

The annihilation decay products are primarily pions. Neutral pions decay into two
photons with a relatively short mean lifetime so labeling the curve as photons is a fair
representation of the actual situation. Charged pions, on the other hand, decay into
muons which subsequently decay into either electrons or positrons plus neutrinos
with a combined mean lifetime much larger than the time scale of the figure. That
being the case, the curves labeled eþ, e� and ν, ν could more accurately be labeled
πþ, π� but since each charged pion eventually decays into either a single electron or
positron plus neutrinos, it is fair to label the densities as those of the leptons since
those are approximately the densities they would eventually have.

Figure 18.
Initial stage of nucleosynthesis.
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One of our assumptions was that this process began at the point when the vacuum
energy density equaled the equivalent mass energy of a neutron. Using a value of
0:5� 10�15m for the radius of the neutron, we find that the vacuum energy was
equivalent to a neutron number density of 2� 1045m�3 so that the initial density
chosen corresponds to a fraction of only 5� 10�5 of the total vacuum energy. The
combination of the charge exchange reactions and annihilations rapidly eliminated the
antibaryons leaving a final baryon density of nbary ¼ 2� 1033m�3 which we compare
with a value 4� 1033m�3 obtained by scaling a present-day density of 1m�3. This total
density thus represents a fraction of the total vacuum energy of only 10�12 so that, of
the very small percentage of the vacuum energy that was converted into matter, only
an extremely small percentage ended up as baryonic matter.

The number density of photons produced was on the order of nγ � 1:5� 1041m�3.
The radiation had not yet reached a black-body spectrum within the period illustrated
but the total energy of the created photons corresponds to a black-body temperature
equal to Tγ ¼ 2:7 � 1011K which we compare with TCMB ¼ 4:3� 1011K obtained by
scaling the present-day CMB temperature back to the time of this event.

The number density of neutrinos/antineutrinos was also large,
nν,ν � 1:2� 1040m�3. This result is a major success of this model because it explains
the origin of the high density of neutrinos without which the weak interaction rates
would not have been great enough to adjust the proton/neutron density ratio to the
value necessary for nucleosynthesis proper.

10. CMB anisotropy

We have just seen that the model can account for the existence of radiation with a
temperature corresponding to that of the CMB. To understand the anisotropy, we
recall that departures of the matter densities from the background value were neces-
sary to account for the development of all cosmic structures. For example, the Virgo
cluster density excess was 1.35 and that of the Milky Way was 17. To achieve those
excesses, the vacuum pair production rate must have been corresponding larger by the
same factor. Conversely, in the void regions, it must have been smaller. But the
number of produced photons varies in direct proportion to the initial particle density
as does the total energy of the radiation. Since the temperature of black-body radiation
varies as T4, doubling the initial density of neutrons would increase the temperature
by about 20%.

We find then that the anisotropy of the CMB was built in at the time the radiation was
created. As the superclusters were created, so were the peaks and valleys of the CMB
spectrum. This is another major departure from the standard model viewpoint.

Referring back to the previous section, the simulation was carried forward to the
point that the baryonic annihilations were complete. Large numbers of photons,
electrons, and neutrinos were then in existence, and the counts of the protons and
neutrons were equal. The next step is to carry the evolution forward to the start of
nucleosynthesis proper. During this period, the spectra of the radiation and particles
became black body, the proton/neutron ratio was adjusted to a value of 80/20 by the
weak interactions. At the end of the annihilation phase, while the reaction rates
between the just created particles, photons, and neutrinos were very high, they were
all in equilibrium so no net energy was being transferred. The radiation spectrum, for
example, was static. What is missing in the simulation are reactions that transfer
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energy away from the protons because until those energies are much lower, the weak
interactions remained symmetric and no adjustment of the proton/neutron ratio could
occur.

To model this phase of the evolution, we must first take into account the annihila-
tion meson branching ratios and the meson mean lifetimes mentioned earlier and then
include the known deep inelastic baryon reactions in which one or more mesons are
produced. An example is the set of reactions pþ p ! pþ pþmesons. Such reactions
were not an important factor during the annihilation phase but they played a critical
role immediately afterward because the mesons in such reactions carry away a signif-
icant amount of energy. Our work on this simulation is not complete at this point but
we expect to finish it during the next few months. The simulation has advanced to the
point that we can say that the CMB radiation reaches a black-body spectrum almost
immediately and very soon after, the protons, neutrons, pions, and electrons reach
thermal equilibirum with the radiation with a black-body rather than Maxwell-
Boltzmann.

11. The connection between the CMB and superclusters

Figure 19 shows the well-known CMB anisotropy map. A portion of the map has
been enlarged in the lower rectangle and two angular size references are also included.

The CMB we receive was emitted by a spherical shell whose radius is fixed by the
coordinate distance of Figure 3 when evaluated at the time of recombination, [3].
Thus, S trecð Þ ¼ 0:6a trecð Þ. For a structure of size, D trecð Þ, the subtended angle would
then be

θ ¼ D trecð Þ
S trecð Þ 360=2πð Þ: (25)

An important property of the vacuum metric is that there are no off-diagonal
components linking time and the angular coordinates which means that the angle
between two approaching signals does not change. This being the case, we can move
this equation forward to the present day,

θ ¼ D t0ð Þ
0:6a trecð Þ

a trecð Þ
a t0ð Þ 360=2πð Þ ¼ 95:5

D t0ð Þ
a t0ð Þ deg: (26)

In Figure 20, we see that the first peak of the CMB spectrum has an angular size of
about 1 deg.

In Table 1, we show the angular sizes of various structures and we see that
superclusters (and voids) are the only structures large enough to be associated with
the peak.

In Figure 21, we show a plot of 71 known superclusters and voids. Using the
Gaussian distribution shown, we performed a statistical calculation to determine the
spectrum with the result shown in Figure 22.

We find that the position of the peak is correct. The shape of the predicted peak is
slightly broader than the observed peak but that is quite likely due to our assumption
of spherical symmetry which is certainly not the case. The magnitude of the peak was
adjusted to match the observed peak and is yet not a prediction but we do expect that
a prediction will result from our new simulation mentioned previously that is still
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Figure 19.
CMB anisotropy.

Figure 20.
CMB spectrum.
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Object θ deg
� �

Milky Way 0.0001

Groups 0.007–0.013

Clusters 0.013–0.065

Superclusters 0.2–2.0

voids 0.6–1.6

Extreme structures > 45

Table 1.
Angular sizes of various structures.

Figure 21.
Count of observed superclusters (red) and voids (blue).

Figure 22.
Ensemble average supercluster/void CMB spectrum. Angles are related to the moment by l ¼ π=θrad ¼ 180=θdeg.
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under development The second peak does not correlate with the size of any structure
which is strong evidence that it is a consequence of multipole distributions within the
superclusters and voids. Referring back to Figure 19, we see that the supercluster-
sized structures have a range of temperatures which supports that idea.

We remind the reader that even though the superclusters have the right size, it
wasn’t the superclusters per se that were responsible for the peak but rather that the
process that created the superclusters simultaneously created the CMB spectrum
peaks with the same dimensions.

12. Baryonic acoustic oscillations: CMB

Since this bears on the CMB anisotropy problem, this is an appropriate point to
show that the baryonic acoustic oscillation model is wrong, [8]. We will first discuss
the CMB issue and then the unrelated 2-point galaxy correlations model. One of the
principal failings of the BAO model is that the authors assumed from the beginning
that there existed a uniform distribution of radiation that needed a spectrum.We have
shown, however, that that idea is simply wrong. The radiation came into existence
with its spectrum in place from the beginning.

The first argument against the BAO model is simply causality. In Figure 23, we
show the coordinate of a photon emitted at the time of nucleosynthesis in comparison
with the coordinate size of a supercluster which we have shown has the same dimen-
sion as the spectrum peak. We see that by the time of recombination, the photon could
have only traveled about 10% the distance across the supercluster.

The second argument is concerned with the energy required to create the peaks
starting from an energy source that emitted acoustic waves at the time of nucleosyn-
thesis. At present, the relative magnitude of the CMB anisotropy is ΔT0=T0 ¼ 2�
10�4 and because the CMB decoupled from matter in the universe at the time of
recombination, the ratio had the same value earlier at t ¼ trec when the temperature

was 3000 K. The energy density of the anisotropy was ρΔ ¼ aSB T þ ΔTð Þ4 � T4
� �

¼
aSBT4 ΔT=Tð Þ which gives ρΔ ¼ 4:9� 10�5jm�3.

Also, at that time the average size of a supercluster was 4� 1021m so a spherical
shell, with a radius of half the supercluster size and an assumed thickness equal to 10%
of the radius, had a volume of V � 1064m3. Multiplying gives a total energy of
4:9� 1059 j. The BAO model assumes that this energy originated from a concentrated
source whose size at the time of nucleosynthesis could not have been larger than c tn.

Figure 23.
BAO causality restriction.
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The required energy density would then have been ρBAO ¼ 1:2� 1047jm�3 which is
3� 1012 times greater than the total energy density of the universe. This argument is
oversimplified but 1012 is a big number so it is not likely that a more sophisticated
model will change the result. If one tries account for the energy by proposing a huge
number of sources, one is immediately faced with the problem of specifying how to
arrange, along with what did the arranging, the sources in space so that they produced
the cosmic web and not some uniform distribution.

The conclusion is that baryonic acoustic oscillations on a scale needed explain the CMB
spectrum are impossible.

13. Baryonic acoustic oscillations: Galaxy correlation function

The second phenomenon attributed to BAO is the bump observed in the two-
particle galaxy correlation function at a separation of 150 Mpc, [8]. The existence of
that bump would present a problem if BAO were the only possibility since we have
argued that BAOs do not exist. There is, however, another and far simpler explana-
tion, namely the cosmic web.

To test this idea, we built a simulation based on a cubic grid with edge lengths
initially set to the average size of a supercluster. Using Gaussian statistics, we ran-
domized the ends of the edges both in magnitude and direction according to the size
distribution of superclusters. Next, we assigned a random number of galaxies to each
edge with random offsets scaled by the width of a supercluster and finally, calculated
the correlation function of the resulting distribution. The set of galaxies along the
center grid line formed our reference set. There are a number of estimators described
in the literature. The one we used is the spherically symmetric estimator given by the
following (see ref. [8]),

1þ ξ rð Þ ¼ 1
N

XN
i¼1

Ni rð Þ
nVi rð Þ (27)

In this formula, the number of reference galaxies is N and n is the average
density of all the galaxies. Ni rð Þ is the number of galaxies lying within a thin spherical
shell of radius r and volume Vi rð Þ centered on the ith reference galaxy. This ratio
compares the actual number in each shell with the number expected based on the
average density of galaxies. If the galaxies were distributed randomly, we would have
ξ rð Þ ¼ 0.

The result of running the simulation for a number of different random number sets
is shown in Figure 24. While the model is perhaps not an accurate representation of
the cosmic web, the result looks very much like the observed correlation function in
shape and the peak appears at the correct distance.

During the past two decades, a lot of effort has been spent on the galaxy correla-
tion problem because of its potential as a standard candle for measuring distances at
redshifts beyond the supernovae scale. What we have just shown is that the idea is
perfectly reasonable because the coordinate dimensions of the cosmic web do not
change. In all the work that has been done, one only needs to replace the wording”
baryonic acoustic oscillation” with” cosmic web.”

Taken together, we have shown that BAOs are neither possible nor necessary.
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14. The lithium problem

We noticed as part of our original development, [3], that certain reactions were
not included in the standard BBN code and that when one in particular,
Li7 þ p� >He4 þHe4 þ γ, was included, the predicted abundance of lithium was
lower by a factor close to three. We have since come to understand, however, that
missing reactions are not the most important part of the issue. We now know that the
lithium problem is another issue that arises in large part because of the incorrect
standard model assumption of a uniform matter distribution at the time of nucleo-
synthesis. We have just shown that to understand the existence of cosmic structures
and the CMB, the initial densities of protons and neutrons must have varied from
place to place on all length scales. The result is that the relative abundances of
elements produced at any one place will vary with the location because of variations in
the initial proton and neutron densities.

The second part of the puzzle is that the observations of the element abundances
are not all taken from a single location. For example, deuterium abundances have been
determined from line-of-sight observations out to distances of 100 parsecs with a
result of D=H ¼ 2:5� 10�5 but observations at much larger distances yield a value as
large as 3� 10�4. (We note that one could with equal justification refer to the issue as
the deuterium problem.) In Figure 25, we show the calculated abundances as a
function of the initial baryon density, [4]. The horizontal lines are an indication of the
accepted observed abundances.

(The curves in this figure differ somewhat from those shown in [4]. The reason for
this are first, that a value of H0 ¼ 67:3 used in [4] instead of 73 and second, that a few
changes were made to the code that improves the numerical stability of the solutions for
small densities. The main effect of the latter was to change the shape of the Li7 peak.)

From this figure, we see that The He4 abundance is independent of the initial
density over the range considered here and consequently is only dependent on the
proton/neutron density ratio. The observed He4 mass ratio is 0.245 and with H0 ¼ 73
we find that p= pþ nð Þð Þ ¼ 0:875.

Considering now the deuterion and lithium abundances, we see that an initial
baryon density of about five is necessary to match the accepted deuterium abundance
but that a density of about 1 is necessary to account for the Li7 abundance so the two
constraints are incompatible. We noted that measurements of the deuterium abundance

Figure 24.
Two-particle galaxy correlation function.
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in more distant regions where the initial density was lower yield a value considerably
larger than the standard value and, in fact, the value 3� 10�4 was obtained from
sources far from any galaxy (see references in [4].) Similarly, the Li7 abundance was
determined from observations of low metal stars located far from the main disk of the
Milky Way so a low initial density is again perfectly understandable. We also show
results for He3 but since that element is very active in stars, it is questionable as to
whether or not the reported abundance has any relationship to its primordial value.

We find that the new model with density variations can readily account for the
observed abundances although at this point, we are not able to accurately predict the
detailed initial density distribution of the MilkyWay to be. The lithium problem is not
a problem at all. It is only a problem if one believes that the initial baryon density was the
same everywhere at the time of nucleosynthesis.

Aside from not yet being able to predict with any accuracy the initial density
profile of the matter distribution of structures to be, an additional significant issue is
that many of the needed reaction cross sections are not known with great accuracy.
Most of the needed low energy cross sections were measured many decades ago and
soon after, experimentalists moved on to higher energies. Our simulations show that
choosing one data set over another can result in significant changes to the abundance
curves. Our runs, however, do show that the general pattern shown in the figure
remains the same. There have not been any recent efforts made to improve the
situation and additional experiments are needed to fill in the gaps and resolve differ-
ences between existing cross section determinations.

15. Rotation

A long-standing although generally neglected problem in astrophysics is the source
of rotation of cosmic structures. All galaxies and some galaxy clusters rotate and even
though galaxies are independent entities, their rotations are not random as is
evidenced by the Tully-Fisher relationship. We spoke at the beginning about the high
degree of organization that exists in the universe and the rotation of galaxies is an
example of that.

Figure 25.
Nucleosynthesis abundances as a function of the initial baryon density. H0 ¼ 73.
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The standard model idea is that the infalling material during the accretion phase of
galaxy development somehow managed to start the rotation. That, however, is a
highly unlikely scenario because random events do not result in organized develop-
ment and they certainly could not explain the correlation between the rotation rates of
different galaxies.

If we assume that the rotation was initiated at the time of nucleosynthesis and that
the rotation was a matter of material undergoing normal orbital motion, the rotation
would have slowed as the universe expanded. But given the present-day rotation rates
and working backward, we find that the initial velocities would have been orders of
magnitude greater than the speed of light which is impossible. Another problem with
the accretion idea is that, as we have seen, the outer regions of developing structures
had no knowledge of the center until very late in their evolution which means that
organizing the material into normal orbital motion could not have begun at all until
sometime after the structure had evolved beyond the causality limit. By that time,
however, no process could have then started the entire structure rotating.

All this indicates that the rotation is primordial. Since the rotation cannot be
explained in terms of material motion, the only other possibility is that the vacuum
imprint was rotating and the matter and antimatter created by the vacuum were simply
carried along by the rotating vacuum. This brings us to the reality of dark matter.

16. Dark matter

Dark matter was originally proposed to explain the motion of galaxies in galaxy
clusters and later to explain the velocity distribution of the stars in spiral galaxies.
Since then, it has become something of a catch-all to fix up the calculations of various
cosmic phenomena that seem to defy a simple explanation.

One of the manifestations of dark matter concerns the velocity distribution of stars
in spiral galaxies and the gas making up HI rings, [3, 6]. The spiral galaxy problem is
illustrated by the curves in Figure 26.

The problem is that the observed distribution, curve B does not match the
expected distribution, curve A. The generally accepted solution for this problem is to
suppose there is a halo of dark matter surrounding the galaxy that provides the
gravitation needed to match the observed velocity distribution. There are several
problems with this proposal, however, not the least of which is the fact that a dark
matter halo should act as a halo of stars with the lights turned off so its velocity

Figure 26.
Typical spiral galactic velocity distribution.
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distribution should match curve A instead of B. To get a hint about the solution, we
subtract the two curves to obtain curve C and notice that it approximates the velocity
profile of a rotating rigid body. What this indicates is that the observed velocity
distribution of the stars can be understood in terms of some normal orbital motion
riding in a rigidly rotating background.

Turning to Einstein’s equations, it is reasonable to model spiral galaxies using a
stationary axisymmetric metric,

ds2 ¼ �A cdtð Þ2 þ B dϕ� ωdtð Þ2 þ Cdr2 þDdψ2

¼ � A� Bω2

c2

� �
cdtð Þ2

�2
Bω
c

dψ cdtð Þ þ Bdϕ2 þ Cdr2 þDdψ2

(28)

with an energy-momentum tensor of the form

Tμν ¼ ρvacc
2 þ pvac

� � uμuν
c2

þ pvacg
μν þ ρm c

2 v
μvν

c2
: (29)

A small volume of the vacuum will respond to the total gravitation field in the
same way as a material particle which means that we can analyze its motion using
the usual geodesic equations. The first two of these are satisfied identically as a
consequence of our assumption of a stationary metric. The remaining two have the
solution

_φvac r,ψð Þ ¼ ω r,ψð Þ (30)

where ω r,ψð Þ represents the rotation of the galaxy. We find that the vacuum must
rotate and, as shown in [3], it must do so with zero angular momentum. Because of
that fact, the rotation is not subject to the slowing induced by the expansion as would
be normal orbital motion.

We now consider the stars whose velocity must also satisfy the geodetic equations.
We separate their motion into a component that is at rest in the vacuum, and hence
without angular momentum, and a residual with normal orbital motion,
_ϕm ¼ _ϕm,r þ ω. Solving the geodetic equations gives

_ϕm,r l, zð Þ ¼ v
l
� ω l, zð Þ (31)

which exhibits the behavior shown in Figure 26. On the left is the normal orbital
rotation, curve A, the first term on the right is the constant velocity component, curve
B, and the second is the rigid body vacuum rotation, curve C. At the outer edge of the
galaxy, the constant stellar velocity v ¼ ω lG, 0ð Þ equals the rotation rate so
_ϕm,r lG, 0ð Þ ¼ 0 which means that the outermost stars are at rest in a rotating vacuum.

This result dovetails quite nicely with the rotation model discussed in the previous
section. In that case, the vacuum rotation carried along the material and, in this case, the
material appears to drag along the vacuum but the result is the same. The vacuum
rotation is a consequence of the Planck era imprint but it is likely that the residual orbital
motion did not begin until after the ZVPs were reached and the galaxies began to
collapse.
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Another problem mentioned in [1] is known as the “angular momentum catastro-
phe.” The idea behind this thoery is that the development of disk galaxies, and in
particular their sizes, can be understood in terms of their angular momenta [9]. The
problem is that the theory does not work. The predicted sizes are an order of magni-
tude too small. There are a number of assumptions made that we do not accept such as
the idea that their rotations are a consequence of tidal torques between neighboring
galaxies instead of being primordial. The reason for that is that gravitation had no
effect on the evolution of galaxies until very shortly before they began their initial
collapse and certainly could not have exerted enough torque on neighboring galaxies
to start them rotating within the short time interval prior to their ZVP. All galaxies
rotate and it is highly unlikely that this mechanism could account for their rotations
considering the variations in their separations and orientations. The reason for putting
these comments in this section, however, concerns the assumption that the angular
momentum of the stars increases with distance from the center of the galaxy. In this
new model the exact opposite is true. The outer stars in a disk are carried along by the
rotation of the vacuum and do not have any angular momentum at all.

In the references, we discuss other cases in which vacuum energy is shown to
account for phenomena attributed to dark matter. Summing up, when the vacuum is
included in Einstein’s equations, the dark matter problem disappears.

17. Hubble tension

During the past two decades or so, a lot of effort has gone into the problem of
pinning down the value of the Hubble constant. The various methods can be grouped
according to the redshift range involved. First are those based on observations in the
range from about 0.01 to an upper limit of 6 or so. The significance of the lower limit
is that it is the smallest redshift for which the recession velocities of galaxies have a
reasonable probability of being significantly larger than their peculiar velocities. The
upper limit just represents the time of galaxy formation. The Hubble constant deter-
mined by methods covering this range is settling on a value of H0≈73, [8].

In Figure 27, we show new model luminosity distance modulus predictions for 3
values of the Hubble constant. As we see, there is only a very slight dependence on the

Figure 27.
Luminosity distance predictions of the new model. Refer to [3] for a detailed description of the data points.
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Hubble constant. It is important to appreciate that the new model has no other
adjustable parameters and that varying the Hubble constant changes the result hardly
at all so a failure to fit the data would be a real problem for the model. It appears that
the model predictions lie a little below the data points but the figure shows only a very
limited number of the total number of data points now in existence. When the new
points are included, the new model fit is extremely good.

We now compare with the ΛCDM predictions which are shown in Figure 28. We
see that the ΛCDM model shows a greater dependence on the value of the Hubble
constant than does the new model. The predictions of the two models are, however, in
no way of equal significance. As already noted, the new model prediction cannot be
adjusted. The ΛCDM model results, on the other hand, aren’t predictions at all but
instead are curve fits with three parameters; Ωm, ΩΛ, and the Hubble constant.

