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Preface and Acknowledgements

When I was a PhD student at University College London in the 1960s, my supervisor handed me a curious technical paper to read ‘as a bit of light relief’ from my major project. The paper (which was never actually published in the form in which I read it) was based on a lecture given in the United States by the young English cosmologist and theoretical physicist Brandon Carter. The subject matter was both radical and unusual. The normal work of a theoretical physicist is to investigate an unsolved problem about a natural phenomenon by applying the laws of physics in the form of mathematical equations, and then trying to solve the equations to see how well they describe the real thing. But Carter was addressing an entirely different sort of problem, having to do with the forms of the laws themselves. He asked himself the following question: ‘Suppose the laws had been a bit different from what they actually are, in this or that respect – what would the consequences be?’ Philosophers call this type of investigation counter-factual analysis, and although fiction writers have long been fond of the device (I recently read a novel in which the Nazis defeated Britain in the Second World War and the UK became a German puppet state), it was ground-breaking for a scientist to consider.

The focus of Carter’s ‘what if’ analysis was again unusual for a theoretical physicist. It concerned the existence of life. Specifically, Carter’s calculations suggested that if the laws had differed only slightly from what we find them to be, then life would not have been possible and the universe would have gone unobserved. In effect, said Carter, our existence hinges on a certain amount of delicate ‘fine tuning’ of the laws. Like Goldilocks’ porridge, the laws of physics seemed to Carter to be ‘just right’ for life. It looked like a fix – a big fix. Somewhat unwisely, he named this fine tuning ‘the anthropic principle’, giving the false impression that it concerned humankind specifically (which was never his intention).

Although Carter’s paper was modest in scope and cautious in conclusion, it triggered nothing less than a revolution in scientific thinking, and sparked a furious controversy that has rent the scientific community ever since. The study of counter-factual analysis in physics and cosmology was taken up in the 1970s by Martin Rees and Bernard Carr, resulting in a landmark review paper published in 1979.1 Inspired by this paper, I wrote a little book on the subject called The Accidental Universe, which was published by Cambridge University Press in 1982. A few years later, a much more systematic and thoroughgoing text appeared – The Anthropic Cosmological Principle, by John Barrow and Frank Tipler.2 It has formed the starting point for hundreds of papers over the years.

During the early 1980s, the anthropic principle was slammed by many scientists as quasi-religious mumbo-jumbo. In a scathing put-down in The New York Review of Books in 1986, the mathematician and writer Martin Gardner itemized the various proposed versions of the anthropic principle (AP): Weak (WAP), Strong (SAP), Participatory (PAP), Final (FAP) and – his favoured version – the Completely Ridiculous Anthropic Principle (CRAP).3 And that was pretty much the tone of the debate for a decade or so. But developments in high-energy particle physics and cosmology, especially in the study of the hot big bang that gave birth to the universe, slowly changed sentiment. The laws of physics, once regarded as cast in tablets of stone, began to look less absolute. Evidence accumulated that some of the laws at least were not true, fundamental laws, but ‘effective laws’, the familiar form of which applies only at energies which are very low compared with the fierce violence of the big bang. Significantly, theoretical analysis suggested that some features of the laws might be accidental, reflecting the vagaries of the manner in which our patch of the universe cooled from the big bang. The implication was, of course, that the low-energy form of these laws could have been different, and might even be different, in some other cosmic region. What we had previously been calling ‘the universe’ began to resemble a variegated ‘multiverse’ – ‘a crazy quilt of environments with different properties and different laws of physics’, in the words of Leonard Susskind, a theoretical physicist and cosmologist at Stanford University and a leading proponent of the multiverse idea.4 It would of course be no surprise that we find ourselves living in a region fit for life, for we obviously could not be living in a place where life is impossible.

At this stage, atheists began to take an interest. Unhappy that the fine tuning of the laws of physics smacked of some sort of divine design, they seized on the multiverse theory as a neat explanation for the uncanny bio-friendliness of the universe. So, confusingly, the anthropic principle came to be seen, at one and the same time, as both a scientific alternative to design and a quasi-religious theory. I stepped into this muddle in 2003, persuading the John Templeton Foundation to sponsor a workshop on multiverse cosmology at Stanford University, which I co-chaired with the cosmologist Andrei Linde. The results of our deliberations were published in a volume edited by Bernard Carr.5 A follow-up workshop, with more emphasis on string theory (the currently fashionable attempt to unify physics) was held in March 2005.