The Riess SHOES group finds a value of H0 ¼ 73:3 for the FRW parameters just
indicated. In Figure 29 we see that with H0 ¼ 73, the results are essentially identical
for redshifts somewhat smaller than two. Since the value H0 ¼ 73 gives the best fit of
the data in the ΛCDM case, it validates the prediction of the new model.

The second grouping of methods covers the redshift range from 0.01 down to
some lower cutoff which we will take to be 0.001. The overriding factor in this
redshift range is that the galactic pecular velocities are as large or larger than the
recession velocities. The best-known results covering this redshift range are those of
the Tip of the Red Giant Branch (TRGB) group. They claim that their data results in a
Hubble constant of H0 ¼ 69:8 which comprises the second largest contributor to the
Hubble tension. There are, however, problems with that result. First, the sample set
used contained only 18 galaxies, and second, the results are very sensitive to the
statistical model used to separate the recession velocity of each galaxy from its
observed velocity.

In [8], we did a fit using all the data points in the TRGB database that had observed
velocities in the redshift range we are considering. The result was a total of 291
galaxies. To determine the Hubble constant, the recession velocity of each galaxy has
to be separated from the observed velocity and at present, the only way this can be
done is by using a statistical model which is based on the mass distribution of the local
universe. Tools that implement this process are available online in the Extragalactic
Distance Database, https://edd.ifa.hawaii.edu/ which also contains the TRGB data-
base.

Figure 28.
Model and FRW predictions for H0 ¼ 70 and H0 ¼ 76. The FRW parameters are Ωm ¼ 0:3 and ΩΛ ¼ 0:7.
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In Figure 30, we show the raw data points and in Figure 31, the same set corrected
for the peculiar velocities using the probabilistic model. The red line is the new model
prediction. The difference between the two distributions makes it obvious that the
peculiar velocities are large so any prediction made is highly dependent on the accu-
racy of the correction.

If the model were completely accurate, all the adjusted data points would lie along
a single line. Since they do not, there is obviously a problem. We note that the new

Figure 29.
New model (red) and FRW (black) predictions for H0 ¼ 73.

Figure 30.
TRGB raw data points.

Figure 31.
TRGB data points adjusted for peculiar velocities.
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model prediction gives a good fit to what appears to be the correctly adjusted galaxies.
In Figure 32, we show normalized χ2 results for two cases. In the upper panel, we
show the result for the full data set of Figure 30. This indicates a Hubble constant in
the range 66–67 which is not a lot different from the group’s published value. In
Figure 31, we have included a black line that roughly separates the spurious points
from the primary set. In the lower panel of Figure 31, we show the result when the
data points above the black line are removed. This time the result is a Hubble constant
close to 73 in agreement with the supernovae determinations so clearly, it is the
peculiar correction model that is being tested rather than the distance determinations
and with perfect corrections, there would not be any tension.

The third redshift grouping, commonly referred to as cosmological, groups
together those methods covering redshifts greater than that of galaxy formation. The
BAOmodel of the CMB spectrum falls under this heading and it is the only such model
making a Hubble constant prediction. The consensus value isH0≈67 which constitutes
the biggest portion of the Hubble tension. We have already shown, however, that the
BAO model is wrong so this Hubble constant value can be dismissed.

There are other approaches such as the Megamaser and L� σ methods which are
discussed in [8]. The results from those two methods are consistent with a value of 73.
Still other methods are discussed in [1].

There is one further approach that has the potential for becoming a viable method
for determining the Hubble constant. The idea is to measure the rate of recession of
bodies within the solar system. At present, there is considerable interest in Moon-
Earth distance because 70 years of accurate distance measurements already exist.
Calculating the Hubble flow contribution to the total recession rate is very simple and
the result shows that the rate is well within a range that can be measured. The
difficulty comes from the fact that all the other contributors to the Moon’s recession,
in particular the tidal effects, must be determined with an combined error of no more
than 1 or 2 percent before a Hubble determination can be made.

Planetary recession offers other opportunities. Instead of the 3.8 cm per year
recession of the Moon, the rates would be 10 meters per year or more depending on

Figure 32.
χ2 for the data points in Figure 31. The upper panel is the result with all the data points included and the lower
panel with the points above the black line removed.
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the planet. Measuring the distance becomes more difficult but, on the plus side, the
planets are not as subject to the large tidal effects that make the Moon determination
difficult.

Summing up, of the two principal contributors to the tension, one is just wrong
and the other did not include the entire data set or properly make allowances for
errors in the peculiar velocity prediction model. When the spurious values are
removed, the results yield the same value as that of the larger z studies. The conclu-
sion is that the tension has been eliminated and the correct value is very close to H0 ¼ 73:

18. Tying things together

We have shown that accretion initiated by small fluctuations in an otherwise
uniform distribution of ordinary matter is impossible. We also showed that gravita-
tion was ineffective until shortly before tG so the idea that accretion is the primary
source of cosmic structures is wrong. Another insurmountable problem with accretion
is that no process that involves communication could account for structures as large as
superclusters. The conclusion we reached is that the existence of structures is a
consequence of an imprint established during the initial Planck era inflation. Since the
imprint regulated the material manifestation of the structures at the time of nucleo-
synthesis, Figure 19 is not just a map of the CMB anisotropy but is also a photograph
of the vacuum as it existed at the end of the inflation.

This, however, leaves us with the question of what organized the imprint. It could
not have been some random process so there must have been some rule that regulated
its development. We know that causality played no part in the development and that
whatever the rule was, it must have been extremely simple. In terms relative to the
size of the expanding universe, the imprint structures ranged from the size of a star up
to the size of superclusters with the latter being nearly as large as the universe at the
end of the inflation and the beginning of the transition. The energy densities of these
structures, on the other hand, were on the order of 10�4 � 10�5 relative to the average
so they were large but faint.

In Figure 33, we show a plot of the count of cosmic structures versus their size, [3].

Figure 33.
Count of structures vs. size.
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What is remarkable is that aside from the extreme structures, all cosmic structures
with their vast differences in size and numbers lie on a power-law curve and this holds
all the way down to the stars. The extreme structures (size >45∘) fall below this line
but this is simply a consequence of the finite size of the universe. Another point to
notice is that the structures have distinct sizes with no overlap. If accretion was the
process by which the structures were formed, one would expect a continuum of sizes
instead. A fit to the curve has the following result

C sð Þ ¼ 5:7 � 106 ssc
s

� �1:1
(32)

where we have scaled by the average size of a supercluster. The dashed line shows
the count of structures of a given size that would fill the universe and its formula is

Cfilled sð Þ ¼ a0=sð Þ3: (33)

We see that superclusters fall on both lines so, in an order of magnitude sense, they
fill all space.

The significant factor in the second formula is the power of three. The idea of a
fractal dimension extends this concept to situations in which the power can have any
value, not just an integer but this is exactly the form of (Eq. (32)) so we find that the
structure imprint had a fractal dimension of about 1.1. It is generally true that the fractal
dimension of any system is larger than the geometric dimension of that same structure
so it follows that the cosmic structure must be 1-dimensional or in other words, that the
structure of the universe must be one of filaments which gives us the cosmic web.

A defining property of fractal structures is self-similarity and this suggests that
self-similarity was in some way the defining principle that regulated the formation of
the imprint.

19. Conclusions

We have summarized the results contained in a series of papers published during
the past 3 years. A new model of cosmology based on a universe with time-varying
curvature is presented that makes a large number of predictions that agree with
observation. This model includes a new model of nucleosynthesis that accounts for the
existence of all cosmic structures and the CMB, the origin of galactic supermassive
black holes, and the stability of galaxy clusters. It also explains the existence of very
large galaxies at a time at which the standard model says they could not yet exist.

We have shown that the problems with the standard model boil down to three
incorrect assumptions and one omission; the first incorrect assumption is that the
curvature of spacetime is constant, the second is that the initial distribution of matter
was uniform, and the third is that structure formation was a results of accretion.
When those assumptions are abandoned and vacuum energy is included in the
energy-momentum tensor, everything falls into place.

Here at the end, we are back at the beginning with two problems to solve. The first
is to understand the evolution of the Planck era inflation. We have no clear idea of
how the fractal imprint came into existence but we have demonstrated that it was
responsible for the universe we observe. The second problem is to understand the
breaking of the baryon conservation law that results in the creation of the very small
percentage of extra neutrons at the time of nucleosynthesis.
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Chapter 5

Rotating Cosmological Models, or
How Matter and Light Can Escape
from a Rotating Black Hole
Herwig Dejonghe

Abstract

We show how to construct models for rotating black holes with comoving matter
inside, and how they canc be interpreted as models for rotating universes. The metric
along the polar axis of such a black hole is fundamentally different from the metric
elsewhere inside the black hole. We show that this creates the possibility that matter
or light can escape through the poles. As a corollary, we show how the Lemaitre-
Tolman metric can be obtained from the Schwarzschild metric.

Keywords: Einstein equations, exact solution, cosmology, black holes, rotation

1. Introduction

The motive for this paper is the statement in Dejonghe [1] that matter and light
may be able to escape a rotating black hole through the poles. The rationale behind
that statement was that in a nonrotating nonempty black hole (i.e., a black hole
containing a distributed mass density, not only containing a central point mass), the
accompanying metric allows this phenomenon under certain conditions. These cannot
realistically be met globally in a spherical symmetry, however, which was the frame-
work [1] was written in. However, there is some similarity between the Schwarzschild
metric and the Kerr metric, the latter taken along the polar axis. Since the polar axis is
one-dimensional, the conditions mentioned below could be met in a Kerr metric along
the polar axis. This statement was but a conjecture in Ref. [1]. The trigger of this paper
was to prove it.

Sections 2 and 3 set the stage and do not contain new material. The core of the
paper is to be found in sections 4 and 5. Section 6 recapitulates [1], but here from a
different perspective. Section 7 contains the framework for the construction of models
for a nonempty rotating black hole, that can also be seen as cosmological models for
rotating universes in the presence of a cosmological constant. Section 8 reconnects
with Ref. [1] and proves that matter and light can escape from a rotating nonempty
black hole through the poles.
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2. The Kerr–de Sitter metric

The Kerr–de Sitter solution (hereafter KdS) of Einstein’s equations represents a
rotating black hole with mass M in a world with a cosmological constant Λ. It is the
generalization of the Kerr geometry, which has two parameters: the geometrical mass
of the black hole M ¼ GM=c2 and a rotation parameter a ¼ Lz= Mcð Þ, with Lz an
angular momentum. Both parameters have the dimension of a length. We follow here
largely Hackmann et al. [2] and denote as usual

ρ2 r, ϑð Þ ¼ r2 þ a2 cos 2ϑ ¼ r2 þ a2 � a2 sin 2ϑ, (1)

Δr rð Þ ¼ r2 � 2Mrþ a2 � Λ
3
r2 r2 þ a2
� �

and Δϑ ϑð Þ ¼ 1þ Λ
3
a2 cos 2ϑ: (2)

The metric reads

ds2 ¼ g00dt
2 þ g11dr

2 þ g22dϑ
2 þ g33dφ

2 þ 2g03dtdφ, (3)

with

g00 ¼ 1
ρ2

Δr � a2 sin 2ϑΔϑ

� �
, g11 ¼ � ρ2

Δr
, g22 ¼ � ρ2

Δϑ
, (4)

g33 ¼
sin 2ϑ

ρ2
Δra2 sin 2ϑ� Δϑ r2 þ a2

� �2h i
and g03 ¼

a sin 2ϑ

ρ2
Δϑ r2 þ a2
� �� Δr

� �
:

(5)

The coordinate ‘time’ t has the dimension of a length. We note that the parameters
M and Λ are tucked away in the mutually independent functions Δr rð Þ and Δϑ ϑð Þ.

In the sequel, we will also use the following shorthand notation, inspired on (1):

ρ02 r,ϑð Þ ¼ r2 þ a2 þ a2 sin 2ϑ: (6)

3. The orbits

3.1 The general case a 6¼ 0

It is essential for this paper that the Hamilton–Jacobi equation for geodesic motion,
which reads (see also Chandrasekhar [3])

2∂τS ¼ gμν∂xμS∂xνS (7)

with ∂xμ the partial derivative with respect to variable xμ, τ the proper time and S
Hamilton’s principal function, is separable in de KdS spacetime. Its solution is

S ¼ c2

2
δτ � cEtþ cLzφþ εrc

ð ffiffiffiffiffiffiffiffiffiffi
R r0ð Þp

Δr r0ð Þ dr0 þ εϑc
ð ffiffiffiffiffiffiffiffiffiffiffi

Θ ϑ0ð Þ
p
Δϑ ϑ0ð Þ dϑ0: (8)

In this equation δ ¼ 0 for light and δ ¼ 1 for material particles, in which case E is
the energy normalized to the rest energy m0c2 (and thus dimensionless) and Lz is the
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angular momentum normalized with m0c (and thus with the dimension of a length),
while, also here, t has the dimension of a length. The integrals stand for primitives of
the integrands. The sign constants εr and εϑ equal �1, independent of each other.
Their signs equal the signs of the derivatives of r and ϑ (as functions of τ). The
functions R rð Þ and Θ ϑð Þ are given by

R rð Þ ¼ E r2 þ a2
� �� aLz

� �2 � δr2 þ a2K
� �

Δr rð Þ (9)

and

Θ ϑð Þ ¼ � 1
sin 2 ϑð Þ aE sin 2ϑ� Lz

� �2 þ a2 K � δ cos 2ϑ
� �

Δϑ ϑð Þ: (10)

In both these equations appears, apart from E and Lz, the integration constant a2K
which follows from the separability. Note that our definition of K differs from the
usual one by a factor a2, but was chosen here in order that K has the same dimension
as E, and thus dimensionless in our units1 (a2Km0c2 has the dimension of a square of
an action).

In this paper we will only be dealing with orbits that have Lz ¼ 0. Since φ does not
enter the equations, what we call here an orbit is in fact a filled ring centered on the
polar axis. We denote an orbit in the ring with t τð Þ, r τð Þ, ϑ τð Þ,φ τð Þ� �

, here with omit-
ted reference to the integration constants E and K.

Our formulae will be explicit for infalling orbits (hence εr ¼ �1). For outgoing
orbits (for as far as this makes sense)

ffiffiffi
R

p
has to be changed to � ffiffiffi

R
p

(hence εr ¼ þ1).
The quantity

ffiffiffiffi
Θ

p
can have both signs, depending, for infalling orbits, on whether the

orbit is ‘above’ (εϑ ¼ þ1, 0≤ϑ≤ π=2) or ‘below’ (εϑ ¼ �1, π=2≤ϑ≤ π) the equatorial
plane (and vice versa for outgoing orbits). Here we choose εϑ ¼ þ1.

We will need the equations for these orbits in differential form as well as in
quadrature form. The differential equations are (for completeness the terms in Lz 6¼ 0
are also shown between brackets):

ρ2 _r ¼ ρ2rτ ¼ �c
ffiffiffi
R

p

ρ2 _ϑ ¼ ρ2ϑτ ¼ c
ffiffiffiffi
Θ

p

ρ2 _φ ¼ ρ2φτ ¼ cEa
r2 þ a2

Δr
� 1
Δϑ

� �
þ Lz

sin 2ϑ

1
Δϑ

� a2 sin 2ϑ

Δr

� �� �

ρ2_t ¼ ρ2tτ ¼ cE
r2 þ a2ð Þ2

Δr
� a2 sin 2ϑ

Δϑ

" #
þaLz

1
Δϑ

� r2 þ a2

Δr

� �� �
,

(11)

with the dot differentiation with respect to τ. The functions R rð Þ and Θ ϑð Þ now
(Lz ¼ 0) read:

R rð Þ ¼ E2 r2 þ a2
� �2 � r2 þ a2K

� �
Δr rð Þ≥0 (12)

and

1 When a ¼ 0, the constant K disappears anyway and can be replaced by ϑ.
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Θ ϑð Þ ¼ �a2E2 sin 2ϑþ a2 K � cos 2ϑ
� �

Δϑ ϑð Þ≥0: (13)

The quadratures are obtained by differentiation of S with respect to the constants
of the integration. For infalling orbits above the equatorial plane, Hamilton’s principal
function can be written as

S ¼ c2

2
δ τ � τ0ð Þ � cE t� t0ð Þ þ cLz φ� φ0ð Þ þ c

ðr0
r

ffiffiffiffiffiffiffiffiffi
R rð Þp

Δr rð Þ drþ c
ðϑ
ϑ0

ffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp

Δϑ ϑð Þ dϑ, (14)

with t0 ¼ t τ0ð Þ, r0 ¼ r τ0ð Þ, ϑ0 ¼ ϑ τ0ð Þ and φ0 ¼ φ τ0ð Þ the coordinates of any point
along an orbit. Upon partial differentiation of S with respect to K, δ, E and Lz we
obtain respectively

a2
ðr0
r

drffiffiffiffiffiffiffiffiffi
R rð Þp ¼ a2

ðϑ
ϑ0

dϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp (15)

c τ � τ0ð Þ ¼
ðr0
r

r2drffiffiffiffiffiffiffiffiffi
R rð Þp þ a2

ðϑ
ϑ0

cos 2ϑdϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp (16)

t� t0 ¼ E
ðr0
r

r2 þ a2ð Þ2drffiffiffiffiffiffiffiffiffi
R rð Þp

Δr rð Þ � a2E
ðϑ
ϑ0

sin 2ϑdϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp

Δϑ ϑð Þ (17)

φ� φ0 ¼ aE
ðr0
r

r2 þ a2ð Þdrffiffiffiffiffiffiffiffiffi
R rð Þp

Δr rð Þ � aE
ðϑ
ϑ0

1ffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp

Δϑ ϑð Þ dϑ (18)

The first equation suffices to determine ϑ rð Þ, a function depending on choices for
E, K and r0,ϑ0ð Þ (apart from also depending on a, M and Λ, of course, but we will
omit explicit reference to these latter dependencies). The second will in addition yield,
be it implicitly, r τ,E,Kð Þ and ϑ τ,E,Kð Þ after choosing τ0.

The other two have right hand sides that tend to þ∞ at the horizons Δr ¼ 0 or
Δϑ ¼ 0, making t and φ unsuitable as coordinates that describe the orbits there. In our
final results, however, t and φ will have disappeared altogether. Eqs. (14)–(18) can
easily be modified to accommodate infalling orbits below the equatorial plane and
outgoing orbits above and below the equatorial plane.

In the sequel, we will frequently need the partial derivatives with respect to E and
K of all functions t τð Þ, r τð Þ, ϑ τð Þ and φ τð Þ. We will denote these derivatives by the
coordinate with added subscript (but no bar, for simplicity). We will not need explicit
expressions for rE, rK, ϑE and ϑK . It can be shown that rE and rK change sign with εr,
and likewise ϑE and ϑK with εϑ. The expressions for φE and φK are obtained from (17):

φE ¼ � aE r2 þ a2
� �
ffiffiffi
R

p
Δr

rE � aEffiffiffiffi
Θ

p
Δϑ

ϑE þwE r,ϑ
� �

(19)

and

φK ¼ � aE r2 þ a2
� �
ffiffiffi
R

p
Δr

rK � aEffiffiffiffi
Θ

p
Δϑ

ϑK þ wK r, ϑ
� �

(20)

with
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wE rð Þ ¼ �a
ðr0
r

r2 þ a2ð Þ r2 þ a2Kð Þ
R3=2 rð Þ dr� a3

ðϑ
ϑ0

K � cos 2 ϑð Þ
Θ3=2 ϑð Þ dϑ

wK rð Þ ¼ a3E
2

ðr0
r

r2 þ a2

R3=2 rð Þ drþ
a3E
2

ðϑ
ϑ0

1
Θ3=2 ϑð Þ dϑ:

(21)

The expressions for tE and tK are calculated with the aid of (14):

EtE ¼ �
ffiffiffi
R

p

Δr
rE þ

ffiffiffiffi
Θ

p

Δϑ
ϑE and EtK ¼ �

ffiffiffi
R

p

Δr
rK þ

ffiffiffiffi
Θ

p

Δϑ
ϑK : (22)

We note that also φE, φK and tE, tK are independent of the signs εr or εϑ.
The problem of finding the analytic solutions of geodesic motion in the KdS

spacetime has a long history and was fully solved in Ref. [2], with many references
therein. In this paper, we will only touch on this difficult and specialist topic when we
consider nonempty rotating black holes (or universes) with Λ ¼ 0, this for the pur-
pose of illustrating the procedure of actually constructing a model for a nonempty
rotating black hole or universe. We will solve the equations of motion in that case in
terms of elliptic functions and Carlson elliptic integrals (Appendix D).

3.2 The case a ¼ 0

It follows from (13) that Θ ¼ 0, hence, with (11), ϑ and φ are constants (see also
(18)). The orbits are radial r τ,E,ϑð Þ, with ϑ taking on the role of K. The latter is not
undefined, since it follows from (32) that K ¼ cos 2ϑþ sin 2ϑΔr rað Þ=r2a ¼
cos 2ϑþ sin 2ϑΔ rað Þ. In addition we find, with (2) and (12):

Δr ¼ r2 1� 2M
r

� Λ
3
r2

� �
� r2Δ, Δϑ ¼ 1,

R ¼ r2 E2r2 � Δr
� � ¼ r4 E2 � Δ

� �
:

(23)

The equations of the motion are

_r ¼ rτ ¼ �c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � Δ

p
and _t ¼ tτ ¼ cE

Δ
: (24)

Eq. (15) does not exist, since it reduces to 0 ¼ 0. All the orbits can reach r ¼ 0.
With that choice for r0, we can recast (16) in the form

c τ � τ0ð Þ ¼ �
ðr
0

ffiffi
r

p
drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2M� 1� E2� �
rþ Λr3=3

q ¼ �
ðr
0

drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � Δ

p , (25)

which is the same as the defining equation for the downward branch of the
function cyc in Ref. [1], Appendix 1. Of all the partial derivatives, only rE and tE are
left in a nontrivial way. We will need (22):

EtE ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2 � Δ

p

Δ
: (26)
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As for the other partial derivatives, rK and tK are to be replaced by rϑ ¼ 0 and
tϑ ¼ 0, ϑE ¼ 0 and ϑK has to be replaced by ϑϑ ¼ 1. The functions wE ¼ wK ¼ 0.

3.3 The case ϑ ¼ 0

Now the integrals over ϑ are indeterminate since Θ ¼ 0, but can all be evaluated
using (15). We obtain

c τ � τ0ð Þ ¼
ðr0
r

r2 þ a2ffiffiffiffiffiffiffiffiffi
R rð Þp dr and t� t0 ¼ E

ðr0
r

r2 þ a2ð Þ2ffiffiffiffiffiffiffiffiffi
R rð Þp

Δr rð Þ dr: (27)

The equation for φ is, as the above integral, a proper one for Δr >0 and Δϑ >0:

φ� φ0 ¼ aE
ðr0
r

r2 þ a2

Δr rð Þ � 1
Δϑ

� �
drffiffiffiffiffiffiffiffiffi
R rð Þp : (28)

Between the brackets, we recognize an expression that is proportional to _φ, but the
meaning of this last integral is a limit ϑ ! 0, since φ is not defined on the polar axis.
We will not need it anyway.

The orbits are radial r τ,Eð Þ. Regarding the partial derivatives, only rE and tE are
left. The others do not exist, since ϑ ¼ 0ð Þ is not a coordinate anymore and neither is
K ¼ 1ð Þ. We will not need wE nor wK .

4. The travelator metric

4.1 The general case a 6¼ 0

We now pass from the coordinates xαð Þ ¼ t, r,ϑ,φð Þ to new coordinates
xαð Þ ¼ τ,E,K,ψð Þ. The angle ψ is the same as φ and is additive to it, i.e.
φ ¼ φ E,K, τð Þ þ ψ . Such a metric is called a synchronous metric (see also Landau and
Lifshitz [4]). This metric is the generalization of the Novikov metric, much as the
synchronous metric of Khatsymovski [5] is the generalization of the Lemaitre metric.

Each of the old coordinates is now function of E, K, τ, and , and we adopt the
transformation matrix

C ¼ Cαβ

� � ¼
tτ rτ ϑτ φτ

tE rE ϑE φE

tK rK ϑK φK

0 0 0 1

0
BBB@

1
CCCA ¼ ∂xβ

∂xα

� �
, (29)

where tτ, rτ, ϑτ, and φτ are given by (11).2 The indices α and β are simply matrix
indices. The metric transforms according to gαβ ¼ ∂xρ

∂xα
∂xσ

∂xβ
gρσ, or in matrix form

gð Þ ¼ T gð ÞT T, (30)

2 That the total derivative with respect to τ equals the partial derivative, follows from the fact that the

orbits evolve at constant E and K.
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with T ¼ C. The matrices gð Þ and gð Þ are therefore congruent.
The determinant of C is given by a remarkably simple expression:

det Cð Þ ¼ c
E

rEϑK � rKϑEð Þ: (31)

It does not contain singularities connected with the event horizons Δr ¼ 0 or
Δϑ ¼ 0. We recognize in the last factor the Jacobian of the transformation from E,Kð Þ
to r,ϑ
� �

, with τ as a parameter.
Since the determinant of the KdS metric gð Þ equals �ρ4 sin 2ϑ, we obtain

det gð Þ ¼ � c2ρ4

E2 rEϑK � rKϑEð Þ2 sin 2ϑ: (32)

From the concept of Gaussian coordinate systems, as developed, e.g., in Ref. [6],
we know that a coordinate system based on geodesics that starts off with zero velocity
has a metric with g0i ¼ gi0 ¼ 0, i ¼ 1,2,3 for as long as the metric is valid. Hence, our
consideration of orbits with Lz ¼ 0 only. That this is true in our case can be verified
with (30) and T ¼ C: inserting the general equations of motion (with Lz 6¼ 0) into the
expression for 2g03 (factor of the term in dτdψ), we find indeed that g03 ¼ 0 globally
only if Lz ¼ 0. For the coefficients 2g01 (factor of the term in dτdE) and 2g02 (factor of
the term in dτdK) we need to make use of (22).

A zero ‘start’ velocity also means a zero velocity in the meridional plane. The
radius at which the radial velocity is zero is an apocenter radius and we denote it with
a subscript a, hence ra. The polar angle ϑ at which the tangential velocity in the
meridional plane is zero we similarly denote by ϑa. When the expressions for R rð Þ and
Θ ϑð Þ, as given by (12) and (13), are equated to zero (as is the case for r ¼ ra and
ϑ ¼ ϑa), they can easily be solved for E2 and K:

�g33 ra, ϑað Þρ2 ra,ϑað ÞE2 ¼ sin 2ϑaρ
2 ra,ϑað ÞΔr rað ÞΔϑ ϑað Þ

�g33 ra, ϑað Þρ2 ra, ϑað ÞK ¼ sin 2ϑa r2a þ a2
� �2

cos 2ϑaΔϑ ϑað Þ þ r2a sin
2ϑaΔr rað Þ

h i
:

(33)

Clearly E2 and K are positive for all initial conditions ra and ϑa outside the black
hole. Better still, ra and ϑa are valid substitutes for E and K, with the advantage that
they are intuitive (we assume ra < þ∞).

The inequality (12) can also be written as E2 ≥Veff rð Þ (with)

Veff rð Þ ¼ r2 þ a2Kð ÞΔr rð Þ
r2 þ a2ð Þ2 : (34)

A qualitative inspection of this curve shows that the orbits we consider here can
also attain a radius where the radial velocity is again zero (hence a turning point)
which we call the pericenter radius; we denote that radius by rp. In addition, there are
orbits that can attain r ¼ 0 with nonzero velocity. They are called polar orbits.

As for the ‘orbital’ part of the metric gij τ,E,Kð Þ, i ¼ 1,2,3, we thus assume that at
t ¼ τ ¼ 0 all orbits start off with zero velocity. In that case, all the partial derivatives
that appear in the transformation matrix (29) are regular in the vicinity of ra, ϑað Þ, and
hence the metric gij τ,E,Kð Þ, as calculated in (30) with T ¼ C, is regular there. We also
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note that we deal here with very special orbits for which ra, ϑað Þ is a point of the orbit.
In general ra and ϑa will be reached at different times, since solving (33) does not
imply that ϑa τð Þ ¼ ra τð Þ for some τ.

Now that we have established regularity of the metric gα,β for τ small, it still
remains to be seen what happens at later times, since there is no theorem that
guarantees regularity, and thus validity. Therefore, we have to go through the chore of
actually calculating the gij τ,E,Kð Þ, i ¼ 1,2,3. Since we are now in the process of getting
rid of the singular coordinates t and φ, we can expect to also get rid of the singularities
in the original KdS metric. The coefficients in the third row and/or column are

g13 ¼ g31 ¼ a1rE þ b1ϑE þ g33wE (35)

g23 ¼ g32 ¼ a1rK þ b1ϑK þ g33wK (36)

g33 ¼ g33 (37)

with

a1 ¼ 1

E
ffiffiffi
R

p r2 þ a2
� �

aE2 sin 2ϑþ r2 þ a2K
� �

g03
� �

b1 ¼ 1

E
ffiffiffiffi
Θ

p r2 þ a2
� �

aE2 sin 2ϑþ a2 K � cos 2ϑ
� �

g03
� �

:

(38)

The remaining coefficients are

g21 ¼ g12 ¼ a2 rErK þ b2ϑEϑK þ c2 rEϑK þ rKϑEð Þþ
þa1 rEwK þ rKwEð Þ þ b1 ϑEwK þ ϑKwEð Þ þ g33wEwK

(39)

g11 ¼ a2 r2E þ b2ϑ2E þ 2c2 rEϑE þ 2a1rEwE þ 2b1ϑEwE þ g33w
2
E (40)

g22 ¼ a2 r2K þ b2ϑ2K þ 2c2 rKϑK þ 2a1rKwK þ 2b1ϑKwK þ g33w
2
K (41)

with

a2 ¼ r2 þ a2K
E2R

r2 þ a2K
� �

g00 � E2ρ02
h i

b2 ¼
a2 K � cos 2ϑ
� �

E2Θ
a2 K � cos 2ϑ
� �

g00 � E2ρ02
h i

c2 ¼ a2

E2
ffiffiffi
R

p ffiffiffiffi
Θ

p r2 þ a2K
� �

K � cos 2ϑ
� �

g00 � E2 2r2 sin 2ϑ� ρ2 þ Kρ02
� �h i

:

(42)

In the above expressions (35)–(39),3 it is, of course, understood that g00 r, ϑ
� �

,
g03 r, ϑ
� �

, and g33 r, ϑ
� �

. We also note that the metric is independent of εr and εϑ.

3 These expressions may look ugly, but considering that they hide considerable algebraic manipulation and

a kind of ‘magic’ associated with the disappearance of the singularities in Δr and Δϑ, their structure is

actually quite elegant. Apart from the metric coefficients (g00, g03, g33) and the inevitable partial derivatives

which are irreducible at this stage without solving the equations of motion, they contain only 5 additional

functions (a1, a2, b1, b2, c2) that do not depend on these partial derivatives.
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Clearly, all singularities associated with Δr and Δϑ are gone, but an R or a Θ in a
denominator causes a singularity whenever ra, rp or ϑa is reached. Technically, this is a
consequence of having to split up a regular limit into two singular terms in the expres-
sions for φE and φK . Hence, we have again two complementary representations of gαβ : the
one in (29) with T ¼ C that is valid in the vicinity of τ ¼ 0 and the one that is valid for
each orbit E,Kð Þ up to the time τp. Since (1) the orbits are continuously replenished from
far away and (2) the singularities associated with the R r 0,E,Kð Þð Þ and Θ ϑ 0,E,Kð Þ� �

are
removable, the metric given by Eqs. (35)–(39) suffices as the only metric.

The KdS metric is a regular one outside the ergosphere r ¼ Mþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 � a2 cos 2ϑ

p
.

The synchronous metric can be seen there as a kind of travelator or conveyor belt that
one can ‘step on’ (this requires a boost to match the velocity of the travelator ring that
passes by) to enter this valid metric that carries one through the ergosphere and the
region Δr rð Þ<0 between the event horizons R� ¼ M�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 � a2

p
. The ergosphere has

disappeared, illustrating the fact that the presence of an ergosphere is a property of the
velocity of the observer rather than an intrinsic feature of the rotating black hole. The
travelator consists of rings labeled by E,Kð Þ, and these are centered on the polar axis
ϑ ¼ 0. The travelator metric can be freely traveled as long as one stays clear of the τp of
the rings that one is standing on. Since all rp are located in the inner KdS spacetime
(defined here as the spacetime inside the inner event horizon R�), it is always possible
to ‘step off’ the travelator ‘in time’ after having passed R�, again by applying a boost to
match the velocity of objects that are at rest in another valid metric.

As explained above, we need not bother with the singularities associated with R
and Θ, in the KdS case, that is. However, in the next section, we will consider
nonempty rotating black holes, and we will have to deal with these singularities.
Inspection of the expressions (35)–(42) and those for wE and wK, in combination with
the appropriate differentials dE and dK of the travelator metric, reveals that all
singularities appear as

rEffiffiffi
R

p dE ¼ 2
d
ffiffiffi
R

p

∂rR
,

ϑEffiffiffiffi
Θ

p dE ¼ 2
d
ffiffiffiffi
Θ

p

∂ϑΘ
(43)

and similarly for the differentials in K. Since the zeroes of R and Θ are simple
zeroes, ∂rR and ∂ϑΘ are nonzero there. Hence, if we pass, locally, from E,Kð Þ toffiffiffi

R
p

,
ffiffiffiffi
Θ

p� �
, the metric in these coordinates is regular and Lorentzian.

It may seem remarkable that the travelator metric (35)–(42) has such a simple
determinant (32). However, this can be verified using the common techniques of
determinant evaluation, not without effort.

4.2 The case a ¼ 0

The transformation matrix from the coordinates xαð Þ ¼ t, r,ϑ,φð Þ to the new coor-
dinates xαð Þ ¼ τ,E, ϑ,φð Þ is now simply

Cαβ

� � ¼
tτ rτ 0 0

tE rE 0 0

0 0 1 0

0 0 0 1

0
BBB@

1
CCCA ¼ ∂xβ

∂xα

� �
, det Cð Þ ¼ crE

E
: (44)
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Since ϑ and φ need no transformation, we obtain immediately from the KdS metric
and the expression for a2

ds2 ¼ c2dτ2 � r2E
E2 dE

2 � r2dϑ2 � r2 sin 2ϑdψ2: (45)

Note that in this metric r E, τð Þ as well as rE E, τð Þ. This is the travelator version of
the Schwarzschild-Λ metric (also called the Schwarzschild-de Sitter metric). In Ref.
[1], this metric is called the Novikov metric.

4.3 The case ϑ ¼ 0

Here we are dealing with a subset of the orbits, those that are confined to the polar
axis and that are therefore dynamically decoupled from the rest. The transformation
matrix from the coordinates xαð Þ ¼ t, rð Þ to the new coordinates xαð Þ ¼ τ,Eð Þ is the
lower dimensional version of (44):

Cαβ

� � ¼ tτ rτ
tE rE

� �
¼ ∂xβ

∂xα

� �
, det Cð Þ ¼ crE

E
: (46)

The coordinate φ is not present, and K ¼ 1. Hence we obtain

ds2 ¼ c2dτ2 � r2E
E2 dE

2: (47)

Again rE E, τð Þ. The similarity with the previous case is only formal and qualitative,
since here a is not necessarily zero and, therefore, the orbits are different. The result
(47) can, of course, also be obtained from (35)–(43) with dϑ ¼ dψ ¼ 0.

5. The Einstein equations

The KdS metric satisfies the Einstein equations

Rαβ � 1
2
Rgαβ � Λgαβ ¼ 0 (48)

with Rαβ the Ricci tensor and R the Riemann scalar,4 and that is, of course, no
different for the travelator metric. From now on, we will lift the restriction that all
orbits on which the travelator metric is built start off with zero velocity at a given
time, say τ ¼ 0. The only consequence is that the travelator metric will also be singular
at τ ¼ 0, but, as already indicated, these singularities are removable. Hence, any
family of orbits that satisfies (15) and (16) gives rise to a travelator metric.

What we will need for the Einstein equations in the KdS metric can be found in
Appendix A. The contravariant Ricci tensor Rαβ in the KdS metric transforms into the

travelator metric according to Rαβ ¼ ∂xα
∂xρ

∂xβ
∂xσ R

ρσ, or in matrix form

4 Not to be confused with the R in 12, of course.
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R
� � ¼ T T Rð ÞT (49)

with T ¼ D ¼ C�1. The matrix D is given in Appendix B. For as far as the
contravariant metric tensor in the travelator metric is concerned, we will here only

need the rather trivial g00 ¼ 1=c2 and the R
00

component of the contravariant Ricci
tensor in Appendix C.

One could set out to verify (48) analytically for both the KdS and the travelator
metric, but that is, again, a chore because all the derivatives of g00, in addition to Δr

and Δϑ, must be exposed explicitly in terms ofM, a and Λ.5 For this paper, a numerical
check has been performed, which is comparatively easy, and zeroes have been
obtained up to machine accuracy. This latter fact shows, by the way, that the zeroes
are not trivial but a result of all kinds of cancelations. Moreover, the identity (48) is
satisfied irrespective of whatever values for rE, ϑE, rK , ϑK, wE, and are assumed.

Next, we note that in the KdS metric the constants M and a are independent.
Therefore, we can choose two new parameters, say λ and μ, unrelated to the KdS
coordinates, and consider.6

M ¼ m λ, μð Þ and a ¼ A λ, μð Þ: (50)

We write the KdS metric with these functions instead of M and a. Looking now at
the equations for the orbits (15)–(18), we see that all four constantsM, a, E, and K can
be freely chosen, which is a direct consequence of the separability of the equations of
the motion. Hence we can also consider E λ, μð Þ and K λ, μð Þ. We now transform the
KdS metric, this time in its λ, μð Þ livery, to the travelator metric (35)–(42), thus in
terms of m λ, μð Þ, A λ, μð Þ, τ, E λ, μð Þ, K λ, μð Þ, ψ and the differentials dτ, dE, dK, and dψ .
Next follows a transformation from E,Kð Þ to the new variables λ, μð Þ, using the
transformation (30) with

T ¼ U ¼

1 0 0 0

0 Eλ Kλ 0

0 Eμ Kμ 0

0 0 0 1

0
BBB@

1
CCCA (51)

with obvious notations. That metric g
� �

(1) still satisfies the Einstein Eqs. (48)
because of covariance, (2) features the variables τ, λ, μ, ψ and the differentials dτ, dλ
(replacing dE), dμ (replacing dK) and dψ and (3) is the same as (34)–(41) with the
subscripts E and K replaced by λ and μ.

We note that, since E and K are attributes of a comoving ring, λ and μ replace them
as attributes of a comoving ring. We thus obtain a two-dimensional manifold of
comoving rings, the motion of which is determined by (15) and (16), equations that
feature m λ, μð Þ, A λ, μð Þ, E λ, μð Þ, and K λ, μð Þ.

If a andM are not functions of λ and μ, but just constants, then we have produced a
travelator metric that is free of the KdS singularities and satisfies the Einstein

5 In the course of the rather tedious calculations, we need all components of all the tensors involved. They

are not listed here because of space limitations.
6 The notation here is illogical for as far as the use of upper case and lower case is concerned, but is adopted

in order to retain the rather established notations M and a.
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equations for empty space (48). In that case, we have merely replaced the constants of
the motion E and K by other constants of the motion λ and μ. But A λ, μð Þ and m λ, μð Þ
need not be constants, and we now investigate what this means for the Einstein
equations for a nonempty rotating black hole:

R
αβ � 1

2
Rg

αβ � Λgαβ ¼ 8πG
c4

T
αβ
, (52)

with T
αβ

the stress-energy-momentum tensor.
We consider comoving matter:

uα ¼ dτ
dτ

,
dλ
dτ

,
dμ
dτ

,
dψ
dτ

� �
¼ 1,0,0,0ð Þ: (53)

The Ricci tensor R
αβ

contains the derivatives ∂nrΔr r,M, a2ð Þ, ∂nϑΔϑ ϑ, a2ð Þ with
n ¼ 1, 2. When taken as such, i.e., with the partial derivative only pertaining to the

first argument, all T
αβ

are zero. However, since λ and μ are now coordinates, the
inverse functions λ τ, r,ϑð Þ and μ τ, r,ϑð Þ also make sense. Indeed, the functions
r τ, λ, μð Þ and ϑ τ, λ, μð Þ from Section 3 tell us at which r, ϑð Þ the ring with label λ, μð Þ
intersects the meridian plane at time τ. Hence, the inverse functions λ τ, r, ϑð Þ and
μ τ, r, ϑð Þ tell us which ring with label λ, μð Þ happens to be at r,ϑð Þ at time τ. We can,
therefore, consider as alternative for ∂rΔr the expression

∂rΔr r,m λ, μð Þ,A2 λ, μð Þ� � ¼ ∂rΔr r,M, a2
� �þmr ∂mΔr r,m,A2� �þ A2

r ∂A2Δr r,m,A2� �

¼ ∂rΔr r,M, a2
� �� 2rmr þ 1� Λ

3
r2

� �
A2

r

� ∂rΔr r,M, a2
� �þ ∂rΔr

(54)

and similarly for ∂ϑΔϑ

∂ϑΔϑ ϑ,A2 λ, μð Þ� � ¼ ∂ϑΔϑ ϑ, a2
� �þ A2

ϑ
∂A2Δϑ ϑ,A2� �

¼ ∂ϑΔϑ ϑ, a2
� �þ 1

3
Λ cos 2ϑA2

ϑ

� ∂ϑΔϑ ϑ, a2
� �þ ∂ϑΔϑ:

(55)

The symbols with subscripts r and ϑ stand for the expressions

f r τ, r,ϑð Þ ¼ λr∂λf þ μr∂μf , f ¼ m,A2

A2
ϑ
τ, r,ϑð Þ ¼ λϑ∂λA2 þ μϑ∂μA

2 (56)

and λr, λϑ, μr, and μϑ stand for partial derivatives of the functions λ τ, r, ϑð Þ and
μ τ, r, ϑð Þ in our usual notations. Since we rather have r τ, λ, μð Þ and ϑ τ, λ, μð Þ at our
disposition, these partial derivatives are calculated using

λr μr
λϑ μϑ

� �
τ, λ, μð Þ ¼ 1

rλϑμ � ϑλrμ

ϑμ �ϑλ

�rμ rλ

 !
τ, λ, μð Þ: (57)
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Expressions for the second derivatives are obtained analogously to (54) and (55).
We write

∂
2
rΔr r,m λ, μð Þ,A2 λ, μð Þ� � ¼ ∂

2
rΔr r,M, a2
� �þ ∂

2
rΔr

∂
2
ϑΔϑ ϑ,A2 λ, μð Þ� � ¼ ∂

2
ϑΔϑ ϑ, a2

� �þ ∂
2
ϑΔϑ

(58)

with again

∂
2
rΔr ¼ λr∂λ þ μr∂μ

� �
∂rΔrjM¼m,a2¼A2 þ ∂rΔr
� �

∂
2
ϑΔϑ ¼ λϑ∂λ þ μϑ∂μ

� �
∂ϑΔϑja2¼A2 þ ∂ϑΔϑ

� �
:

(59)

Whether one holds on to ‘the original’ ∂nrΔr and ∂
n
ϑΔϑ (in which M and a2 are

constants) or adopts the alternatives ∂nrΔr and ∂
n
ϑΔϑ (in which m and A2 are functions

of λ and μ), is a matter of choice for every equation α, βð Þ in (52) separately.

6. The Lemaitre–Tolman metric (the case a ¼ 0)

We now illustrate the procedure that is outlined in the previous section for the
simplest possible case a ¼ 0. We need only the coordinate λ.