While these theoretical developments were taking place, some spectacular advances were being made in observational cosmology. These came about from increasingly painstaking surveys of the universe by the Hubble Space Telescope and various ground-based instruments, the detailed mapping of the cosmic afterglow of the big bang by a satellite named WMAP, and the unexpected discovery that the universe is accelerating under the action of some mysterious ‘dark energy’. As a result of this fillip, cosmology, long a scientific backwater, suddenly became a mainstream science, with a ferment of new ideas, many of them weird and counter-intuitive. It seems that we are now entering a new era which is transforming our view of the universe and the place of humankind within it.

In this book I shall explain the ideas that underlie these dramatic developments, focusing especially on ‘the Goldilocks factor’ – the fitness of the universe for life. In the early chapters I shall set out the basic concepts of modern physics and cosmology, and then describe the multiverse theory and the arguments for and against it. Towards the end of the book I shall take a critical look at the various responses to the fine-tuning issue. I shall also ask whether scientists really are on the verge of producing a theory of everything – a complete and self-contained explanation for the entire physical universe – or whether there will always remain a mystery at the heart of existence.

For these later chapters I have drawn inspiration from the great theoretical physicist John Archibald Wheeler, to whom I have dedicated this book. I first learned of Wheeler’s work while I was a student, and in subsequent years I came to know him quite well, on both the personal and the professional level. I visited him in Austin, Texas, and he visited me in England on a number of occasions. He graciously endorsed my first book, The Physics of Time Asymmetry, with enthusiastic praise, and took a keen interest in my work over three decades. It was a privilege to assist in the organization of his ninetieth-birthday party conference in March 2002, a gathering of extremely distinguished scientists in Princeton, New Jersey, where Wheeler began and ended his career.

In the late 1930s Wheeler worked with the legendary Niels Bohr on key aspects of nuclear fission. He went on to manage the rebirth of gravitational theory in the 1950s, taking up where Einstein left off. It was Wheeler who coined the terms ‘black hole’ and ‘wormhole’. Above all, he recognized the need to reconcile the twin pillars of twentieth-century physics – the general theory of relativity and quantum mechanics – in a unified theory of quantum gravity. Many of his graduate students have enjoyed scientific careers of immense distinction; one of them was the well-known Nobel prize-winner Richard Feynman.

Wheeler’s style was distinctive. He was the master of the ‘thought experiment’, taking an accepted idea and extrapolating it to the ultimate extreme, to see if and when it would break down. He loved to focus on the really big questions: whether physics could be unified; whether space and time could be derived from some more basic entity; whether causality could operate backwards in time; whether the complex and abstract laws of physics could be reduced to a single, simple statement of the obvious; and how observers fitted into the scheme. Not content with simply applying the laws of quantum mechanics, he wanted to know where they came from: ‘How come the quantum?’ he asked. Unhappy with the disjunction between the concepts of matter and information, he proposed the idea of ‘it from bit’ – the emergence of particles from informational bits. Most ambitious of all was his question ‘How come existence?’ – an attempt to explain everything without resorting to some fixed foundation for physical reality that had to be accepted as ‘given’.

I once asked Wheeler what he considered his most important achievement, and he answered ‘Mutability!’ By this he meant that nothing is absolute, nothing is so fundamental that it cannot change under suitably extreme circumstances – and that includes the very laws of the universe. These concepts together led him to propose ‘the participatory universe’, an idea (or, as Wheeler preferred, ‘an idea for an idea’) which has proved to be an important part of the multiverse/anthropic discussion. In his beliefs and attitudes, Wheeler represented a large section of the scientific community: committed wholeheartedly to the scientific method of inquiry, but not afraid to tackle deep philosophical questions; not conventionally religious, but inspired by a reverence for nature and a deep sense that human beings are part of a grand scheme which we glimpse only incompletely; bold enough to follow the laws of physics wherever they lead, but not so arrogant as to think that we have all the answers.

I have tried to keep the level of explanation in this book as nontechnical as possible, by avoiding jargon and unnecessarily pedantic descriptions. Equations are kept to an absolute minimum. Here and there I have used boxes to summarize or expand some difficult topics. In some ways this book is a sequel to my earlier work The Mind of God,6 but in spite of the emphasis on the deep and meaningful I intend it also to serve as a straightforward introduction to modern cosmology and fundamental physics. I have drawn clear distinctions between secure facts, reasonable theorizing and wild conjecture. The primary purpose of the book is to appeal to scientific inquiry and reason in order to address the big questions of existence. I have made no attempt to consider other modes of discovery, such as mysticism, spiritual enlightenment or revelation through religious experience.

Many people have assisted me in this project. First and foremost was my wife Pauline, who has an uncompromising attitude to sloppy reasoning or unjustified assumptions, and a meticulous attention to detail. She read the text with extraordinary thoroughness, pouncing on many a non sequitur or confusing explanation and chiding me for my irrepressible tendency to lapse into starry-eyed philosophizing. (She also complained that the book stopped just when it was getting interesting.) Having such a hard-headed critic close at hand has improved the book enormously. My literary agent, John Brockman, was the driving force behind the project, having perceived that cosmology is at a crossroads, and the reading public hopelessly confused about the plethora of new discoveries and theories. I have benefited greatly from the participants in the two Stanford workshops, especially Andrei Linde. I am grateful to the John Templeton Foundation for making these lively events possible. Over the years, several people have influenced my thinking, in many cases from personal contact and discussions as well as through their written work. They include John Barrow, Bernard Carr, Brandon Carter, David Deutsch, Michael Duff, George Ellis, David Gross, John Leslie, Charles Lineweaver, Martin Rees, Frank Tipler and, of course, John Wheeler. I should also like to thank Chris Forbes for comments on part of the manuscript and John Woodruff for his meticulous care with the copy-editing.

P. C. W. D.
Sydney, December 2005




A Note on Numbers

In this book I often have to deal with very large and very small numbers. In many cases I write out these numbers in words, but where necessary I use the conventional powers-of-ten notation, as follows:



	One million

	1,000,000

	     106



	One billion

	1,000,000,000

	     109



	One trillion

	1,000,000,000,000

	     1012



	One-millionth

	1/1,000,000

	     10−6



	One-billionth

	1/1,000,000,000

	     10−9



	One-trillionth

	1/1,000,000,000,000

	     10−12
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The Big Questions

Confronting the mystery of existence

For thousands of years, human beings have contemplated the world about them and asked the great questions of existence: Why are we here? How did the universe begin? How will it end? How is the world put together? Why is it the way it is? For all of recorded human history, people have sought answers to such ‘ultimate’ questions in religion and philosophy, or declared them to be completely beyond human comprehension. Today, however, many of these big questions are part of science, and some scientists claim that they may be on the verge of providing answers.

Two major developments have bolstered scientists’ confidence that the answers lie within their grasp. The first is the enormous progress made in cosmology – the study of the large-scale structure and evolution of the universe. Observations made using satellites, the Hubble Space Telescope, and sophisticated ground-based instruments have combined to transform our view of the universe and the place of human beings within it. The second development is the growing understanding of the microscopic world within the atom – the subject known as high-energy particle physics. It is mostly carried out with giant particle accelerator machines (what were once called ‘atom smashers’) of the sort found at Fermilab near Chicago and the CERN Laboratory just outside Geneva. Combining these two subjects – the science of the very large and the science of the very small – provides tantalizing clues that deep and previously unsuspected linkages bind the micro-world to the macro-world. Cosmologists are fond of saying that the big bang, which gave birth to the universe billions of years ago, was the greatest ever particle physics experiment. These spectacular advances hint at a much grander synthesis: nothing less than a complete and unified description of nature, a final ‘theory of everything’ in which a flawless account of the entire physical world is encompassed within a single explanatory scheme.

The universe is bio-friendly

One of the most significant facts – arguably the most significant fact – about the universe is that we are part of it. I should say right at the outset that a great many scientists and philosophers fervently disagree with this statement: that is, they do not think that either life or consciousness is even remotely significant in the great cosmic scheme of things. My position, however, is that I take life and mind (i.e. consciousness) seriously, for reasons I shall explain in due course. At first sight life seems to be irrelevant to the subject of cosmology. To be sure, the surface of the Earth has been modified by life, but in the grand sweep of the cosmos our planet is but an infinitesimal dot. There is an indirect sense, however, in which the existence of life in the universe is an important cosmological fact. For life to emerge, and then to evolve into conscious beings like ourselves, certain conditions have to be satisfied. Among the many prerequisites for life – at least, for life as we know it – is a good supply of the various chemical elements needed to make biomass. Carbon is the key life-giving element, but oxygen, hydrogen, nitrogen, sulphur and phosphorus are crucial too. Liquid water is another essential ingredient. Life also requires an energy source, and a stable environment, which in our case are provided by the sun. For life to evolve past the level of simple microbes, this life-encouraging setting has to remain benign for a very long time; it took billions of years for life on Earth to reach the point of intelligence.