We first revisit the metric (45) in τ, λ, ϑ,ψð Þ (coordinates)

ds2 ¼ c2dτ2 � r2λ
E2 λð Þ dλ

2 � r2dϑ2 � r2 sin 2ϑdψ2, (60)

with, again rλ ¼ ∂λr.7 The metric (60) is exactly what has been called in Ref. [1] the
Lemaitre-Tolman metric (hereafter L-T metric) if we set

E2 λð Þ ¼ 1� 2e λð Þ (61)

in the notations of Ref. [1]. What we call here λ is mostly known as r in the L-T
models, which was called the shell label in Ref. [1]. The only parameterM, which does
not appear in the metric but solely in the equation of the motion (26), is now a
function of λ. As before, we write m λð Þ, and in this simple case we know that m λð Þ is
the mass inside the shell with label λ. We assume 0≤ λ≤ 1 with the λ ¼ 1 shell the shell
beyond which there is no mass anymore.

As for the Einstein equations, we must first transform the contravariant tensors in
the appendices which are in the τ,E, ϑ,ψð Þ coordinates to the τ, λ, ϑ,ψð Þ coordinates
with the transformation (49) using the transformation matrix V ¼ U�1. This

7 This result is immediate from elementary calculus, but can, of course, also be obtained by considering the

transformation 30 with

T ¼ U ¼

1 0 0 0

0 Eλ 0 0

0 0 1 0

0 0 0 1

0
BBB@

1
CCCA: (61)

This matrix transforms a covariant tensor of rang 2 into a tensor with the same coefficients, except for these

that carry just one index 2, which are multiplied by Eλ, and the 22-index, which is multiplied by E2
λ .
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transformation produces a contravariant tensor with the same coefficients, except for
these that carry just one index 2 which are divided by Eλ, and the 22-index, which is
divided by E2

λ. Since the Einstein equations feature only diagonal coefficients, this
transformation has no effect on the final equations.

The stress-energy-momentum tensor reads, in spherical geometry with anisotropic
pressures (see, e.g., Doneva & Yazadjiev [7]):

T
αβ ¼ ρ0u

αuβ þ pre
α
r e

β
r þ pt uαuβ � eαr e

β
r � gαβ

� �
, (62)

since the λ-direction is the radial direction. The tensor that an arbitrary tangential
pressure pt (i.e., a pressure orthogonal to the radial direction) is multiplied by in (63),
is orthogonal to both uα and eαr .

We find for the 00-equation, with the expressions in Appendices A and C.2.

� 1
c2

Δ� 1
r2

þ ∂rΔ
r

þ Λ
� �

¼ 8πG
c4

T
00
: (63)

When M is a constant, this expression reduces to 0 ¼ 0. When m λð Þ,
we obtain

� ∂rΔr

r3
¼ 8πG

c2
T
00
, (64)

or, with (54)

2
λr∂λm
r2

¼ 8πG
c2

T
00
: (65)

For a comoving medium we have T
00 ¼ T00 ¼ ρ0 and in this simple case

λ�1
r ¼ rλ, thus

∂λm λð Þ
r2 λ, τð Þrλ λ, τð Þ ¼

4πG
c2

ρ0: (66)

This is exactly the same equation (mutatis mutandis) as the one valid for the L–T
models, as, e.g., given in Eq. (6) of Ref. [1]. It is the general-relativistic form of
Poisson’s equation.

The 11-equation is almost identical to the 00-equation and yields again either
0 ¼ 0, (or)

∂λm
r2rλ

¼ � r2λ
E2

4πG
c4

T
11
: (67)

Since T
11 ¼ �prg

11 is a positive quantity or zero, this equation is not compatible
with (66), unless we choose for this equation ∂λm ¼ 0. This shows that we are free to
make this choice for each equation, since we obtained already the L-T solution, and
this choice confirms this freedom. We conclude that the flux of the radial flow
through any sphere is zero, confirming that spheres are comoving surfaces.
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The 22-equation equals

1
2r2

∂
2
rΔþ 1

r3
∂rΔþ 1

r2
Λ ¼ 8πG

c4
T
22

(68)

Here T
22 ¼ T22 ¼ �ptg

22. Again, T
22 ¼ 0 is the solution if ∂λm ¼ 0. If ∂λm 6¼ 0 we

obtain

� 1
rr2λ

∂
2
λm ¼ 8πG

c4
T
22
: (69)

We know from Ref. [1] that regular solutions in the center behave like m λð Þ � λ3

for λ ! 0. Hence we conclude that a T
22
≥0 is impossible, unless we allow for a

singularity in the center.

The 33-equation adds no further information, since sin 2ϑR
33 ¼ R

22
, sin 2ϑg33 ¼

g22 and sin 2ϑT
33 ¼ T

22
.

In this simple case, we have three independent equations, yielding two structurally
different solutions: (1) empty space with central singularity, i.e., the Schwarzschild-Λ
solution and (2) the L-T solution.

In order to make the L-T solution explicit, we still need to prescribe 0≤ e λð Þ≤ 1
2 and

0≤m λð Þ≤M ¼ m 1ð Þ. The latter inequality follows from the requirement that the
outermost massive shell λ ¼ 1 must match the Schwarzschild-Λ solution at maximum
expansion. The functions e λð Þ and m λð Þ must be such that no shell λ< 1 has a maxi-
mum expansion that is larger than the outermost λ ¼ 1 shell. We also need to assign,
for a given cosmic time τ and for every shell λ, a function r λð Þ, together with the
specification whether the shell is expanding or contracting. In the parlance of Ref. [1]
this means the specification of a phase function.

Out of the great variety of models that come with these choices, there is a special
class of models for which all shells attain their maximum extent at the same cosmic
time. These shells will have in general different radial periods which will cause even-
tually shell collisions. The radial period of shell λ is given by (24):

2Tr ¼ 2
ðr0
0

ffiffi
r

p
drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m λð Þ � 2e λð Þrþ Λr3=3
p , (70)

with r0 the smallest positive root of the radicand. Writing, as in Ref. [1],

r ¼ p λð Þcyc e,m,Λ, τð Þ (71)

we obtain

p3=2ffiffiffiffiffiffiffi
2m

p
ðw0

0

ffiffiffiffiffiffifficycp dcycffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ep=mð Þcycþ Λ=6ð Þ p3=mð Þcyc3=3p , (72)

with w0 the smallest real positive root for cyc of the radicand. If that radial period
is to be the same for all shells, which means that shells will not cross, the radicand
should not depend on λ. Assuming p λð Þ ¼ 2Mλ, we find that e λð Þ ¼ 1

2 λ
2 and

m λð Þ ¼ Mλ3. This is the spherical version of the Robertson–Walker metric for a closed
universe.
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Finally, we remark that we did obtain the L-T solution starting from the
Schwarzschild-Λ solution (since a ¼ 0), ‘simply’ by choosing another coordinate sys-
tem that is comoving. This shows that the L–T solution can be derived from the
Schwarzschild-Λ solution by coordinate transformation, but that could only be
accomplished because the equations of motion are separable.

7. Dusty models in the case a 6¼ 0

7.1 The general case

We now include a (pressureless) dusty medium with comoving proper-density ρ0
in the travelator metric; the case a ¼ 0 has learned us that pressures are unlikely to be
realistic within this paradigm. The stress-energy-momentum tensor, therefore, has

the simplest nonzero form possible: T
00 ¼ ρ0 and all other components are zero. We

note that, while in many cases, the Eq. (52) could also be taken in its covariant form,

this is not the case; because the metric gαβ is not diagonal, it is imperative to use the
contravariant form for the stress-energy-momentum tensor. All 10 equations of (52)
remain obviously satisfied if ρ0 ¼ 0. We will now investigate which special form ρ0
has to assume in order to satisfy

R
00 � 1

2
Rg

00 � Λg00 ¼ 8πG
c4

ρ0 (73)

if ρ0 6¼ 0.
With the aid of Appendix C we find

a2

2ρ4
K � cos 2ϑ
� �

∂
2
rΔr � r

ρ6
ρ2 þ 2a2 K � cos 2ϑ

� �� �
∂rΔr � 12ρ4 r2 þ a2K

� �
∂
2
ϑ
Δϑ�

� a2 K � cos 2ϑ
� �

ρ4
3 r2 þ a2
� �þ a2 sin 2ϑ

� �þ 2a2 sin 2ϑ

ρ2
þ 3

( )
cos ϑ
2ρ2

∂ϑΔϑ

sin ϑ
�

� g00
ρ4

r2 þ a2K
� �

1� 4r2

ρ2

� �
þ 2r2

� �
þ Δϑρ

2þ

þ a2 g00 � Δϑ

� �

ρ4
K � cos 2ϑ
� � 4a2cos 2ϑ

ρ2
� 1

� �
þ 2 cos 2ϑ

� �
� Λ ¼ 8πG

c2
ρ0:

The right-hand side of this expression evaluates to 0 if M and a2 are constants. If,
on the other hand, we consider the alternatives (54), (55), and (58), the additional
terms that these dependencies entail are those featuring the derivatives of the Δ‘s:

8πG
c2

ρ0 ¼ A2

2ρ4
K � cos 2ϑ
� �

∂
2
rΔrrρ6 ρ2 þ 2A2 K � cos 2ϑ

� �� �
∂rΔr12ρ4 r2 þ A2K

� �
∂
2
ϑΔϑþ

þ A2 1� Kð Þ
ρ4

3 r2 þ A2� �þ A2 sin 2ϑ
� �� A2 sin 2ϑρ4 5r2 þ 4A2 þ A2 cos 2ϑ

� �
8<
: � 3

9=
;

cos ϑ
2ρ2

∂ϑΔϑ

sin ϑ
,

resulting in an expression for the comoving density ρ0. It is interesting to note that
the 00 equation is the only Einstein equation that does not feature any of the rE, rK ,
ϑE, ϑK , wE or wK .
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7.2 The case Λ ¼ 0

We will now illustrate the analysis for the case Λ ¼ 0. The expression for the
comoving density simplifies greatly:

8πG
c2

ρ0 ¼ A2

2ρ4
K � cos 2ϑ
� �

∂
2
rΔr � r

ρ6
ρ2 þ 2A2 K � cos 2ϑ

� �� �
∂rΔr (74)

In order to make this solution more explicit, we need to prescribe m λ, μð Þ and
A λ, μð Þ on the one hand, and E λ, μð Þ and K λ, μð Þ on the other hand. It is convenient to
replace E,Kð Þ by ra,ϑað Þ, with now, of course, ra λ, μð Þ and ϑa λ, μð Þ. The constants E
and K are then given by (33). We will assume 0≤ λ≤ 1 and , with no constituent
matter ‘beyond’ the λ ¼ 1 rings. We recall that the comoving rings form a two-
dimensional manifold, each ring being labeled by a pair λ, μð Þ, or a pair E,Kð Þ. From
the case, a ¼ 0 we also learned that each shell there moves as if it were in a
Schwarzschild-Λ metric with mass m λð Þ, independent of time. Likewise, in this case,
each ring moves as if it were in a KdS metric with parameters m λ, μð Þ and A λ, μð Þ,
again, independent of time.

Since Θ ϑð Þ≥0, every orbit is located in the region ϑa ≤ ϑ≤ π � ϑa, with the aper-
ture ϑa given by Θ ¼ �E2 sin 2ϑa þ K � cos 2ϑa ¼ 0. Since R rð Þ≥0, every orbit is
located between ra and rp, rp ≤ r≤ ra. There are no restrictions on 0≤ ϑa ≤ π=2.

As an example, we now assume sin 2ϑa ¼ μ. In order to avoid the KdS singularity at
r ¼ 0 and ϑ ¼ π=2, we assume A 0, μð Þ ¼ 0. The simplest choice seems to be

A2 λ, μð Þ ¼ λ2μ
� �

a2 for λ ! 0

¼ a2 � ab μð Þ 1� λð Þα for λ ! 1,
(75)

with ab μð Þ a function and α a constant. The factor λ2 ensures that A2 ! 0 for λ ! 0
sufficiently smoothly.

As for m λ, μð Þ, we follow Ref. [1] and propose a monotonically increasing function
such that

m λ, μð Þ ¼ mcλ
3 for λ ! 0

¼ M�mb 1� λð Þβ for λ ! 1,
(76)

with , mb and β real constants. We know from the a ¼ 0 case that the shell E ¼ 0
must reach the Schwarzschild-Λ horizon M, and all other shells must satisfy ra ≤M.
Likewise here, in order to realize the match between the inner and the outer KdS
solution, at least one ring with E ¼ 0 must have the apocenter radius
Rþ ¼ Mþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 � a2

p
. We will assume for simplicity that all rings E ¼ 0 do.

We are still left with the specification of ra λ, μð Þ. The apocenter radius ra plays the
same role (but is not the same) as the quantity p rð Þ in Ref. [1]. We already indicated
that ra 1, μð Þ ¼ Rþ. For simplicity, we assume

ra λ, μð Þ ¼ ra,cλ for λ ! 0

¼ Rþ � ra,b 1� λð Þγ for λ ! 1,
(77)

with ra,c, ra,b and γ constants. The functions ϑa μð Þ and ra λð Þ now being known, the
energy follows from (33). We find
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1� E2 � 2e ! 2mc

ra,c
λ2 for λ ! 0

! 1�mb

M
1� λð Þβ þ ra,b

MRþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M� a2

p
1� λð Þγ for λ ! 1,

(78)

in agreement with Ref. [1] for λ ! 0.
In order to calculate ρ τ, λ, μð Þ, we still have to choose initial conditions. This is no

different from the case a ¼ 0, where we have seen that the classical cosmological
models (in their spherical form) also require very special initial conditions in order to
avoid collisions of shells. Out of the orbits discussed in Appendix D we can choose
those that all attain their apocenter radius (i.e., maximum expansion) at the same time
τ. Numerical experiments show that it is indeed possible to choose initial conditions
such that ρ0 >0 for subsequent times up to maximum expansion. This statement
should be interpreted as no more than a proof of concept: i.e. a model for a rotating
nonempty black hole or a rotating cosmological model with a travelator metric (35)–
(42). A more detailed exploration of these models is beyond the scope of this paper.

8. Mass ejection or light emission

In Ref. [1] it has been shown that in general the g11 coefficient in the metric (69)
will prevent not comoving matter and light to leave the black hole. More precisely,
when an orbit (matter or light) attains the shell for which E λð Þ ¼ 1� 2e λð Þ ¼ 0, the
coefficient g11 will become in general singular, causing an outgoing orbit to turn back.8

It is important that the condition E λð Þ ¼ 0 is independent of τ, hence it is the property
of one particular shell to act as a barrier. That shell is the outermost shell that carries
some constituent matter, and it is the only shell that can reach the Schwarzschild
radius from within. Only when, at the very same time that the orbit reaches that shell
E ¼ 0, also (1) ∂λr λ, τð Þ ¼ 0 for that shell, which has been shown in Ref. [1] to be the
condition that shells collide (in the continuum limit), and (2) that shell reaches the
Schwarzschild radius, is it possible to create a ‘neck’, i.e., a nonzero 0=0 in g11,
through which matter or light can escape. It was noted in Ref. [1] that in spherical
symmetry, these conditions are very unlikely to be globally satisfied, but that along
the polar axis of a rotating black hole, there might be a possibility due to the similarity
of the Kerr metric and the Schwarzschild metric along the polar axis. But that state-
ment was a conjecture.

Now, we are in the position to be more precise with the help of the travelator
metric (35)–(42). A λ, μð Þ ring of constituent comoving matter orbits in a region
bounded by 2 radii, rp and ra determined by the condition R ¼ 0, and a cone
ϑa ≤ϑ≤ π � ϑa, with ϑa determined by the condition Θ ¼ 0. Every now and then, the
ring will touch these boundaries, which act as impenetrable walls. At such an event, all
coefficients of the orbital part of the travelator metric become singular, but, as already
indicated, the singularities are removable locally. We note that at all other times, the
comoving ring produces a regular metric.

Any particle, matter or light, that is not comoving will continuously visit different
rings in λ, μð Þ space. It might visit a comoving ring that just happens to touch its

8 A particle or photon does not ‘turn back’ in the normal sense of the verb; it continues its course ‘straight

on’. It is the universe that ‘flips over’, as explained in Ref. [1].
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boundary. Hence the particle will be forced to visit a ring for which R>0 of Θ>0,
that is, it remains in the interior of the black hole since all comoving rings remain in
the interior of the black hole.

The metric along the polar axis (47), on the other hand, is fundamentally different,
since no singularities associated with R ¼ 0 or are present. That metric is formally
identical to the L-T metric, and the mechanism as indicated above can take place.
Hence, if the conditions are right, matter or light can leave the rotating black hole
through the poles.

9. Concluding remark

The paradigm presented here can also be used to construct models for rotating dust
balls, or rotating universes that are not the interior of a black hole. It suffices that all
rings have 0<E λ, μð Þ< 1 and judicious choices for A2 λ, μð Þ and m λ, μð Þ are made. Since
the mechanism outlined above for outflow along the polar axis is independent of the
presence of a horizon, it opens up the possibility of bipolar outflows in fast-rotating
dust balls, such as the vicinity of very young stars.

A. The Ricci tensor and Rieman scalar in the KdS spacetime

We adopt here the definition Rαβ ¼ Γρ
αβ,ρ � Γρ

αρ,β þ Γρ
σρΓ

σ
αβ � Γρ

σβΓ
σ
αρ. The tables that

follow are to be read as follows: the quantity in the first column is the sum of terms
consisting of the product of the second column with the third.

R ∂
2
rΔr

1
ρ2

∂
2
ϑΔϑ

1
ρ2

∂ϑΔϑ
sin ϑ

3 cos ϑ
ρ2

Δϑ � 2
ρ2

R00
∂
2
r g00

1
2ρ2Δr r2 þ a2ð Þ2

∂
2
ϑg00

1
2ρ2Δϑ

1

∂rg00 � r
ρ2 sin 2ϑ

1
ΔrΔϑ

g33

∂ϑg00
cotϑ
2ρ4 2 r2þa2ð Þ2

Δr
� ρ02

Δϑ

B. The transformation matrix D

All r and ϑ in this section should be read as r and ϑ.
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B.1 The case a 6¼ 0

D00 ¼ E
c

D01 ¼ E
ρ2 rEϑK � ϑErKð Þ

ffiffiffi
R

p
ϑK þ

ffiffiffiffi
Θ

p
rK

h i

D02 ¼ � E
ρ2 rEϑK � ϑErKð Þ

ffiffiffi
R

p
ϑE þ

ffiffiffiffi
Θ

p
rE

h i

D03 ¼ E
ρ2 rEϑK � ϑErKð Þ

ffiffiffi
R

p
ϑEwK � ϑKwEð Þ þ

ffiffiffiffi
Θ

p
rEwK � rKwEð Þ

h i

(79)

D10 ¼ 1
c

ffiffiffi
R

p
Δr

D11 ¼ 1
ρ2 rEϑK � ϑErKð Þ

ffiffiffi
R

p

Δr

ffiffiffi
R

p
ϑK þ

ffiffiffiffi
Θ

p
rK

� �
þ ρ2ϑK

" #

D12 ¼ � 1
ρ2 rEϑK � ϑErKð Þ

ffiffiffi
R

p

Δr

ffiffiffi
R

p
ϑE þ

ffiffiffiffi
Θ

p
rE

� �
þ ρ2ϑE

" #

D13 ¼ aE r2 þ a2ð Þffiffiffi
R

p
Δr

þ R
Δr

þ ρ2
� �

ϑEwK � ϑKwE

ρ2 rEϑK � ϑErKð Þ þ
ffiffiffiffiffiffiffi
RΘ

p

Δr

rEwK � rKwE

ρ2 rEϑK � ϑErKð Þ

(80)

D20 ¼ � 1
c

ffiffiffiffi
Θ

p
Δϑ

D21 ¼ � 1
ρ2 rEϑK � ϑErKð Þ

ffiffiffiffi
Θ

p

Δϑ

ffiffiffi
R

p
ϑK þ

ffiffiffiffi
Θ

p
rK

� �
þ ρ2rK

� �

D22 ¼ 1
ρ2 rEϑK � ϑErKð Þ

ffiffiffiffi
Θ

p

Δϑ

ffiffiffi
R

p
ϑE þ

ffiffiffiffi
Θ

p
rE

� �
þ ρ2rE

� �

D23 ¼ aEffiffiffiffi
Θ

p
Δϑ

� Θ
Δϑ

þ ρ2
� �

rEwK � rKwE

ρ2 rEϑK � ϑErKð Þ �
ffiffiffiffiffiffiffi
RΘ

p

Δϑ

ϑEwK � ϑKwE

ρ2 rEϑK � ϑErKð Þ

(81)

D30 ¼ D31 ¼ D32 ¼ 0, D33 ¼ 1: (82)

C. The contravariant Ricci tensor in the travelator spacetime

C.1 The case a 6¼ 0

All r and ϑ in this section should be read as r and ϑ.