On a larger scale, the universe must be sufficiently old and cool to permit complex chemistry. It has to be orderly enough to allow the untrammelled formation of galaxies and stars. There have to be the right sorts of forces acting between particles of matter to make stable atoms, complex molecules, planets and stars. If almost any of the basic features of the universe, from the properties of atoms to the distribution of the galaxies, were different, life would very probably be impossible.1 Now, it happens that to meet these various requirements, certain stringent conditions must be satisfied in the underlying laws of physics that regulate the universe, so stringent in fact that a bio-friendly universe looks like a fix – or ‘a put-up job’, to use the pithy description of the late British cosmologist Fred Hoyle. It appeared to Hoyle as if a super-intellect had been ‘monkeying’ with the laws of physics.2 He was right in his impression. On the face of it, the universe does look as if it has been designed by an intelligent creator expressly for the purpose of spawning sentient beings. Like the porridge in the tale of Goldilocks and the three bears, the universe seems to be ‘just right’ for life, in many intriguing ways. No scientific explanation for the universe can be deemed complete unless it accounts for this appearance of judicious design.

Until recently, ‘the Goldilocks factor’ was almost completely ignored by scientists. Now, that is changing fast. As I shall discuss in the following chapters, science is at last coming to grips with the enigma of why the universe is so uncannily fit for life. The explanation entails understanding how the universe began and evolved into its present form, and knowing what matter is made of and how it is shaped and structured by the different forces of nature. Above all, it requires us to probe the very nature of physical laws.

The cosmic code

Throughout history, prominent thinkers have been convinced that the everyday world observed through our senses represents only the surface manifestation of a deeper hidden reality, where the answers to the great questions of existence should be sought. So compelling has been this belief that entire societies have been shaped by it. Truth-seekers have practised complex rituals and rites, used drugs and meditation to enter trance-like states, and consulted shamans, mystics and priests in an attempt to lift the veil on a shadowy world that lies beneath the one we perceive. The word ‘occult’ originally meant ‘knowledge of concealed truth’, and seeking a gateway to the occult domain has been a major preoccupation of all cultures, ranging from the Dreaming of Aboriginal Australians to the myth of Adam and Eve tasting the forbidden fruit of the tree of knowledge.

The advent of reasoned argument and logic did nothing to dispel the beguiling notion of a hidden reality. The ancient Greek philosopher Plato compared the world of appearances to a shadow playing on the wall of a cave. Followers of Pythagoras were convinced that numbers possess mystical significance. The Bible is also replete with numerology, for example the frequent appearances of 7 and 40, or the association of 666 with Satan. The power of numbers led to a belief that certain integers, geometrical shapes and formulas could invoke contact with a supernatural plane, and that obscure codes known only to initiates might unlock momentous cosmic secrets.3 Remnants of ancient numerology survive today: some superstitious people still believe that numbers such as 8 and 13 are lucky or unlucky.

Attempts to gain useful information about the world through magic, mysticism and secret mathematical codes mostly led nowhere. But about three hundred and fifty years ago, the greatest magician who ever lived finally stumbled on the key to the universe – a cosmic code that would open the floodgates of knowledge. This was Isaac Newton – mystic, theologian and alchemist – and in spite of his mystical leanings, he did more than anyone to change the age of magic into the age of science. Newton, together with a small number of other scientific luminaries who included Nicolaus Copernicus, Johannes Kepler and Galileo Galilei, gave birth to the modern scientific age. The word ‘science’ is derived from the Latin scientia, simply meaning ‘knowledge’. Originally it was just one of many arcane methods that were used to probe beyond the limitations of our senses in the hope of accessing an unseen reality. The particular brand of ‘magic’ employed by the early scientists involved hitherto unfamiliar and specialized procedures, such as manipulating mathematical symbols on pieces of paper and coaxing matter to behave in strange ways. Today we take such practices for granted, and call them scientific theory and experiment. No longer is the scientific method of inquiry regarded as a branch of magic, the obscure dabbling of a closed and privileged priesthood. But familiarity breeds contempt, and these days the significance of the scientific process is often under-appreciated. In particular, people show little surprise that science actually works, and that we really are in possession of the key to the universe. The ancients were right: beneath the surface complexity of nature lies a hidden subtext, written in a subtle mathematical code. This cosmic code4 contains the secret rules on which the universe runs. Newton, Galileo and other early scientists treated their investigations as a religious quest. They thought that by exposing the patterns woven into the processes of nature they truly were glimpsing the mind of God.5 Modern scientists are mostly not religious, yet they still accept that an intelligible script underlies the workings of nature, for to believe otherwise would undermine the very motivation for doing research, which is to uncover something meaningful about the world that we don’t already know.