R
00 1

c2
a2
2ρ4

∂
2
ϑΔϑ � K � cos 2ϑð Þ

∂ϑΔϑ
sin ϑ

cos ϑ
ρ2 � K � cos 2ϑð Þ 3 r2 þ a2ð Þ þ a2 sin 2ϑ

� �� 2ρ2 sin 2ϑ

2 g00 � Δϑ

� �
K � cos 2ϑð Þ 4a2

ρ2 cos 2ϑ� 1
� �

þ 2 cos 2ϑ

1
c2

1
ρ4

1
2 ∂

2
rΔr r2 þ a2K

∂rΔr
r
ρ2 �r2 þ a2 cos 2ϑ� 2a2K

g00 r2 þ a2Kð Þ 4r2
ρ2 � 1
� �

� 2r2
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C.2 The case a ¼ 0

Taking account of

Δϑ ¼ ϑK ¼ 1

R ¼ r2 E2r2 � Δr
� � ¼ r4 E2r2 � Δ

� �

rK ¼ ϑE ¼ wE ¼ wK ¼ Θ ¼ 0

g00 ¼ Δ

we find

R
00 ¼ 1

c2
1
2
∂
2
rΔþ 1

r
∂rΔ

� �
(83)

D. The orbits in the case Λ ¼ 0

D.1 The solution for ϑ rð Þ

In this appendix we first solve (15) explicitly. We denote

Ir rð Þ ¼
ðr0
r

drffiffiffiffiffiffiffiffiffi
R rð Þp (84)

and we need to solve

Ir rð Þ ¼ Iϑ ϑ
� � ¼

ðϑ
ϑ0

dϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp ¼ 1

a

ðϑ
ϑ0

dϑffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2 � 1� E2� �

cos 2ϑ
q : (85)

In this expression ϑ0 is any attainable polar angle of the orbit. Be 0≤ ϑa ≤ π=2 the
root of the radicand:

cos ϑa ¼ k, k2 ¼ K � E2

1� E2 ≤ 1: (86)

We now choose ϑ0 ¼ ϑa, and thus r0,ϑað Þ is a point along the orbit where the
tangential velocity in the meridional plane is zero. We consider first the branch for
increasing ϑ:

Iϑ,1 ϑ
� � ¼

ðϑ
ϑa

dϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp ¼ 1

a

ðϑ
ϑa

dϑffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2 � 1� E2� �

cos 2ϑ
q , ϑa ≤ϑ≤ π � ϑa: (87)

The change of variable

ν ¼ 1
k
cos ϑ, � 1≤ ν≤ 1 (88)
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leads to the equation

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Iϑ,1 νð Þ ¼ k

ð1
ν

dνffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ν2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2ν2

p : (89)

This can be rewritten as

sn�1
νð Þ ¼

ðν
0
dν

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ν2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2ν2

p
¼ K kð Þ � a

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Iϑ,1 νð Þ, (90)

with K kð Þ the complete elliptic integral of the first kind. Inversion produces

cos ϑ ¼ ksn K kð Þ � a
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Ir rð Þ

� �
: (91)

Clearly, the angular period 2ΔIϑ ¼ 2
Ð π�ϑa
ϑa

, defined as the increment of the argu-
ment of the elliptic sine after which sn repeats itself, is 4K kð Þ. When Ir rð Þ ! 0 we
obtain cos ϑ ¼ ksn K kð Þð Þ ¼ k ¼ cos ϑa.

As for the second branch of the integral in ϑ, for decreasing ϑ, we write

Iϑ,2 ϑ
� � ¼

ðϑ
ϑa

dϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp ¼

ðπ�ϑa

ϑa

dϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp þ

ðϑ
π�ϑa

dϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp , (92)

which can be written as

a
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Iϑ,2 νð Þ ¼ 3K kð Þ þ

ðν
0

dνffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ν2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2ν2

p : (93)

Inversion yields

cos ϑ ¼ ksn
a
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Ir rð Þ � 3K kð Þ

� �
: (94)

As for Ir rð Þ, we again need to consider two cases. When r decreases, we writeÐ r0
r ¼ Ð rar � Ð rar0 . When r subsequently increases, we write

Ð r0
r ¼ Ð r0rp þ Ð rrp ¼ ΔIr þ

Ð r
rp
,

and so on, such that Ir rð Þ always increases. Hence, we are left with the integrals
Ð ra
r andÐ r

rp
.

The radicand R has four roots. One of them is r0 ¼ ra. In case the other three are
real we choose the largest of them as r1 ¼ rp, and the others as r2 and r3. In case two of
them are complex conjugate, we choose the other real root as r1 ¼ rp, and r2 and r3 are
the complex conjugate ones. The first integral we consider reads

Ir,1 rð Þ ¼
ðra
r

drffiffiffiffiffiffiffiffiffi
R rð Þp ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� E2
p

ðr0
r

drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � rð Þ r� r1ð Þ r� r2ð Þ r� r3ð Þp : (95)

The transformation t ¼ r� rð Þ= r0 � rð Þ brings this integral in the form

Ir,1 rð Þ ¼ 2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� E2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r1ð Þ r0 � r2ð Þ r0 � r3ð Þp RF

r� r1
r0 � r1

,
r� r2
r0 � r2

,
r� r3
r0 � r3

� �
(96)
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with RF a Carlson elliptic integral.
The second integral reads

Ir,2 rð Þ ¼
ðr
rp

drffiffiffiffiffiffiffiffiffi
R rð Þp ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� E2
p

ðr
r1

drffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � rð Þ r� r1ð Þ r� r2ð Þ r� r3ð Þp : (97)

The transformation t ¼ r� rð Þ= r� r1ð Þ brings this integral in the form

Ir,2 rð Þ ¼ 2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� E2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
r� r1

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r1ð Þ r1 � r2ð Þ r1 � r3ð Þp RF

r0 � r
r0 � r1

,
r� r2
r1 � r2

,
r� r3
r1 � r3

� �
: (98)

If we substitute r ¼ r1 in Ir,1 rð Þ and r ¼ r0 in Ir,2 rð Þ, we should get identical expres-
sions, amounting to ΔIr. Inspection of these expressions shows that the following
equality should hold:

RF 0, y, zð Þ ¼ 1ffiffiffiyp 1ffiffiffi
z

p RF 0,
1
y
,
1
z

� �
: (99)

This can be proven by writing down the integrals, and changing one of the integral
variables, say t, to 1=t. Clearly Ir,2 rð Þ ¼ ΔIr � Ir,1 rð Þ.

We can now summarize the construction of ϑ rð Þ. The position on the orbit is
defined by (1) the independent variable r, rp ≤ r≤ ra, and (2) the number of full radial
half cyclesm (i.e., from ra to rp and vice versa) that the orbit has already gone through
since its ‘start’ at r0, ϑað Þ. Then

Ir rð Þ ¼ mΔIr þ Ir,1 rð Þ, m even

¼ mΔIr þ Ir,2 rð Þ, m odd:
(100)

To this must be added either Ir,1 r0ð Þ or Ir,2 r0ð Þ, depending on the case. The angle ϑ
is determined by n ¼ int Ir rð Þ=ΔIϑð Þ and

cos ϑ rð Þ ¼ kν rð Þ ¼ ksn K kð Þ � a
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Ir rð Þ � nΔIϑ½ �

� �
, n even

¼ ksn
a
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p
Ir rð Þ � n� 1ð ÞΔIϑ½ � � 3K kð Þ

� �
, n odd:

(101)

A little remark may be added at this point. In the travelator metric, we can
construct the travelator with orbits that start off at large apocenter radii ra, and wait
for a sufficiently long time until the orbits arrive ‘in the vicinity’ of the black hole.
From (4.5) we find in that case

E2 ! 1� 2M
ra

, K ! 1� 2M
ra

sin 2ϑa and
K � E2

1� E2 ! cos 2ϑa: (102)

Hence Θ ! 0, and the orbits tend toward straight lines of constant ϑ ¼ ϑa in the
meridional plane.
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D.2 The solution for r τð Þ

We next turn to the integrals (3.10) in the expression for τ. Using integral tables
[8], we find

�2τr,1 rð Þ ¼ �2
ðra
r

r2drffiffiffi
R

p ¼ r0 þ r1 þ r2 þ r3ð ÞI03 rð Þ þ r3 � r1ð Þ r3 � r2ð ÞI2 rð Þ�

� 2r20 � r1 � r0ð Þ r2 � r0ð Þ� �
I1 rð Þ � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � rð Þ r� r1ð Þ r� r2ð Þp

ffiffiffiffiffiffiffiffiffiffiffiffi
r� r3

p ,

(103)

with

I1 rð Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r1ð Þ r0 � r2ð Þ r0 � r3ð Þp RF

r� r1
r0 � r1

,
r� r2
r0 � r2

,
r� r3
r0 � r3

� �

I2 rð Þ ¼ 2
3

r0 � rð Þ3=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r1ð Þ r0 � r2ð Þp

r0 � r3ð Þ3=2
RD

r� r1
r0 � r1

,
r� r2
r0 � r2

,
r� r3
r0 � r3

� �

I03 rð Þ ¼ 2
3

r0 � rð Þ3=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0 � r1ð Þ r0 � r2ð Þ r0 � r3ð Þp RJ

r� r1
r0 � r1

,
r� r2
r0 � r2

,
r� r3
r0 � r3

, 1
� �

:

(104)

After m radial half cycles we obtain

τr rð Þ ¼ mτr rp
� �þ τr,1 rð Þ, m even

¼ mþ 1ð Þτr rp
� �� τr rð Þ � mτr rp

� �þ τr,2 rð Þ, m odd:
(105)

To this must be added either τr,1 r0ð Þ or τr,2 r0ð Þ, depending on the case.
The integral in ϑ (reads)

τϑ ϑ
� � ¼ a2

ðϑ
ϑa

cos 2ϑdϑffiffiffiffiffiffiffiffiffiffi
Θ ϑð Þp ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

K � E2
p k3

ð1
ν

ν2dνffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ν2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2ν2

p : (106)

When ϑa ≤ ϑ≤ π � ϑa we obtain

τϑ,1 νð Þ ¼ akffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p K kð Þ � E kð Þ � F arcsin ν, kð Þ þ E arcsin ν, kð Þ½ �, (107)

or

τϑ,1 νð Þ ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p k3

3
RD 0, 1� k2, 1
� �� ν3RD 1� ν2, 1� k2ν2, 1

� �� �
, (108)

while for the second branch, for decreasing ϑ, we obtain

τϑ,2 νð Þ ¼ akffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p 3 K kð Þ � E kð Þ½ � þ F arcsin νð , kÞ � E arcsin ν, kÞð �,½ (109)

or
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τϑ,2 νð Þ ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K � E2

p k3 RD 0, 1� k2, 1
� �þ ν3

3
RD 1� ν2, 1� k2ν2, 1
� �� �

: (110)

We recall that the angle ϑ is determined by (D18), and thus

τϑ νð Þ ¼ nτϑ,1 �1ð Þ þ τϑ,1 νð Þ, n even
τϑ νð Þ ¼ n� 1ð Þτϑ,1 �1ð Þ þ τϑ,2 νð Þ, n odd:

(111)

Finally,

c τ r,ϑ
� �� τ0

� � ¼ τr rð Þ þ τϑ νð Þ: (112)

Since ν rð Þ according to (D18), this expression can be inverted to yield r τð Þ.
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Chapter 6

Closed Loop Universe and the
Topology of Totality
Michael G. Albrow

Abstract

The author suggests a cosmology based on just two principles: (1) no boundaries to
spacetime and (2) no physical infinities. On the hypothesis that these are exactly true,
and that charge conjugation, parity and time reversal invariance (CPT) is a perfect
symmetry at the big bang, answers are provided to many puzzles, such as what
happened to the antimatter, what happened before the big bang, and what will
happen in the far future? Consequences are that our universe U is closed (with
positive curvature) and so the total energy, angular momentum and charge of the
universe must be zero. At the big bang a universe-antiuniverse pair, UU is created as a
virtual fluctuation in what we may call Outer SpaceTime, along with a vast number of
other disconnected universes—the multiverse. The CPT-conjugate U has identical
physics (and matter content) to U; other UU pairs in the multiverse have different
physics parameters. A consequence is that time at the fundamental particle level à la
Feynman must be distinct from thermodynamic time. The UU forms a closed loop.

Keywords: cosmology, loop universe, baryon asymmetry, CPT, multiverse, time

1. Introduction

If charge conjugation, parity and time reversal invariance (CPT) is a perfect sym-
metry applied to the universe, the question has long been asked, and is still considered
a major puzzle: “Where is the antimatter?” or now more usually: “What happened to
the antimatter?” as we assume that the origin was perfectly symmetric.

Already in 1956, shortly after the discovery of the antiproton, Goldhaber published
[1] a “speculation” to preserve particle—antiparticle symmetry that “… the cosmos
and its possible counterpart, the “anticosmos,” are somehow separated from the very
beginning of their existence.”

In 1972, Omnes discussed the problem [2] and argued that there should exist as
many antigalaxies as galaxies. No credible matter–antimatter separation mechanism
was proposed and he listed many problems, for example, the consequences of galaxy-
antigalaxy collisions.

Later that year Davies proposed a model [3] in which time reverses between
successive cycles of an oscillating universe. In 1973, the author proposed [4] that CPT
conservation at the bounces leads to a different interpretation, that our universe U
and an antiuniverse U came into existence together, and will eventually come back
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together in a common “big crunch.” A baryon world-line is a closed loop, and the
author noted that this is “reminiscent of fluctuations of the vacuum in quantum
electrodynamics, in which a particle-antiparticle pair appear in space and then anni-
hilate.” This UU pair has total charge, baryon number and lepton number all equal to
zero, but the matter is all in U and the antimatter all in U. There is no need for some
“Great Annihilation” of antimatter after the big bang. The total energy also has to be
zero, because space is closed, and so electrical and gravitational fields must be con-
fined. (That is not of course the case for a virtual eþe� pair, as proven by the Lamb
shift, etc.) This suggestion answered the question: “What happened to the antimatter?”
It is in the parallel U, disconnected from U except at the big bang and a future big
crunch. (Related work in the 1960’s by Sakharov [5] had been published only in
Russian.) This implies an “Outer SpaceTime” in which such fluctuations occur.

Tryon then published a note [6] in which he also suggested that the universe might
be a vacuum fluctuation with total energy E Uð Þ = 0. His model differed from Ref. [4]
in that our universe should consist equally of matter and antimatter, as previously
discussed by Omnes and others.

There has been enormous progress in cosmology in the intervening 50 years, and
we can now state with confidence that all of the universe presently accessible to
observation grew out of a big bang some 13.8 �109 years ago, that it has been
expanding ever since, and that the expansion appears to be accelerating.

2. Two hypothetical principles

If one supposes two simple principles to be absolutely true, a particular topology of
the universe follows naturally. These principles are:

P1: Spacetime has no boundaries. Einstein’s idea that space may finite but has no
boundaries is familiar [7], but I extend this to spacetime.

P2: No physical infinities. The realm of infinities should be confined to
mathematics. While 10183 is a very big number it is not “almost infinity.”

Strictly applying P1 and P2 has many radical consequences. Singularities (with
infinite density) are forbidden. While these principles are not obviously falsifiable by
experiment, they lead to a cosmology that provides answers to some of the mysteries:
the matter dominance of our universe, what happened before the big bang, and what
is its ultimate fate in “deep time”? The proposed model can be called Closed Loop
Universe (CLU). This will require making a distinction between the “thermodynamic
time” of everyday experience and the “world-line time” of elementary particles.

3. P1: Spacetime has no boundaries

The concept that the three dimensions of space can form a finite volume without
boundaries, analogous to the two dimensions of the surface of a sphere, was proposed
by Einstein [7], the mathematical form having been invented in 1854 by Riemann.
Being unable to formulate boundary conditions for “spatial infinity,” Einstein said: “If
it were possible to regard the universe as a continuum which is finite (closed) with
respect to its spatial dimensions, we should have no need at all of any such boundary
conditions.” The total volume of a closed spherical 3-space S3 of radius R is V ¼ 2π2R3.
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We extend the notion of closed and finite 3-space to 4-dimensional spacetime, à la
Minkowski. Let x1 ¼ x, x2 ¼ y, x3 ¼ z, and x4 ¼ ict. While the three spatial coordi-
nates have arbitrary orientation but are orthogonal to each other, time is orthogonal to
the dimensions of space in the same sense that imaginary and real coordinates are
orthogonal in the complex plane. We suppose that not only do x1, x2, x3 form a closed
spherical space S3, but x1, x2, x3, and x4 form a closed (Euclidean) spacetime S3T1. In
x,y,z,t coordinates this is a toroid.

Consider a tube of radius r and length L and join the ends to form a torus. On its
2-dimensional outer surface, the circumference (length 2πr) represents one space
dimension and the orthogonal coordinate along L represents time, t, a topology S1T1.
Replacing the one space dimension with three gives a topology S3T1, in which time,
like space, is finite but unbounded. The three space dimensions form the 3-dimen-
sional surface of a 4-dimensional hypersphere. Without changing the topology, make
r(t) a function of time by constricting the tube at one time to be very small (at the big
bang) but not zero (no infinite curvature of spacetime, no singularities!). The concept
of the CLU is shown in Figure 1, with only one space dimension shown; it is not just
closed space but closed spacetime.

The universe is expanding with the radius r(t) apparently increasing faster than
linearly at the present time, attributed to a cosmological constant or dark energy; if
true this must be temporary as “forever” is not allowed. Consider the world-line of
each lepton or quark—in a Feynman diagram of the whole UU pair! Fermion world-
lines have zigzags corresponding to pair creations and annihilations.1

In Ref. [4], the author had suggested a future collapse to a big crunch, which was
identified with the big bang. The problems of entropy at that event, together with the
hypothesis of closed loop time, can be avoided by instead identifying the far future of
our universe with the far future (deep time) of the “parallel” antiuniverse.

Figure 1.
Sketch of the toroidal topology of the CLU version of the universe, with world-line time as a closed loop. The big
bang marks the origin of our universe and the symmetrical antiuniverse. Only one of the three space dimensions is
shown. Thermodynamic time is different from world-line time and increases away from the big bang in both
universe and antiuniverse.

1 For simplicity we can ignore the weak interaction and neutrinos, but they do not affect the argument. We

just say “fermion world-lines” which have no beginning and no end but are finite.
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This CLU is a “closed timelike loop,” but unlike closed timelike loops that have
been much discussed and found to raise major issues in causality, this does not. It is
not possible to travel back in time. Hawking’s “Chronology Protection Conjecture” [8]
applies.

This does not mean that any event is repeated; world-line time is cyclic but there is
just one cycle, and that is it. It is easy to see how, in this topology, the questions: “What
happened before the big bang?” and “Does time have an end?” have no more meaning
than “Where is the edge of the Earth’s surface?” The future of our universe is finite, as
is that of the parallel antiuniverse, and in deep time they will become one.

4. P2: No physical infinities

Infinities abound in mathematics, but the author proposes that they do not occur
in the physical universe. If this hypothesis P2 is true, there cannot be an infinite
number of particles (or universes). The total volume of space in the universe must be
finite. To say that the volume is finite, we must define a measure. The only natural
candidate is the Planck volume VPlanck � L3

Planck � 4� 10�105 m3, where
LPlanck ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏGN=c3

p
. Today the volume of the observable universe is � 1078

m3 � 10183 � VPlanck. The number is increasing as the Universe expands, but cannot
become infinite. The accelerated expansion attributed to dark energy must be tempo-
rary. With no infinite quantities, we should have no infinite densities or singularities,
neither at the big bang nor at the center of black holes.

If fermion world-lines are continuous through the big bang, there are ≳1080 fer-
mion lines threading the constriction.2 If each fermion has to occupy a distinct Planck
volume (which may not be true), they could fit in a volume with Rneck≈10�8 m.

It has been suggested by Pegg [9] that a very few fermions (or even only one of
each type) could thread the big bang some 1080 times. In the extreme limit, every
electron could actually be the same one. When Feynman drew world lines as zigzags
in spacetime, he noted (probably very tongue-in-cheek) this possibility within our
universe, but to be true it needed an equal amount of antimatter and matter, and
therefore required an unlikely large-scale separation mechanism. It would have the
advantage of explaining why all electrons (and up quarks, etc.) have the same mass.
They are the same particle!

In 1967, Sakharov [5] gave three conditions that should be satisfied to account for
the matter–antimatter asymmetry in our universe following a big bang: CP-violation,
baryon number violation and non-equilibrium dynamics. While non-equilibrium
dynamics no doubt prevailed at the big bang, his first two principles are circumvented
by considering not just “our universe” but the UU pair. The CP-violation observed in
weak interactions may have little or nothing to do with baryon number violation.

Models in which the big bang is preceded by a “big crunch” with a bounce have to
address the Second Law of Thermodynamics. What happens to the entropy? This
difficulty is avoided with this radical proposal of a distinction between (a) “world-line
time” in Feynman diagrams and with his idea [10] that positrons can be considered as
electrons moving backwards in time, and (b) “thermodynamic time” with entropy
increasing, teacups breaking and our memories forming. The author will comment on

2 Some antimatter world lines may have emerged from the big bang along with all the matter lines, but not

necessarily.
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thermodynamic time in Section 6, but for the rest of this chapter by “time” the author
means world-line time unless otherwise stated.

This closed space, really closed spacetime, is different from that of a black hole,
which has mass-energy and can have electric charge, and so has external electromag-
netic and gravitational fields.

The author will say nothing about any possible small extra dimensions except that
they should obviously all be closed.

5. The big bang and inflation

Amotivation for inflation [11] was the so-called “flatness problem” that the overall
density of the universe ρ seems to be equal to the critical density for closure ρcrit.
Possibly inflation (but not eternal inflation) can be incorporated into the CLU model.
In 1982, Vilenkin [12, 13] also proposed that the universe is created by quantum
tunneling from nothing, again noting an analogy with eþe� pair production. He said:
“The only verifiable (in principle) prediction of the model is that the universe must be
closed. However Guth has argued [14] that the inflationary universe almost certainly
overshoots, so that ρ ¼ ρcrit with a very high accuracy even at the present time. This
means that we shall have to wait for a long time (the author’s italics) until the sign of
ρ� ρcritð Þ can be determined experimentally.” In the CLU model, the density param-
eter ρ exceeds ρcrit but by a tiny amount that will never be measured if inflation is
correct. Guth’s long time should be greater than the proton lifetime, for reasons
discussed in the next section.

The present data is consistent with ρ=ρcrit ¼ 1 but with about 1% uncertainty, that
is, visible 3-space is consistent with being flat overall. Local regions of curvature are
caused by matter, but in inflationary scenarios the visible universe is a tiny fraction of
the whole. The closed 2D surface of the Earth has regions that are locally flat and other
regions with positive curvature (hills) and negative curvature (saddles). If the 3-space
of the whole universe is perfectly flat (ignoring density fluctuations such as galaxies!)
or has negative curvature, it must be infinite, which violates P2 and is incompatible
with this model.

According to CLU at the big bang there cannot be a “singularity”; the volume is not
zero but the total energy is zero, with positive matter energy canceled by negative
gravitational potential energy. In inflationary theories the total energy of the universe
can be zero [11, 15, 16].3

6. Deep time: The far future

Since in the CLU fermion world-lines are endless and continuous through the
common big bang the total number of leptons and quarks inU must be the same as the
number of antileptons and antiquarks in U. The physics in the “parallel” antiuniverse
is the same as in our universe. Both U and U are closed 3-spaces, with no connection
except at the common big bang and the common far future, deep time.