Finding the key to the universe was by no means inevitable. For a start, there is no logical reason why nature should have a mathematical subtext in the first place. And even if it does, there is no obvious reason why humans should be capable of comprehending it. You would never guess by looking at the physical world that beneath the surface hubbub of natural phenomena lies an abstract order, an order that can’t be seen or heard or felt, but deduced. Even the wisest mind couldn’t tell merely from daily experience that the diverse physical systems making up the cosmos are linked, deep down, by a network of coded mathematical relationships. Yet science has uncovered the existence of this concealed mathematical domain. We human beings have been made privy to the deepest workings of the universe. Other animals observe the same natural phenomena as we do, but alone among the creatures on this planet, Homo sapiens can also explain them.

How has this come about? Somehow the universe has engineered, not just its own awareness, but its own comprehension. Mindless, blundering atoms have conspired to make, not just life, not just mind, but understanding. The evolving cosmos has spawned beings who are able not merely to watch the show, but to unravel the plot. What is it that enables something as small and delicate and adapted to terrestrial life as the human brain to engage with the totality of the cosmos and the silent mathematical tune to which it dances? For all we know, this is the first and only time anywhere in the universe that minds have glimpsed the cosmic code. If humans are snuffed out in the twinkling of a cosmic eye, it may never happen again. The universe may endure for a trillion years, shrouded in total mystery, save for a fleeting pulse of enlightenment on one small planet around one average star in one unexceptional galaxy, 13.7 billion years after it all began.

Could it just be a fluke? Might the fact that the deepest level of reality has connected to a quirky natural phenomenon we call ‘the human mind’ represent nothing but a bizarre and temporary aberration in an absurd and pointless universe? Or is there an even deeper sub-plot at work?

The concept of laws

I may have given the impression that Newton belonged to a small sect that conjured science out of the blue as a result of mystical investigation. This wasn’t so. Their work did not take place in a cultural vacuum: it was the product of many ancient traditions. One of these was Greek philosophy, which encouraged the belief that the world could be explained by logic, reasoning and mathematics. Another was agriculture, from which people learned about order and chaos by observing the cycles and rhythms of nature, punctuated by sudden and unpredictable disasters. And then there were religions, especially monotheistic faiths, which encouraged belief in a created world order. The founding assumption of science is that the physical universe is neither arbitrary nor absurd; it is not just a meaningless jumble of objects and phenomena haphazardly juxtaposed. Rather, there is a coherent scheme of things. This is often expressed by the simple aphorism that there is order in nature. But scientists have gone beyond this vague notion to formulate a system of well-defined laws.

The existence of laws of nature is the starting point of this book, and indeed it is the starting point of science itself. But right at the outset we encounter an obvious and profound enigma:

Where do the laws of nature come from?

As I have remarked, Galileo, Newton and their contemporaries regarded the laws as thoughts in the mind of God, and their elegant mathematical form as a manifestation of God’s rational plan for the universe. Few scientists today would describe the laws of nature using such quaint language. Yet the questions remain of what these laws are and why they have the form that they do. If they aren’t the product of divine providence, how can they be explained?

Historically, laws of nature were discussed by analogy to civil law, which arose as a means of regulating human society. Civil law is a concept that dates back to the time of the first settled communities, when some form of authority was needed to prevent social disorder. Typically, a despotic leader would concoct a set of rules and exhort the populace to comply with them. Since one person’s rules can be another person’s problem, rulers would often appeal to divine authority to buttress their power. A city’s god might be literally a stone statue in the town square, and a priest would be appointed to interpret the god’s commandments. The notion of turning to a higher, non-material authority as justification for civil law underpins the Ten Commandments and was refined in the Jewish Torah. Remnants of this notion survived into the modern era as the concept of the Divine Right of Kings.

Appeal was also made to an invisible higher power in support of laws of nature. In the fourth century BCE the Stoic philosopher Cleanthes described ‘Universal Nature, piloting all things according to Law’.6 The order of nature was perhaps clearest in the heavens – the very domain of the gods. Indeed, the word ‘astronomy’ means ‘law of the stars’. The first-century BCE Roman poet Lucretius referred to the way in which nature requires ‘each thing to abide by the law that governs its creation’.7 In the first century CE, Marcus Manilius was explicit about the source of nature’s order, writing that ‘God brought the whole universe under law’.8 It was a position wholeheartedly embraced by the monotheistic religions: God the Creator was also God the Lawmaker, who ordered nature according to his divine purposes. Thus the early Christian theologian Augustine of Hippo wrote that ‘the ordinary course of nature in the whole of creation has certain natural laws’.9

By the thirteenth century, European theologians and scholars such as Roger Bacon had arrived at the conclusion that laws of nature possess a mathematical basis, a notion that dates back to the Pythagoreans. Oxford University became the centre for scholars who applied mathematical philosophy to the study of nature. One of these so-called Oxford Calculators was Thomas Bradwardine (1295–1349), later to become Archbishop of Canterbury. Bradwardine has been credited with the first scientific work to announce a general mathematical law of physics in the modern sense. Given this background, it is no surprise that when modern science emerged in Christian Europe in the sixteenth and seventeenth centuries, it was perfectly natural for the early scientists to believe that the laws they were discovering in the heavens and on Earth were the mathematical manifestations of God’s ingenious handiwork.

The special status of the laws of physics

Today, the laws of physics occupy the central position in science; indeed, they have assumed an almost deistic status themselves, often cited as the bedrock of physical reality. Let me give an everyday example. If you go to Pisa in Italy, you can see the famous leaning tower (now restored to a safe inclination by engineering works). Tradition says that Galileo dropped balls from the top of the tower to demonstrate how they fall under gravity. Whether or not this is true, he certainly did carry out some careful experiments with falling bodies, which is how he came to discover the following law. If you drop a ball from the top of a tall building and measure how far it falls in one second, then repeat the experiment for two seconds, three seconds, and so on, you will find that the distance the ball travels increases as the square of the time. The ball will fall four times as far in two seconds as in one, nine times as far in three seconds, and so on. Schoolchildren learn about this law as ‘a fact of nature’, and normally move on without giving it much further thought. But I want to stop right there and ask the question, why? Why is there such a mathematical rule at work on falling bodies? Where does the rule come from? And why that rule and not some other?

Let me give another example of a law of physics, one that made a big impression on me in my schooldays. It concerns the way magnets lose their grip on each other with separation. Line them up side by side and measure the force as the distance between them increases. You will find that the force diminishes with the cube of the distance, which is to say that if we double the distance between the magnets, the force falls to one-eighth, treble it and the force will be 1/27, and so on. Again, I am prompted to ask the question, why?

Some laws of physics bear the name of their discoverer, such as Boyle’s law for gases, which tells you that if you double the volume of a fixed mass of gas while keeping the temperature constant, its pressure is halved. Or Kepler’s laws of planetary motion, one of which says that the square of the period of an orbit is proportional to the cube of the orbit’s radius. Perhaps the best-known laws are Newton’s laws of motion and gravitation, the latter supposedly inspired by an apple falling from a tree. It states that the force of gravity diminishes with distance as the square of the separation between the two bodies. That is, the force that binds the Earth to the sun, and prevents it from flying off alone across the galaxy, would fall to only one-quarter the strength if the Earth’s orbit were twice as big. This is known as an ‘inverse square law’. I have drawn a graph depicting it in Figure 1.