3 One may ask whether zero energy is incompatible with the Heisenberg Uncertainty Relation ΔE≥ℏ=Δt,
so absolutely zero energy implies an infinite time, which is forbidden in CLU. However, the duration of the

CLU should be greater than 1030 years, so perhaps the point is moot.
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How can U and U be connected in the far future? While the physics is identical in
U and U the evolution will be very different. Galaxies and stars and planets of
antimatter (according to us!) may form, and even life, if inevitable, will begin and
evolve with as much variety as life on Earth and elsewhere in our universe. If protons
are absolutely stable, planets and anti-planets would likely persist to deep time (black
holes will presumably not swallow them all due to the expansion) and such a matching
would be impossible.

That impossible matching scenario can be avoided if there are no complex objects,
such as teacups, molecules or even protons surviving, but only stable elementary
particles. Supposing the complete list to be: eþ, e�, νi, νi, photons and maybe gravitons.
In that case, a matching of U and U seems to require proton decay, p ! eþþ photons
(directly or via light mesons). This violates separate baryon and lepton number con-
servations, but those “laws” are not fundamental; they were invented to account for
the stability of matter. But fermion conservation still applies; fermion world-lines
have no ends. But in the absence of any interactions between them, they should not be
considered as localized, but described by their probability waves ψ x, y, z, tð Þ. Quantum
mechanics reigns! In this very cold far future, the wavelengths are vast, even electrons
and positrons (and neutrinos) will have probability waves extending over parsecs!
Locality (and matching of fermions and antifermions) would be less of an issue.
Entropy will have become irrelevant.

Hawking [17] once proposed that “time reverses” when the universe has reached
its maximum expansion. He said: “What would happen if and when the universe
stopped expanding and began to contract? Would the thermodynamic arrow reverse
and disorder begin to decrease with time? … broken cups gathering themselves
together off the floor… ?” Later he wrote [18] that he was convinced that this was his
“greatest mistake in physics: the universe would not return to a smooth state in the
collapse. This would mean that the arrow of time would not reverse.” By making a
distinction between thermodynamic time and world-line time, that statement can be
true of thermodynamic time.

Steinhardt and Turok [19–21] proposed a cyclic model of a universe that is infinite
and flat. An “accelerated expansion, caused by dark energy, is necessary to dilute the
entropy, black holes and other debris.” They said in deep time “the universe is
returned to its original pristine vacuum state before it begins to contract (due to a
negative potential energy), bounce and begin a new cycle.” In the CLU model, the
entropy is diluted, even becomes meaningless, allowing the U and U to merge and
complete the closed time loop—not only world-line time but thermodynamic time.

7. Some other related cosmologies

In recent years, several authors have developed in detail the concept of universe-
antiuniverse pair creation. These have similarities with the CLU model but generally
involve infinite time.

In 1974, Gott [22] also considered a time-symmetric cosmology, treating the three
Minkowskian regions of spacetime at an initial singularity (absolute past, absolute
future and “elsewhere”) as if they were distinct universes. The absolute past is C-, P-
and T-inverted (antimatter). This differs from the CLU in that his time is infinite in
both directions (absolute past and future), and his “elsewhere” is a tachyonic
universe.
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Hawking has also discussed [17] a finite spacetimewith no boundaries in the context of
a quantum theory of gravity. He said: “One could say: “The boundary condition of the
universe is that it has no boundary.”The universewould be completely self-contained and
not affected by anything outside itself. Hewent on to say: “I’d like to emphasize that this
idea that time and space should be finite without boundary is just a proposal: it cannot be
deduced from someother principle. Like any other scientific theory, itmay initially be put
forward for aesthetic or metaphysical reasons, but the real test is whether it makes pre-
dictions that agree with observations.”

The requirement that the total energy-momentum, angular four-momentum and
electric charge of a closed space are zero restricts the classes of allowed universes (solu-
tions to the equations of general relativity) that can arise from vacuum fluctuations.
Ferrando, Lapiedra andMorales [23] showed that closed and flat FRWuniverses can
satisfy these conditions irrespective of conformal transformations, including dilatations,
rotations and translations on all spacelike 3-surfaces. However, this is not the case for all
universes, e.g., open FLRWuniverses or the Bianchi V family of universes [24]. It would
be interesting to analyze in this way other metrics, such as the Lemaître-Tolman-Bondi
universe, whichmay explain the accelerated expansion without the need for dark energy
[25], Stephani universes [26], etc.

Boyle, Finn and Turok [27] applied CPT as an exact symmetry at the big bang, such
that the thermodynamic arrow of time (defined by entropy increasing) reverses.

In 1994, Rosen [15] and Cooperstock and Israelit [16, 28] considered the total
energy-momentum of open and closed universes in general relativity, in the absence
of a cosmological constant, and found E = 0 for any homogeneous isotropic universe
described by a FLRW metric. Recently, several authors [29–31] have supported the
idea that the net energy of the universe must be equal to zero.

Robles-Pérez has also recently developed [32, 33] ideas about the quantum creation
of universe-antiuniverse pairs.

The CLU is incompatible with an ultimate “big rip” [34], a future singularity
suggested in an eternally accelerating universe.

8. Black holes

The “no hair” theorem says that black holes may have electric charge, four-
momentum and angular momentum but no other external attributes. An outside
observer cannot say anything about the baryon number of a black hole, as there is no
long range force that is different for baryons and antibaryons; matter and antimatter
black holes look identical. A closed universe is not a black hole; there is nothing
external. Hawking proposed that black holes have an associated temperature given by
TBH ¼ ℏc3=8πGMkb, and will evaporate if in a heat bath at a lower temperature. The
thermal radiation emitted is equally matter and antimatter, and if that were the case
with complete evaporation a black hole formed of matter would violate baryon num-
ber conservation on a large scale. However, this conclusion is perhaps not inescapable;
indeed, Hawking himself said [17] “What happens when the mass of the black hole
becomes extremely small is not quite clear, but the most reasonable guess (my italics) is
that it would disappear completely …” and “total evaporation is just an assumption.”
Arguments about the “inevitable singularity” at the center of a black hole rest on
untested assumptions about gravitation and other possible interactions at the Planck
scale. As fermion conservation would forbid complete evaporation of matter, stable
cores would remain, perhaps very small.
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9. Entropy considerations

The concept of an oscillating universe with multiple (even an infinite number of)
bounces, but without closed loop time, is old [35]. A serious issue [36] has always been
the sacrosanct Second Law of Thermodynamics, stating that the entropy of a closed
system, if not in equilibrium, must always increase. In models where the universe
reverses its expansion in the far future and collapses down to a “big crunch” which is
identified with a future big bang (or one in our past), we would be forced to abandon
the Second Law. Also, in Ref. [4] there is no symmetry between the early histories of
U and U.

The CLU model avoids those issues. The U and U are matched in the far future.
This requires making a distinction between “world-line time” and thermodynamic
time. In Feynman diagrams of particle interactions, electrons are shown as moving
forward in time, and positrons are shown as moving backward [10]. This is purely
conventional and no fundamental asymmetry is implied that would violate CPT. That
time at the level of elementary particles can be called “world-line time.” A Feynman
diagram of the whole CLU would show no distinction between the upper (U) and
lower (U) branches in Figure 1. The time in the arena of complex objects, from
molecules to breaking teacups to brains (and hence consciousness), can be called
thermodynamic time and flows from left to right in Figure 1 in both U and U. But
this must (in the CLU model) become irrelevant in the far future common to both U
and U.

10. Experimental tests

While the principles of no physical infinities and no boundaries to spacetime could
only be disproved by observing such infinities or boundaries, assuming them to be
true imposes constraints on cosmology that can in principle be tested. Closed space
requires the cosmological density parameter ρ=ρcrit > 1.0, consistent with observa-
tions; if it is found to be definitely less than 1.0 it is likely that P1 and P2 are wrong.
The assumption of baryon and lepton number conservation is being actively tested by
many experiments; we note that they may theoretically be violated [37] even in the
Standard Model. But the supposition of endless fermion world-lines and that singu-
larities are forbidden predicts that black holes cannot evaporate to nothing; micro-
scopic remnants carrying the full baryon number and lepton number remain. They
will have little or no electric charge and would be largely invisible except through their
(very strong at small distances) gravitational fields. If they exist such cores might be
detectable and would be dark matter candidates.

Even though it may be practically impossible to either disprove or prove the CLU
model, its strength is that it can potentially explain many current mysteries. In this
respect, it is similar to other ideas about the multiverse and is based on only P1 and P2
with CPT conservation.

11. Outer SpaceTime: Totality

This section is quite different in that I speculate about matters outside our closed
spacetime and therefore in principle unknowable; that need not prevent us from
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thinking about it. If our UU is a fluctuation, there should be many other uu pairs in
some “Outer SpaceTime.” What is the topology of Outer SpaceTime? It can also be
finite with no boundaries, as in Figure 2. Perhaps the finite closed spacetime I have
presented is everything, and that is it. If so it seems highly improbable that the laws and
constants (forces, masses of particles, etc.) of physics are just right for life (the
Goldilocks Principle applied not to exoplanets but to the universe). This is the basis for
the many ideas about a multiverse.

As Einstein realized for our universe, a matter-dominated universe without a
cosmological constant is unstable and must expand or contract. That will not be the
case for Outer SpaceTime, because they uu have zero total energy-momentum and
there may be no interaction between them. Therefore, the “radius” of Outer Space can
be constant all around the Time-loop. Remarkably, this picture of Outer Space is
something like the old “Steady State” model of Bondi, Gold and Hoyle [38, 39], being
(on average) the same at all Times and Places. This is the Perfect Cosmological
Principle, that the Universe should look the same at all times and places (apart from
local fluctuations) and it is satisfied by the CLU model, but only in Outer SpaceTime.
It achieves this without having to invent a mechanism to continuously create protons
from an expanding vacuum, without having an infinitely long time duration, and
without having to explain such facts as the cosmic microwave background and
primordial light element formation.

Outer Space can even be 1-Dimensional, a Line. Join the ends to make a Ring, and
propagate through Time to make a Tube, then join the ends to make a Torus; uu
fluctuations on the Line are on the surface of that Torus. There may be 2, 3, or any
number of Outer Space dimensions (but they are harder to draw!).

In the CLU with the universe and antiuniverse coming into existence together at t0
and matching in the far future at tmax, in a sense U and U exist as parallel but
disconnected universes at the present (psychological) time t (i.e., now). Returning to
our analogy with a virtual eþe� world-line loop in our spacetime, arising as a vacuum
fluctuation thanks to the uncertainty principle ΔE> h=Δt. The analogy is that uu arise
as virtual fluctuations but in some Outer SpaceTime, a different arena. Naturally,
there would be a vast number of such fluctuations, that is, other uu pairs; a version of
the multiverse idea, shown in Figure 2 as a cartoon. Having no connections between

Figure 2.
Closed Loop model of Outer SpaceTime, with just one Outer Space dimension shown. A vast number of uu pairs
appear on the surface as virtual fluctuations. The directions of the arrows is arbitrary (or meaningless!).
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them all, physical parameters can be different; ours just happening to be one where
they are just right for life.

To quote Vilenkin [12], who gave a mathematical description of the process of
universe creation by tunneling of a de Sitter-Hawking-Moss instanton from “nothing”
(� Outer Space): “Nothing is the realm of unrestrained quantum gravity; it is a rather
bizarre state in which all our basic notions of space, time, energy, entropy etc., lose
their meaning.”

The Perfect Cosmological Principle is also satisfied by Linde’s theory of eternal
chaotic inflation [40] and by Aguirre and Gratton’s cosmology [41, 42]. One key
difference is that these multiverses are “eternal” while here we forbid eternity. The
direction of Time around the torus can be reversed and nothing changes (there is no
entropy in Outer SpaceTime). It is possible that the UU could be connected by a
network of “filaments,” perhaps even with a fractal pattern such as proposed by
Linde. In the CLU such connections are unnecessary and unwelcome, as they destroy
the independence of the universes necessary for the Goldilocks Principle to apply in
our universe and allow life.

12. Conclusions

The Closed Loop Universe model presented here is based on the two principles,
assumed exact, of no boundaries to spacetime and no physical infinities. The CLU
model answers the question “What happened to the antimatter?” It is all there in a
distinct closed space, a parallel universe disconnected from ours except at the com-
mon big bang and in the future at t≳ 1032 (years).

The CLU relates to ideas of Einstein, Feynman, Hawking, Steinhardt and Hoyle
among many others. The topology of our universe is a S3T1 toroid with world-line
time (à la Feynman) as a closed loop. Thermodynamic, entropic or experienced time
are not the same as world-line time. The universe and antiuniverse came into exis-
tence together, analogous to a virtual fermion loop but on a cosmic scale. Among the
many radical consequences are statements about what happened before the big bang
and what will happen in the far future, the accelerated expansion (attributed to dark
energy) must be transitory, the total energy, angular momentum and charge of the
universe must be zero, and the cosmological density parameter ρ=ρcrit ¼ 1:0þ εwith ε
positive but unmeasurably small. Baryon number and lepton number are not sepa-
rately conserved, protons must decay to positrons + photons, but fermion world-lines
have no ends. Black holes cannot evaporate completely, and the cosmic photon:baryon
ratio can be explained without a “Great Annihilation.”

Finally, and very speculatively, the author described a closed and finite toroidal
Outer SpaceTime in which the CLU is a zero-energy fluctuation, along with a huge
number of others (the multiverse) with different physical parameters. Outer
SpaceTime need not expand or contract; if static it is a revised version of the “steady
state model” obeying the Perfect Cosmological Principle of Hoyle.
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Chapter 7

Non-Particulate Quantum States
of the Electromagnetic Field
in Expanding Space-Time
Philip Broadbridge, Sarah Becirevic and David Hoxley

Abstract

A quantum field has been coupled to a space-time with accelerating expansion.
Dynamical modes are destabilised successively at shorter material wavelengths as they
metamorphose from oscillators to repellers. Due to degeneracy of energy levels, the
number of unstable modes increases at an accelerating rate, sufficient to account for a
significant proportion of cosmic energy. For the subsystem spanned by a finite basis of
unstable runaway modes, the quantum Hamiltonian is unbounded below. There is no
Bogoliubov transformation by which that subsystem Hamiltonian can be expressed as
a linear combination of number operators. For the remaining subsystem spanned by
an infinite number of oscillator modes, there is an appropriate vacuum state in a Fock-
Cook representation of the field algebra. The massless quantum vector field of elec-
tromagnetism is considered when it is minimally or more generally coupled to an
expanding space-time. For a significant class of models, including minimal coupling
models and the exponential de Sitter universe coupled to the Ricci curvature tensor,
the field equations are equivalent to the Proca equation with time-dependent mass.

Keywords: vacuum instability, electromagnetic field, FLRW, number operators,
dark energy

1. Introduction

The simplest Bosons that we encounter are phonons that mediate the equally
spaced energy levels of a quantised harmonic oscillator. In general, small oscillations
of a many-body system about a stable equilibrium state can be approximated as a
Hamiltonian system with positive definite quadratic Hamiltonian. It is well known
that for such a system, there exists a linear canonical (or symplectic) transformation
on phase space by which the Hamiltonian is seen to be that of a system of independent
harmonic oscillators, with angular frequencies ωj; j ¼ 1⋯N, that are the frequencies of
the elementary excitations of the system with N degrees of freedom. That concept can
be extended to infinite degrees of freedom in the guise of field theories. Relativistic
free field theories are generally based on invariant linear wave equations that involve
well defined particle mass and spin that are invariants of the inhomogeneous Lorentz
group. They can still be represented mathematically as a system of independent
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harmonic oscillators. In the early years of quantum field theory, that approach was
developed systematically for the electromagnetic field as well as for a massive scalar
field [1]. Each component oscillator can be quantised and each has its own number
operator that commutes with the quantum Hamiltonian. This leads to the Fock repre-
sentation of a quantum field in which eigenstates of the Hamiltonian are labelled by
particle occupation numbers.

Because in reality we deal mainly with stable systems whose Hamiltonians have a
lower bound, it is not so widely known that for unstable systems, there does not even
exist a complete set of number operators that commute with the Hamiltonian. Under
the action of the group of symplectic transformations, indefinite quadratic Hamilto-
nians have five types of irreducible canonical form beyond that of the harmonic
oscillator. For the other classes, there is no vacuum state that can be defined as a zero-
particle state. The Fock representation breaks down. The Hamiltonian has continuous
spectrum, unbounded below, and a basis of solutions to the governing wave equation
must have runaway non-oscillatory modes.

Minkowski space is only a local approximation. Boson fields must be coupled to the
gravitational field of a universe that is expanding and accelerating. The fields may
become unstable. When a scalar Klein-Gordon field is weakly coupled to the gravita-
tional field of a spatially flat and exponentially stretching de Sitter space-time, the
component building blocks of one dynamical degree of freedom are harmonic oscillators
with time-dependent decreasing force constant that eventually will be negative. They
may transition from being an attractive simple oscillator to a repulsive simple repeller.
With transitions to instability occurring over time at successively shorter material wave-
lengths, the basic components of the field include a finite number of simple repellers that
have pure imaginary angular frequencies. At a sequence of finite times, each solution
mode ceases to oscillate. Working through the steps of a long-established and trusted
approach [1], the quantum Hamiltonian consists of two parts; one is equivalent to the
familiar infinite sum of commuting number operators, while the other is equivalent to a
finite sum of pair creation operators and pair annihilation operators that cannot be
transformed to number operators by a Bogoliubov transformation [2]. The energy
eigenstates of the repellers are neither wave-like nor particle-like. They would not
resonate with wave detectors or particle detectors. In that sense they are dark.

According to prevailing theoretical models and observations, currently the energy
of the universe is predominantly dark energy, associated with exponential expansion.
In its previous phase, cosmological mass-energy was predominantly due to matter,
leading to an expansion that was of the 2

3 degree in cosmic time. Until the early plasma
phase, around 47,000 years after the big bang, most of the energy budget was filled by
photon and neutrino radiation, leading to expansion in proportion to square root of
time.

Due to a period of rapid inflation, ending around around 10�24s after the big bang,
much of the universe is beyond the horizon of light signals. Inflation explains why
distant parts of space that have recently come into view, are still in thermal equilib-
rium with the microwave background. Because of the variable expansion rates, we are
motivated to ask which expansion rate laws cause destabilisation of scalar and elec-
tromagnetic vector fields when they are coupled to Friedmann-LeMâitre-Robertson-
Walker (FLRW) isotropic homogeneous expanding space-times. Following on from
that, we plan to quantise the destabilised electromagnetic field.

For any FLRW expansion law, one may trace sufficiently far back in time to a field
Hamiltonian that did commute with a complete set of number operators, and there
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was a well defined vacuum state of lowest energy. Having defined such a state, one
may propagate it forwards in time. That is the general idea behind the Bunch-Davies
vacuum [3]. For gentle expansion accelerations, the vacuum states at one time may
have particles, as counted by number operators that commuted with the Hamiltonian
at an earlier time. A basic example of relativity of particle number is given by the
Unruh effect [4], in which the temperature of the particle spectrum is proportional to
the constant acceleration of an observer. For some less gentle but reasonable expan-
sion laws, the Bogoliubov transformation that relates different sets of creation and
annihilation operators for single-particle basis wave functions appropriate at different
times, will not be implementable by a unitary transformation. In those cases, the two
Fock representations will not be physically equivalent and the energy of the vacuum
may be infinite, as measured with the Hamiltonian of an earlier time. Forty years ago
that phenomenon was investigated in Ref. [5]. Due to the degeneracy of energy
spectral values of such symmetric fields, the number of unstable modes increases
rapidly as the square of the spatial wave number of the destabilising mode [5]. It is
then feasible that the energy density of the unstable modes may be approximately
constant at large times [2].

Beyond asking whether vacuum states at two different times are related, the more
fundamental problem that we are addressing here, is that the evolving Hamiltonian
may eventually generate unstable field dynamics, in which case the Fock representa-
tion breaks down and the very existence of such a vacuum state is negated, at least for
a subsystem of finite degrees of freedom.

2. Symplectic transformations and Bogoliubov transformations

The relationship between symplectic transformations and Bogoliubov transforma-
tions was reviewed and developed in Ref. [6]. Most dynamical systems in mathemat-
ical physics can be derived from a principle of least action,

δ

ðb
a
L q; _qð Þdt ¼ 0, (1)

where L is the Lagrangian. If qj : j ¼ 1⋯N
n o

is a general coordinate system for

configuration space, the conjugate momentum variables are pj ¼ ∂L=∂ _qj: Note that the

conjugate pairs qj, pj
� �

need not have the standard measurement dimensions of dis-

placement and lineal momentum. However prior to non-dimensionalisation, qjpj
should have the standard dimensions of action. Hamiltonian mechanics allows addi-

tional generalisation. Although qj, pk
� �

must represent phase space, qj need not rep-

resent configuration space. For example, stable systems should be transformable to a

system that is invariant under Born reciprocity [7], Qj,Pj

� �
¼ �pj, qj
� �

. Hamilton’s

equations of motion in phase space are

_qj ¼
∂H
∂pj

(2)

_pj ¼
�∂H
∂qj

; j ¼ 1⋯N, (3)
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where H q;pð Þ ¼PN
1 pj _qj�L: As set out in Ref. [8], an equilibrium point of

that system may be shifted to the origin and the Hamiltonian is then

approximately quadratic H ¼ 1
2 z

tĤzþO zj j2
� �

, where z ¼ q,pð Þt and Ĥ is a

real symmetric 2N � 2N matrix. Hamilton’s equations are preserved by

canonical transformations qj, pj
� �

↦ Qj zð Þ,Pj zð Þ
� �

that preserve the Poisson bracket

relations

Qj,Qk

n o
¼
XN
m¼1

∂Qj

∂qm

∂Qk

∂pm
� ∂Qj

∂pm

∂Qk

∂qm
¼ 0, (4)

Pj,Pk
� � ¼ 0, (5)

Qj,Pk

n o
¼ δj,k: (6)

Linear canonical transformations z ¼ CZ, are represented by real 2N � 2N
symplectic matrices that preserve a non-degenerate skew-symmetric form with Gram

matrix G. CtGC ¼ G with Gt ¼ �G. Without loss of generality, G ¼ 0 �IN
IN 0

� �
:

Then the quadratic forms transform as Ĥ
0 ¼ CtĤC⇔GĤ

0 ¼ C�1GĤC: It is well known
that a positive definite quadratic Hamiltonian can always be transformed to that of a
system of independent harmonic oscillators with angular frequencies ωj that are
real eigenvalues of iGĤ. Since iGĤ transforms by a similarity transformation, these
angular frequencies are invariants. Among the canonical forms GĤ for conjugacy
classes of generators of the symplectic group, there are five different types [9]. Their
irreducible Jordan blocks may be arbitrarily large and they account for complex
frequencies. A simple repeller with N ¼ 1 and H ¼ 1

2 p
2 � 1

2 α
2q2 has pure imaginary

angular frequencies �iα so it cannot be transformed to a simple oscillator that has real
angular frequencies.

2.1 Heisenberg algebra

In quantum mechanics, real functions on phase space are replaced by self-adjoint
operators. Under the Dirac correspondence principle, the skew-symmetric commuta-
tor brackets between quantum observables qj and pk take the same values as for the
Poisson brackets in (5) multiplying iℏI where 2πℏ is Planck’s constant. These are the
canonical commutation relations (CCR). Those commutator relations generate the
Heisenberg Lie algebra and the corresponding unitary operators ei q,pð Þtz; z∈ℝ2N, are
the building blocks of the Heisenberg-Weyl group.

Now it is convenient to rescale quantum phase space variables to non-dimensional
form, choosing scalesms,ℓs and ts for mass, length and time so that ℏ ¼ 1. Conforming
with reference [2], we choose ℓs ¼ R0 (universe radius at present time as reference),
ts ¼ R0=c and ms ¼ ℏ=cR0. This also scales c to 1, so that x0 may be identified with t.
When dealing with electromagnetic phenomena, there is one more independent
quantity, such as charge, to be scaled. When dealing with free fields, it is more
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convenient to choose the electrical permittivity of the vacuum μ0 as the permittivity
scale. Since c2 ¼ μ0ε0 is scaled to 1, the magnetic permeability μ0 automatically scales
to 1 also.

2.2 Boson algebra

After non-dimensionalising, let aj ¼ 2�1=2 qj þ ipj
� �

. Then aj and their adjoints a†j

satisfy the Boson CCR: aj, ak
� � ¼ 0, a†j , a

†
k

h i
¼ 0, aj, a

†
k

� � ¼ δjk. Hence, quadratic

Hamiltonians may be expressed as quadratic combinations of annihilation and

creation operators. With unitary matrix M ¼ 2�1=2 IN IN
�iIN iIN

� �
,

H ¼ 1
2
ztĤz ¼ 1

2
a†, a
� �

D a, a†
� �t, (7)

where D ¼ M†ĤM. Now ÎM† ¼ �iM†G, where Î ¼ diag IN,�IN½ �. It follows that
ÎD ¼ M�1 �iGĤ

� �
M. By similarity, ÎD must have the same eigenvalues as �iGĤ,

namely the characteristic frequencies �ωj. For example, the Hamiltonian of a har-
monic oscillator may have H ¼ 1

2P
2 þ 1

2ω
2Q2: After the canonical transformation

Q,Pð Þ ¼ ω�1=2q,ω1=2p
� �

, H ¼ 1
2ωP

2 þ 1
2ωQ

2 ¼ 1
2ωa

†aþ 1
2ωaa

† ¼ 1
2ωþ ωa†a:

Whenever Ĥ (and therefore D) is positive definite, the Hamiltonian may be expressed
as a ground state energy plus a linear combination of commuting number operatorsP

jωja
†
j aj. This may require a canonical transformation or a Bogoliubov transforma-

tion to render the Hamiltonian in this standard form. A Bogoliubov transformation
aj, a

†
k

� �
↦ bj, b

†
k

� �
involves linear combinations of annihilation and creation operators

that preserve the Boson CCR as well as Hermitian conjugacy between bj and b†j : In

order to maintain the CCR, the linear transformation
a
a†

� �
¼ T

b
b†

� �
satisfies

T †ÎT ¼ Î; i.e. it must be pseudo-unitary in U N,Nð Þ. To satisfy the Hermitian
conjugacy, it must have the block structure

T ¼ T1 T2

T ∗
2 T ∗

1

� �
: (8)

Because of the equivalence (7), the group of Bogoliubov transformations is iso-
morphic to the real symplectic group. It must preserve characteristic frequencies. For
indefinite Hamiltonians, the characteristic frequencies need not be real. For example
the indefinite self-adjoint Hamiltonian H ¼ 1

2 iαaa� iαa†a†½ � has pure imaginary char-
acteristic frequencies �iα. It cannot be transformed to a linear combination of number
operators which would have real frequencies. In that case, there can be no number
operators that commute with the indefinite Hamiltonian [10]. There is no zero-
particle vacuum state that would have any particular significance for that dynamical
system. Energy eigenstates of the quantum Hamiltonian could not be labelled by
particle numbers.
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2.3 Indefinite metric on single mode space

If iGĤ has real eigenvalues �ωk, then there exists a canonical transformation that
reduces the system to a collection of independent harmonic oscillators. The general
solution of Hamilton’s equations for a single harmonic oscillator withH ¼ 1

2 p2 þ ω2q2ð Þ is

q ¼ Ae�iωt þ A ∗ eiωt; p ¼ �iωAe�iωt þ iωA ∗ eiωt: (9)

After quantisation, the amplitudes must be generalised to operators A and A†. It is
well known that scaled amplitudes A=

ffiffiffiffiffiffi
2ω

p
and A†=

ffiffiffiffiffiffi
2ω

p
satisfy the Boson CCR for

annihilation and creation operators. The classical solution space may be regarded as a
single-particle space. This is behind the general idea of second quantisation; in that
case, the wave function solution space for the classical or ‘first quantised’ field is the
single particle space for the second-quantised field. In the Cook construction of a Fock
representation, n-particle space is a n-fold tensor product of the classical solution
space [11]. However for unstable systems with quadratic Hamiltonian, the CCR
among operators q and p are incompatible with the Boson CCR among quantised
amplitude operators A and A†. For example, consider a charged repeller with
H ¼ p†p� q†q ¼ 1

2 p21 þ p22
� �� q21 þ q22

� �� �
, where q ¼ 2�1=2 q1 � iq2

� �
and

p ¼ 2�1=2 p1 þ ip2
� �

. The general solution is of the form

q ¼
ffiffiffi
2

p
Ae�t þ

ffiffiffi
2

p
Bet; p ¼ �

ffiffiffi
2

p
A†e�t þ

ffiffiffi
2

p
B†et: (10)

If we demand that the mode amplitude operators satisfy the Boson CCR, A,A†
� � ¼

I, B,B†
� � ¼ 1 and other commutators vanish, then it follows that

q1, q2
� � ¼ �2i cosh 2tð Þ: (11)

Similar commutators appear among field operators Φ xμð Þ and Φ yμð Þ at space-like
separation xμ � yμ when the field obeys a Klein-Gordon equation with m2 <0. Such a
field may be decomposed as a system of independent oscillators and independent
repellers. In Ref. [12], the imaginary-mass Klein-Gordon equation was quantised
using an approach that is opposite to the above. If one assumes standard CCR among
the operators q and p, then it follows that

A,B†
� � ¼ 1

2
i: (12)

whereas other commutators vanish. If one assumes the existence of a normalised
cyclic vector ψ0 in a Hilbert space, satisfying Aψ0 ¼ 0 and Bψ0 ¼ 0, then there
follows the inner product A†ψ0jB†ψ0

� � ¼ 1
2 i. In the basis A†ψ0,B

†ψ0
� �

, single-mode
complex Hilbert space has a sesquilinear inner product with Gram matrix

0 i=2
�i=2 ∗ 0

� �
, which is indefinite with eigenvalues � 1

2. An indefinite inner product

arose in the Gupta-Bleuler method to quantise the electromagnetic field [13]. How-
ever in flat Minkowsi space, the dynamics maintain a separation between physical
states of positive norm and unphysical states of negative and zero norm, so that the
latter may be factored out. This occurs when the basic components are of the form
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H ¼ 1
2 p21 þ ω2

1q
2
1

� �� 1
2 p22 þ ω2

2q
2
2

� �
. Then the component with positive definite energy

commutes with the total Hamiltonian. In all other cases of indefinite quadratic Ham-
iltonian, this is no longer true [14].

3. Electromagnetic field

3.1 From finite to infinite degrees of freedom

Field variables Φ x, tð Þ take time-dependent values at each point in space. Therefore
they have infinite degrees of freedom, often labelled by space location x. Most of the
fields of mathematical physics obey an action principle

δ

ð ð

Ω
L Φ x, tð Þ;Φ, μ
� �

dV dt ¼ 0, (13)

where the Lagrangian density L is meant to depend on Φ as well as its time
derivative Φ, 0 ¼ ∂Φ=∂x0 and space derivatives Φ, j ¼ ∂Φ=∂xj; j ¼ 1,2,3: Here Ω is the
spatial domain. The canonical conjugate field is Π x, tð Þ ¼ ∂L=∂Φ, 0. Provided L
depends on Φ, 0, canonical quantisation may proceed in the usual way. Equal-time
canonical commutation relations now extend the Kronecker delta to Dirac delta func-
tion: Φ x, tð Þ,Π y, tð Þ½ � ¼ iδ x� y

� �
: The dynamical field equations are the Euler-

Lagrange equations that follow from the action principle:

∂L
∂Φ

� ∂λ
∂L
Φ, λ

¼ 0: (14)

In relativistic formulations we will assume the Einstein summation convention that
Greek indices repeated at lower (covariant) and upper (contravariant) levels, will be
summed from 0 to 3, whereas repeated Roman indices will be summed from 1 to 3. It
will be assumed that space-time is a pseudo-Riemannian manifold with covariant
symmetric metric tensor gμν with metric defined locally by δsð Þ2 ¼ gμνdx

μdxν:
Contravariant components gμν of the metric tensor are defined to be the matrix entries
of the inverse of gμν; gμνgνλ ¼ δμλ .

Having obtained a basis f k
� �

of solutions f k x, tð Þ of the field equations, we may re-
express the quantised Hamiltonian in terms of operators ak that satisfy Boson CCR.
For fields in Minkowski space the labels k may be wave vectors in the Fourier basis,

such that all Boson CCR including ak, a†p
h i

¼ δ k� pð Þ, are satisfied. On bounded

domains, the basis is countable and the commutators are zero or Kronecker delta.
Just as in quantum mechanics with finite degrees of freedom, field theories may be

described in terms of self-adjoint quantum fields [15], or alternatively in terms of
creation and annihilation operators [16]. A Bogoliubov transformation is
implementable as a unitary transformation bk ¼ Uak in a Hilbert space representation
of the quantum field, if and only if the off-diagonal creation-to-annihilation block T2

in (8), is of the Hilbert-Schmidt class, i.e. trace of T†
1T1 is finite. Many classical field

models are Hamiltonian, leaving invariant some symplectic form between pairs of
solutions [17]. An infinite dimensional symplectic transformation C is unitarily
implementable if and only if CtC� I is of the Hilbert-Schmidt class [15]. These two
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Hilbert-Schmidt conditions are equivalent [6]. The one-parameter symplectic flow
given by unstable field dynamics, need not be unitarily implementable. Then in the
Fock representation, the vacuum state for a set of evolving annihilation operators may
diverge in the norm. The rate of change of energy of an evolving vacuum state may
diverge [18]. In the context of scalar Boson fields coupled to a FLRW space-time, this
problem can be avoided only through conformal coupling [5].

3.2 Electromagnetic 4-potential

The free-field Maxwell field equations are encapsulated as the zero divergence of
the Faraday electromagnetic tensor, along with the Bianchi identity:

∇νFμν ¼ 0, (15)

∂μFαβ þ ∂αFβμ þ ∂βFμα ¼ 0: (16)

Here, ∇μ is the covariant gradient.

3.2.1 Contravariant components and physical components

Consider a vector A ¼ Aμeμ in terms of a non-normalised basis in an indefinite
inner product space. Let gμν ¼ eμ � eν. The ‘physical’ components of a vector are

traditionally taken with respect to a normalised basis e0μ ¼ eμ=
ffiffiffiffiffiffiffiffiffi
∣gμμ∣

q
. Now A ¼ A0μe0μ

with A0μ ¼
ffiffiffiffiffiffiffiffiffi
∣gμμ∣

q
Aμ. Then A �A ¼ AμAνgμν ¼ A0μημνA

0ν, where ημν is the normalised

metric tensor gμν=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∣gμμgνν∣

q
. In the current application, this is just the Minkowski

metric.
Similarly, components of the tensor Fμν may be normalised to physical components

F0μν ¼ Fμν
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∣gμμgνν∣

q
.

The matrix entries of skew-symmetric F0μν are components of electric and

magnetic fields: F0μν ¼

0 �E1 �E2 �E3

E1 0 �B3 B2

E2 B3 0 �B1

E3 �B2 B1 0

0
BBB@

1
CCCA

0

:

The field equations are also written in terms of the electromagnetic 4-vector
potential so that Fμν ¼ ∂μAν � ∂νAμ: Because of the skew symmetry of that expression,
if the space is torsionless, then the covariant derivatives are not required in this
equation as the connection terms cancel.

It is easily verified that

� 1
4
FμνFμν ¼ � 1

4
F0μνημαηνβF

0αβ ¼ 1
2

X
j

E0jE0j � B0jB0J: (17)

This is the usual Lagrangian density of classical electrodynamics. There may be
different choices of gauge by which different potential fields Aν x, tð Þ lead to the same
physical fields Ej and Bj. The simplest type of wave equation for Aμ is sometimes
satisfied after choosing the Lorenz gauge (a particular form of Lorentz gauge),
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∇μAμ ¼ 0: (18)

Then in flat Minkowski space, the free field equations ∂νFμν ¼ 0 reduce to the
linear wave equation ∂μ∂

μAν ¼ ∂
2
0Aν � ∇2Aν ¼ 0: In extensions of the field equations

to a curved pseudo-Riemannian manifold, it is natural to replace the 4D Laplacian by
the Laplace-Beltrami operator. However it is not known exactly how the electromag-
netic field couples to the curvature. When the covariant derivatives are allowed to
operate on general tensor fields, ∇μ and ∇ν do not necessarily commute. In particular,
∇μ,∇ν

� �
Aμ ¼ RναAα, where Rμν is the symmetric Ricci tensor. The consequent ambi-

guity in extending the flat-space Laplacian is covered by allowing such coupling terms
to be forcing terms in the field eqs. [19]. If, as in the theory of scalar fields, one also
considers coupling to the Ricci scalar R, then the field equations are of the form

1ffiffiffiffiffi
∣g∣

p ∂μ

ffiffiffiffiffiffiffiffiffi
jgjð Þ

q
gμλ∂λAν

� �
¼ ζgνλRαλAα þ ξRAν, (19)

where g ¼ det gμν
n o

. This breaks gauge invariance when a tð Þ is not static. However

we use it as an indicative model to examine qualitative consequences of
electromagnetic-gravitational interactions. Some classical fields of this type were
developed in Ref. [20]. We show below, that even with minimal coupling, the model
wave equations are related to the flat-space Proca equation with time dependent mass
term. For the standard Proca system with mass, the Lorenz gauge condition is not only
a convenient choice for simplifying the equations but it is a necessary consequence of
Proca’s covariant formulation [21]. In dimensionless terms, the Lagrangian density is
of the form

L ¼ �1
4

FαβFαβ
ffiffiffiffiffiffiffiffiffi
jgjð Þ

q
þ 1
2
ζRαβAαAβ þ 1

2
ξRAαAα: (20)

In the case of minimal coupling (ζ ¼ 0 and ξ ¼ 0), the theory is gauge invariant
since the Lagrangian density is expressible in terms of Fμν. Otherwise, the theory is not
gauge-invariant over cosmological scales and the 4-potential will be viewed as a
measurable field. However numerical values of the coupling constants are not known.
Another popular model is conformal coupling ξ ¼ 1

6 and ζ ¼ 0. Independently of the
form of a tð Þ, that allows the field equations to be transformed to the standard vector-
valued wave equation by a change of variables. However we show here that a special
case of the expansion factor, namely the exponential case that our universe is
approaching, allows other conformal combinations

ξ ¼ 1
6
� ζ

4
: (21)

This includes the simple case ξ ¼ 0 and ζ ¼ 2
3.

3.3 Restriction to spatially flat FLRW universes

Apart from relative deviations of less than 10�4 observed in cosmic microwave
background temperature, at cosmological scales the universe is approximately homo-
geneous and isotropic, with flat spatial cross sections. Since the 1970s there has been
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considerable development of the quantum theory of scalar fields coupled to FLRW
expanding space-time [22, 23].

When analysing dynamical fields, we choose to use the convention that time-like
separations are positive. The homogeneous isotropic metric is then of the form

dsð Þ2 ¼ dx0
� �2 � a x0

� �2
dx1
� �2 þ d x2

� �2 þ dx3
� �2h i

(22)

Here, xj; j ¼ 1⋯3, are material coordinates that remain constant on a fixed mate-
rial point that is moving with the average cosmological expansion. t is cosmic time as
measured by an observer attached to such a material point. a tð Þ is the expansion factor
for stretching space. In the FLRW form of (19), we need exact expressions for the
Ricci scalar and the Ricci tensor. These are

Rμν ¼ diag �3
a00 tð Þ
a

, 2 a0ð Þ2 þ aa00, 2 a0ð Þ2 þ aa00, 2 a0ð Þ2 þ aa00Þ
� �

, (23)

R ¼ Rμ
μ ¼ �6

a0

a

� �2

þ a00

a

" #
: (24)

For general a tð Þ, the field Eq (19) takes the form

∂
2
t A

0 þ 3
a0 tð Þ
a

∂tA0 � a�2
X3

k¼1

∂k∂kA0 þ 6ξþ 3ζð Þ a
00

a
A0 þ 6ξ

a0

a

� �2

A0 ¼ 0, (25)

∂
2
t A

j þ 3
a0 tð Þ
a

∂tAj � a�2
X3

k¼1

∂k∂kAj þ 6ξþ ζð Þ a
}

a
Aj þ 6ξþ 2ζ½ � a0

a

� �2

Aj ¼ 0, (26)

for j ¼ 1,2,3. For the case of exponential expansion with present time at t ¼ 0,

a tð Þ ¼ e
ffiffi
Λ
3

p
t, R00 ¼ �Λ, R11 ¼ R22 ¼ R33 ¼ Λa tð Þ2 and R ¼ �4Λ.

For the case of power-law expansion with present time at t ¼ 1, a tð Þ ¼ tα,
R00 ¼ �3α α� 1ð Þt�2, R11 ¼ R22 ¼ R33 ¼ α 3α� 1ð Þt2 α�1ð Þ and R ¼ 6α 1� 2αð Þt�2.

3.4 Conformal time and conformal coupling

Aiming to quantise the field equations, the coordinate system should be chosen so
that the field equations are as close as possible to Lorentz-invariant wave equations for
which the canonical quantisation method is well established. Therefore it is standard
practice to adopt the conformal time coordinate η with t0 chosen so that the current
time is either t ¼ 1 or t ¼ 0:

η ¼
ðt
t0

1
a t1ð Þ dt1: (27)

Then the metric conforms to that of Minkowski but with non-zero curvature
invariants:

ds2 ¼ a t ηð Þð Þ2 dη2 � dx1
� �2 � dx2

� �2 � dx3
� �2� �

: (28)

The leading cosmological paradigm [24] is that of Lambda-Cold Dark Matter
(ΛCDM). From soon after inflation, up to age 47,000 years, the energy was
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predominantly in the form of photon and neutrino radiation. During that period the
dominant term in a tð Þ was proportional to t1=2. For most of the duration of the plasma
universe which lasted up to the time of atomic recombination at age 360,000 years,
the mass-energy was already dominated by matter. The time of last scattering of
photons occurred around 380,000 years after the big bang. During the matter-
dominated epoch, up to age 9:8� 109 years, the dominant term in a tð Þ was propor-

tional to t2=3. Since then, the expansion has been predominantly exponential a tð Þ �
et
ffiffiffiffiffiffi
Λ=3

p
where Λ is the cosmological constant, proportional to dark energy density.

Power-law and exponential expansion factors, converted to functions of η, are shown
in Table 1.

After changing time coordinate t to η, the field equations are, with over-dot
denoting η-derivative,

∂
2
ηA

0 �
X3

k¼1

∂k∂kA0 þ 2
_a ηð Þ
a

∂ηA0 þ 6ξ
€a
a
A0 þ 3ζ

€a
a
� _a ηð Þ

a

� �2
" #

A0 ¼ 0, (29)

∂
2
ηA

j �
X3

k¼1

∂k∂kAj þ 2
_a ηð Þ
a

∂ηAj þ 6ξ
€a
a
Aj þ ζ

€a
a
þ _a ηð Þ

a

� �2
" #

Aj ¼ 0: (30)

3.4.1 Amplifying the signal

In the partial differential equation for any of the components Aμ, the first two
terms are those of the standard d’Alembert wave equation. However the next term is a
first-order damping term, again in common with each component equation. That term
may be transformed away by changing the dependent variable to the amplified 4-
potential A

μ ¼ a t ηð Þð ÞAμ. Note that A
μ
is still a bona fide observable vector quantity. Its

evolution equation still is derivable from a Lagrangian density and its quantum coun-
terpart and the conjugate variables will still satisfy the CCR. The governing Eq. (30) is
now expressed as

∂
2
ηA

0 �
X3

k¼1

∂k∂kA
0 þ �1þ 6ξþ 3ζ½ � €a

a
� 3ζ

_a
a

� �2 !
A

0 ¼ 0, (31)

∂
2
ηA

j �
X3

k¼1

∂k∂kA
j þ �1þ 6ξþ ζ½ � €a

a
þ ζ

_a
a

� �2 !
A

j ¼ 0: (32)

a(t) η(t) a(t(η)) Range η

t þ 1ð Þα; 0< α< 1 tþ1ð Þ1�α�1
1�α

1þ 1� αð Þη½ �α= 1�αð Þ �1
1�α ,∞
� �

t þ 1 log t þ 1ð Þ eη �∞,∞ð Þ
t þ 1ð Þα; α> 1 1� tþ1ð Þ� α�1ð Þ

α�1
1� α � 1ð Þη½ ��α= α�1ð Þ �∞, 1

α�1

� �

et
ffiffiffiffiffiffi
Λ=3

p ffiffiffi
3
Λ

q
1� e�t

ffiffiffiffiffiffi
Λ=3

ph i ffiffiffiffiffiffi
3=Λ

p
ffiffi
3
Λ

p
�η

�∞,
ffiffiffiffiffiffiffiffiffi
3=Λ

p� �

Table 1.
Expansion factor in terms of conformal time η.
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3.4.2 Dynamical permutability, conformality and instability

We say that the dynamical equations for 4-vector components A
0
and A

j
are

permutable if each component satisfies the same equation. Otherwise the components
would be distinguishable by dynamical behaviour alone. Assume a ηð Þ is increasing and
a 0ð Þ ¼ 1. From (32), dynamical permutability is equivalent to

ζ
€a
a

� �
� 2

_a
a

� �2
" #

¼ 0 (33)

⇔ζ ¼ 0 or
€a
a

� �
¼ 2

_a
a

� �2

(34)

⇔ζ ¼ 0 or a ¼ η∞
η∞ � η

, (35)

with η∞ constant. Referring to Table 1, we see that this dependence of a on η is
equivalent to the expansion factor a being exponential in cosmic time, with Hubble
time tH ¼ a= _a ¼ ffiffiffiffiffiffiffiffiffi

3=Λ
p ¼ η∞. Therefore we have the result:

A dynamically permutable 4-vector potential can be coupled to the Ricci tensor
(ζ 6¼ 0) if and only if a tð Þ is exponential in time.

Since the expansion factor approaches the exponential asymptotically, it may be
considered that ζ is non-zero, and that the earlier radiation-dominated epoch and
mass-dominated epoch allowed for relatively short-lived dynamically inconsistent
stages in the long-term development of the universe.

In dynamically permutable models, the vector field equation reduces to a Proca
equation wherein each component satisfies the same Klein-Gordon equation with
time-dependent squared mass:

∂
2
ηA

μ �
X3

k¼1

∂k∂kA
μ þM2 ηð ÞAμ ¼ 0: (36)

Effectively, the electromagnetic field equations on a curved FLRW space-time
have been transformed to a Proca vector equation on flat-space-time but with time-
dependent squared mass. The case of conformal coupling is that which reduces the
PDEs to the standard linear wave equation with zero mass. For non-exponential
expansion, this requires ζ ¼ 0 and ξ ¼ 1

6. This conformal value of ξ is well known from
scalar field theory. For exponential expansion, the conformal condition is ξ ¼ 1

6 � 1
4 ζ,

which includes the case ξ ¼ 0 and ζ ¼ 2
3.

The following cases obey vector Proca-Klein-Gordon equations with positive time-
dependent squared mass: (i) a tð Þ ¼ 1þ tð Þα; α> 1

2 , α 6¼ 1, ζ ¼ 0 and ξ> 1
6, (ii)

a tð Þ ¼ 1þ tð Þα; 0< α< 1
2, ζ ¼ 0 and ξ< 1

6, and (iii) a tð Þ ¼ exponential and ξ> 1
6 � 1

4 ζ.
Cabral and Lobo derived a wave equation with ζ ¼ 1 and ξ ¼ 0, which is

dynamically stable with a tð Þ exponential.
The less studied and less understood models are those such as the minimal coupling

model (ζ ¼ 0, ξ ¼ 0) in which ξ< 1
6 � 1

4 ζ, with power law α> 1
2 or exponential
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expansion so that M2 ηð Þ<0. In those cases, the Hamiltonian is unbounded below, the
classical solutions have some non-oscillatory modes and some energy eigenstates of
the quantum Hamiltonian are not eigenstates of a number operator that commutes
with the Hamiltonian. That will be the case that we consider further here. The model
with exponential a tð Þ has

M2 ¼ 12ξþ 3ζ � 2½ � η∞ � ηð Þ�2, (37)

with η∞ ¼ ffiffiffiffiffiffiffiffiffi
3=Λ

p
. Note that with minimal coupling, the power law with very large

α also is consistent with M2 ¼ �2 η∞ � ηð Þ�2 which results from the exponential a tð Þ.
From the perspective of destabilisation, critical cases occur at α ¼ 0 (static), α ¼ 1

2
(radiation-dominated), α ¼ 1 (Milne, equivalent to static) and α ! ∞ (Λ-dominated).
The case α ¼ 2

3 (matter-dominated) has an additional special property that €a is
constant.

4. Field quantization

From our first introduction to dynamics, we learn that models may become
mathematically more tractable when we introduce additional variables that have
some redundancy. The mechanics of a particle in a conservative force field is
conceptually simpler after we introduce a potential function that is not uniquely
defined but allows us to construct a first integral, the energy. This idea extends to
the electromagnetic 4-potential. It allows us to collapse Maxwell’s equations to a
simpler mathematical form in terms of a set of potential variables with some
redundancy. In Minkowski space, the dynamical equation for the 4-potential has
gauge invariance Aμ ! Aμ þ ψ , μ: A specific choice of gauge can be designed to
facilitate a specific purpose, such as reduction to a standard wave equation which
follows directly in the Lorenz gauge (18). At the same time, a specific choice of
gauge removes some of the redundancy. Even after choosing a gauge, it first
appears that there are three degrees of freedom at each point in space-time, when
we know that there are two independent physical polarisations of electromagnetic
waves. The extra redundancy is associated with the fact that the Lagrangian density
(16), whether or not the Proca mass term is included, does not depend explicitly
on A0, 0. A conjugate momentum variable Π0 cannot be defined. Consequently,
canonical quantisation cannot proceed in the normal way. These comments are
made in view of the historical context of extending the Proca system to a
gauge theory, which eventually led to first-class constraints, a unitary
representation of the commutation algebra on a positive normed space, and to
renormalizability.

Before we consider quantising the non-autonomous Proca system (36), as a
starting point, we can refer to the long and complicated history of the quantised Proca
field with constant positive mass.

4.1 Standard autonomous Proca field

The standard Proca equation describes a vector Boson field with constant mass, in
which case the components Aμ are not potentials but physical fields. The Proca
equation originally appeared in the form

159

Non-Particulate Quantum States of the Electromagnetic Field in Expanding Space-Time
DOI: http://dx.doi.org/10.5772/intechopen.1002762



∂νFνμ þm2Aμ ¼ 0: (38)

By taking ∂μ of each side, by the skew-symmetry of Fνμ, the first term is annulled
and we are left with the Lorenz condition (e.g. [25]). The Proca equation is not gauge-
invariant in the sense of electromagnetism. The Lorenz condition still must be
imposed as a constraint. This is a troublesome second class constraint [26], formally
W A½ � ¼ 0, although W does not commute through Poisson brackets with a naively
constructed Hamiltonian. After quantisation it is not clear how a complete set of
physical eigenstates of a Hamiltonian could belong to the zero-eigenspace ofW and of
its Hermitian conjugate as an operator in the Hilbert space representation. Since the
earliest formulations of quantum vector field theory, a large body of work in mathe-
matical physics has been devoted to various pathways to quantise systems with second
class constraints. In the language of algebraic quantisation, this may be cast as the
existence of regular states on the CCR algebra of observables that incorporates sup-
plementary conditions [27]. In limited space, it would be difficult to do justice to a
literature survey of the various concrete approaches that have been developed. They
are described in the comprehensive review in Ref. [21]. The two most common
approaches can be classified as (i) extending classical Poisson brackets to Dirac’s
constraint brackets before quantisation [26], and (ii) introducing one or more new
fields that allow a new choice of gauge to change the second class constraints to first
class constraints. The additional Stückelberg field ρ was introduced in 1938 [28] in the
Lagrangian:

L ¼ � 1
2
∂μAν

∂
μAν þ 1

2
m2AμAμ þ 1

2
∂μρ∂

μρ� 1
2
m2ρ2: (39)

This allowed a new type of gauge invariance [1]:

Aμ↦Aμ þ ∂μχ, (40)

ρ ! ρþmχ, (41)

∂μ∂
μρþm2ρ ¼ 0, (42)

∂μ∂
μξþm2χ ¼ 0: (43)

Instead of the Lorenz condition, one may impose a first-class constraint that
involves all of the field variables. L now depends on ∂0A0 so a conjugate momentum
variable has the familiar definition Πμ ¼ ∂0∂L=∂A

μ
,0: A Hamiltonian can be

constructed. Integrating over a spatial section Ω,

H ¼ 1
2

ð

Ω
� Π0� �2 þm2 A0� �2 þ ∇A0 � ∇A0
h i

þ
X3
j¼1

Πj� �2 þm2 Aj� �2 þ ∇Aj � ∇Aj

þ Π5� �2 þm2ρ2 þ ∇ρ � ∇ρ
h i

dV,

(44)

where Π5 is the momentum variable conjugate to ρ. The first part with index 0, is
negative and unbounded. However, as in the Gupta-Bleuler quantisation of the
electromagnetic field, this was associated with unphysical states of negative norm,
dynamically unconnected to physical states of positive norm. In general, Lorentz

160

Cosmology – The Past, Present and Future of the Universe



covariant locally gauge invariant fields must be represented on an indefinite inner
product space [29]. Note that the matrix elements of the constraint operators showed
zero mappings from the physical subspace to the unphysical subspace. Importantly, in
the Stückelberg-Feynman gauge this then led to the same equal-time commutation
relations among Aμ xð Þ and Πμ yð Þ as in standard elecftrodynamics. With a non-zero
time difference between operators, the commutators involved one solution of the
massive Klein-Gordon equation.

The historical extensions of Stückelberg’s formulation and its more recent ramifi-
cations, are described in Ref. [25]. Neglecting an additional inconsequential term that
is a total derivative, the Lagrangian may be re-expressed

L ¼ � 1
4
FμνFμν þ 1

2
m2 Aμ � 1

m
∂μρ

� �
Aμ � 1

m
∂
μρ

� �
� 1
2

∂μAμ þmρ
� �2

: (45)

The mass parameter is seen to be a coupling constant between the physical field
and the gauge field. In this regard, Stückelberg’s construction is seen to be a fore-
runner to the Higgs mechanism. In the Feynman-Stückelberg gauge, the last term can
be equated to zero at the end of calculations. This allowed Feynman to quantise the
field theory via path summations. Renormalisability of more general fields eventually
followed through appropriate gauge fixing after the introduction of one extra real
parameter along with a Faddeev-Popov Fermionic ghost field [30].

4.2 Proca equation with time-dependent mass

We are particularly interested in the case that the mass parameter in (36) is
negative and decreasing in time. This includes the case of minimal coupling: (36) may
still be derived from a real-valued Lagrangian density that is (39) with Aμ replaced by
A

μ
, m2 replaced by M2 ηð Þ and ρ set to zero. In (45), the second term is no longer

invariant under the Pauli gauge symmetry since a change of gauge introduces unbal-
anced terms that are quadratic in _M. At this stage, a gauge theory with time-
dependent mass has not been developed. However the constraints and gauge condi-
tions are treated, it remains true that each component Aμ satisfies a Klein-Gordon
equation with negative mass that is decreasing in time. In the case of a spatially flat
universe that is expanding exponentially or by power-law in cosmic time, M2 is
proportional to � η∞ � ηð Þ�2. In those cases, with homogeneous Dirichlet or
Neumann boundary conditions, the complete set of classical solutions of the non-
autonomous Klein-Gordon equation can be constructed by separation of variables [2].
In terms of spherical harmonic functions of spherical polar coordinates and Bessel
functions of r,

A
μ ¼

X∞
n¼1

X2n

l¼0

Xl

m¼�l

Jlþ1
2
knl rð Þffiffiffiffiffiffiffiffiffi
knl r

p Ym
l θ,φð Þ aμnlmf nℓ ηð Þ þ �1ð Þmaμ†nl�mf

∗
nℓ ηð Þ� �

: (46)

The time dependent factors satisfy the equation of an oscillator with time depen-

dent angular frequency ωk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � 12γ η∞ � ηð Þ�2

q
:

€f k þ k2 � 12γ η∞ � ηð Þ�2
h i

f k ¼ 0; γ ¼ �ξþ 1
6

1� ζð Þ: (47)
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The solutions are linear combinations of Bessel functions

η∞ � ηð Þ1=2J ffiffiffiffiffiffiffiffiffiffiffiffiffi
12γþ1=4

p k η∞ � η½ �ð Þ and η∞ � ηð Þ1=2Y ffiffiffiffiffiffiffiffiffiffiffiffiffi
12γþ1=4

p k η∞ � η½ �ð Þ: (48)

Bessel functions of the second kind are ruled out because of their singularity at
η ¼ η∞. Then the solution reaches its last extremum at time η ¼ η∞ � λ0ν,0=knℓ, where
λ0ν,0 is the smallest positive local extremum point of the Bessel function of order

ν ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12γ þ 1=4

p
. The subsequent period of time up to η ¼ η∞ is of infinite duration in

terms of cosmic time.
The un-amplified signal is Aμ ¼ A

μ
=a ηð Þ. When the order of the Bessel function is

real, Aμ has temporal amplitude of the order η∞ � ηð Þκ with κ ¼ 3
2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9
4 � 2ζ þ 12ξ

q
.

This amplitude is constant in the case of minimal coupling, or more generally when
ζ þ 6ξ ¼ 0.

Here, we have assumed a domain that is not elliptoid but spherical r≤ 1. This
applies in a reference frame in which the cosmic background radiation is isotropic.
Anisotropic redshifts show that our galaxy is moving at approximate speed 670 km s�1

relative to that frame [31]. Unlike in infinite Minkowski space, the wave numbers k
take a countable spectrum of values knℓ. In unstable cases such as minimal coupling,
each angular frequency decreases in time until it becomes zero and then purely
imaginary. These attraction-repulsion transitions take place at later times for succes-
sively higher wave numbers. Each mode oscillates only a finite number of times in the
future beyond any finite starting time.

When the solutions are known, calculation of the magnitude squared gradients in
the Hamiltonian can be considerably simplified. Green’s identity establishes

ð

Ω
ϕ∇2ψ þ ∇ϕ � ∇ψ dV ¼

ð

∂Ω
ϕ n̂ � ∇ψ dS (49)

where ∂Ω is the spatial boundary. Then with ψ ¼ ϕ, if we consider homogeneous
boundary conditions of either Dirichlet or Neumann type, the boundary integral
vanishes. Consequently

1
2

ð

Ω
Aμ

,η

� �2
þ ∇Aμ � ∇Aμ þM2 Aμð Þ2 dV ¼ 1

2

ð

Ω
Aμ

,η

� �2
� AμAμ

,ηηdV (50)

In terms of material coordinates, we prefer the Neumann condition because in the
usual physical coordinates, the stress-energy tensor then indicates zero transport of 4-
momentum across the moving fluid material boundary. That boundary condition
leads to the eigenvalues knℓ being zeros of derivative spherical Bessel function j0ℓ for
any ℓ ¼ 0,1,2,⋯. With Dirichlet boundary conditions, they would be zeros of jℓ. The
spacing and interlacing of those eigenvalues are similar in the two cases. At large n,
knℓ � Nπ.

A direct calculation [2] shows that the Hamiltonian at each frozen time is the sum
of a repulsive component with finite but increasing degrees of freedom, plus the usual
oscillatory component with infinite degrees of freedom. The number of repulsive
modes is the number of independent modes that have pure imaginary angular fre-
quencies. Due to the simplicity of the equation for f k ηð Þ, at each frozen time an
unstable mode has the simple quadratic Hamiltonian of an oscillator with imaginary
frequency, unbounded below, in one degree of freedom.
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In principle, at each time, the Hamiltonian of the oscillatory part could be
quantised in the same way as for the standard Proca system. At each wave number,
gauge fixing effectively reduces the number of independent oscillatory modes to that
of the usual angular momentum labels ℓ and m multiplied by three, allowing for two
independent transverse oscillations plus one longitudinal oscillation. Longitudinal
oscillations are allowed in an expanding space because the expansion brings an effec-
tive mass to the equivalent Proca field. However, in the unstable modes, the word
“oscillation” does not apply.

For the non-oscillatory component, there is an unstable runaway. States of nega-
tive energy are unavoidable and they are not isolated by the dynamics. At each frozen
time, the non-oscillatory part of the Hamiltonian has a continuous spectrum that is
unbounded below. That is the same phenomenon of “jelly states” [12] in the case of M
being negative and constant. The extra complication here is that M ηð Þ is decreasing.
The level of degeneracy at each energy level n, increases as n2. Consequently, the
density of modes per unit volume, increases as n2 [5]. The critical value n = N at the
onset of instability, increases asymptotically in proportion to expansion factor a ηð Þ.
Therefore the total number of unstable modes increases asymptotically as a ηð Þ3 (see
Ref. [2]). Assuming a sharp explosive initial condition with broad spectrum, this
accounting is in accord with the energy density of dark jelly being constant. In

dimensionless terms, under the exponential expansion with a ¼ e
ffiffiffiffiffiffi
Λ=3

p
t, a wave num-

ber becomes critical when

kN,ℓ ¼ 2
3
Λ

� �1=2

a tð Þ � Nπa tð Þ for N large: (51)

At the present time with a ¼ 1, in terms of dimensional quantities, the length scale
is R0, which is thought to be much larger than the observable distance to the horizon
of the universe. Within errors of measurement, the spatial curvature out to the
horizon is zero. This uniform flatness has been explained by the inflation postulate.
From the low curvature, the universe must be at least 250 times larger than the
observable universe, which itself is 3.3 times larger than the Hubble radius ctH. It is a
coincidence that the Hubble time of 14 billion years is close to the age of the universe
at 13.7 billion years. Through exponential expansion, tH will remain constant as the
age increases. Now the critical wave number has

N≈
ffiffiffi
2

p
R0

πctH
> 380: (52)

Assuming that all of the independent unstable modes have evolved from indepen-
dent stable modes, the number of independent unstable modes must be greater than
3� 3803 > 1:6� 108.

5. Conclusion

We have developed a generally covariant vector equation for the long-term evolu-
tion of the electromagnetic field. Such a general covariant evolution is governed by a
Lagrangian density that has coupling with the Ricci curvature scalar as well as with the
Ricci tensor. However our analysis includes the important case of minimal coupling in
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which the curvature is represented only in the Laplace-Beltrami operator that gener-
ates the flow, with both external coupling constants set to zero. Within that scheme,
each choice of values for the two coupling constants defines one model. For an
important class of models, the vector equation may be transformed, by a change of
variables to a Proca equation with time dependent decreasing mass. With effective
non-zero mass, we need to accept that universal stretching allows for the possibility of
longitudinal oscillations, at least over a very long time scale.

In the long term, continued exponential expansion of the universe will surely
destabilise electromagnetic fields. Successively at shorter material wavelengths, each
independent dynamical mode will become repulsive at some discrete time. Beyond the
present time, any dynamical mode will have only a finite number of oscillations. At
any time there will be only a finite but increasing number of unstable modes,
governed by a Hamiltonian in finite degrees of freedom. A dynamical mode becomes
unstable only after its wavelength has been stretched by cosmological expansion, to a
length that is comparable to the Hubble radius. These modes will show little spatial
variation over a scale that is enormously large compared to our field of perception.
However the observable universe is actually small compared to the radius of the
universe beyond the horizon, that is needed in the inflationary models to explain the
uniformly high degree of spatial flatness that is observed as far back into the distant
past as we can see. That means that even by the current time, more than 160 billion
independent modes must have become unstable. They would have little or no dis-
cernible spatial structure. Their energy would be diffuse over a very long scale, with
negligible energy contained in a region that is small enough to react with laboratory-
scale equipment.

Although this work is by no means complete, we may infer some properties of the
quantised model from established results on quantum field theory of the Proca equa-
tion with constant mass. In keeping with the wave-particle duality, the absence of
wavelike behaviour is equivalent to the absence of particle-like behaviour. At any
particular time the unstable modes are governed by a quantum Hamiltonian that does
not commute with any number operator. We cannot count particles in eigenstates of
the time-frozen Hamiltonian. There is no state of lowest energy and there is no
normalisable state that has the usual invariance properties of a vacuum. Unlike in the
Gupta-Bleuler approach to the electromagnetic field, we cannot define a separate
physical subspace from which the dynamics do not transgress to the unphysical sector
that requires states to have negative energy and negative norm. In our experience,
these phenomena of unstable quantum systems are not widely studied and not widely
understood. Quantum many-body theory has been informed by knowledge of stable
oscillatory systems. Fortunately the unstable component of a field coupled to
expanding space-time, has only finite degrees of freedom. In order to better under-
stand some of these properties of unstable quantum systems, Section 2 has drawn
together some different approaches to the theory of quadratic Hamiltonians in quan-
tum mechanics. The group of Bogoliubov transformations is equivalent to the
symplectic group of linear canonical transformations on phase space. The angular
frequencies of a linear system are invariant under those transformation groups.
Therefore it is easily seen that an unstable system with complex frequencies cannot be
transformed to a stable system for which the Hamiltonian is a linear combination of
number operators plus a constant vacuum energy. Therefore the quantum Hamilto-
nian of an irreducible unstable system cannot commute with a number operator. The
particle interpretation breaks down. The quantum Hamiltonian has continuous spec-
trum, unbounded below.
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For the unstable component of the field with finite degrees of freedom, the Stone-
von Neumann theorem tells us that any irreducible representation of the quantum
algebra of observables as self-adjoint operators, must be unitarily equivalent to any
other. The choice of representation of that component will make no practical differ-
ence. However for the stable part of the field, which has infinite degrees of freedom,
the Fock representation is still available, out of an uncountable infinity of inequivalent
representations.
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