The fact that the physical world conforms to mathematical laws led Galileo to make a famous remark. ‘The great book of nature’, he wrote, ‘can be read only by those who know the language in which it was written. And this language is mathematics.’10 The same point was made more bluntly three centuries later by the English astronomer James Jeans: ‘The universe appears to have been designed by a pure mathematician.’11 It is the mathematical aspect that makes possible what physicists mean by the much-misunderstood word ‘theory’. Theoretical physics entails writing down equations that capture (or model, as scientists say) the real world of experience in a mathematical world of numbers and algebraic formulas. Then, by manipulating the mathematical symbols, one can work out what will happen in the real world, without actually carrying out the observation. That is, by applying the equations that express the laws relevant to the problem of interest, the theoretical physicist can predict the answer. For example, by using Newton’s laws of motion and gravitation, engineers
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1. Inverse-square law of gravity

The gravitational force between two masses m1 and m2 (they might be stars or planets) diminishes with the distance between their centres of mass according to the simple curve shown.

can figure out when a spacecraft launched from Earth will reach Mars. They can also calculate the required mass of fuel, the most favourable orbit and a host of other factors, in advance of the mission. And it works! The mathematical model faithfully describes what actually happens in the real world. (Of course, in practice one may have to simplify the model to save time and cost of the analysis, making the predictions good only to a certain level of approximation, but that is not the fault of the laws.)

When I was at school I took a fancy to a young lady in my class named Lindsay. I didn’t see much of her because she was studying mainly arts subjects and I was studying the sciences and mathematics. But we did meet up in the school library from time to time. On one occasion I was busy doing a calculation. I even remember what it was. If you throw a ball in the air at a certain speed and angle, Newton’s laws let you work out how far it will travel before it hits the ground. The equations tell you that to achieve maximum range you should throw the ball at 45° to the horizontal. If the ground on which you are standing slopes upwards, however, the angle needs to be greater; by how much depends on the amount of slope. I was deeply engrossed calculating the maximum range up an inclined plane when Lindsay looked up and asked what I was doing. I explained. She seemed puzzled and sceptical. ‘How can you possibly know what a ball will do by writing things on a sheet of paper?’ she asked. At the time I dismissed her question as silly – after all, this was what we had been taught to do! But over the years I came to see that her impulsive response precisely captures one of the deepest mysteries of science: Why is nature shadowed by a mathematical reality? Why does theoretical physics work?12

How many laws are there?

As scientists have probed deeper and deeper into the workings of nature, all sorts of laws have come to light that are not at all obvious from a casual inspection of the world, for example laws that regulate the internal components of atoms or the structure of stars. The multiplicity of laws raises another challenging question: How long would a complete list of laws be? Ten? Twenty? Two hundred? Might the list even be infinitely long?

Not all the laws are independent of one another. It wasn’t long after Galileo, Kepler, Newton and Boyle began discovering laws of physics that scientists found links between them. For example, Newton’s laws of gravitation and motion explain Kepler’s three laws of planetary motion, and so are in some sense deeper and more powerful. Newton’s laws of motion also explain Boyle’s law of gases when they are applied in a statistical way to a large collection of chaotically moving molecules.

In the four centuries that have passed since the first laws of physics were discovered, more and more have come to light, but more and more links have been spotted too. The laws of electricity, for example, were found to be connected to the laws of magnetism, which in turn explained the laws of light. These interconnections led to a certain amount of confusion about which laws were ‘primary’ and which could be derived from others. Physicists began talking about ‘fundamental’ laws and ‘secondary’ laws, with the implication that the latter were formulated for convenience only. Sometimes physicists call these ‘effective laws’ to distinguish them from the ‘true’, underlying fundamental laws, to which, at least in principle, the effective, or secondary, laws can all be subsumed. In this respect, the laws of physics differ markedly from the laws of civil society, which are an untidy hotchpotch of statutes expanding without limit. To take an extreme case, the tax laws in most countries run to millions of words of text. By comparison, the Great Rule Book of Nature (at least as it is currently understood) would fit comfortably onto a single page. This streamlining and repackaging process – finding links between laws, and reducing them to ever more fundamental laws – continues apace, and it’s tempting to believe that, at rock bottom, there is just a handful of truly fundamental laws, possibly even a single super-law, from which all the other laws derive.

Given that the laws of physics underpin the entire scientific enterprise, it is curious that very few scientists bother to ask what these laws actually mean. Speak to physicists, and most of them will talk as if the laws are real things – not physical objects of course, but abstract relationships between physical entities. Importantly, though, they are relationships that really exist, ‘out there’ in the world, and not just in our heads.

For brevity I have been a bit cavalier with my terminology. If you confront a physicist and say, ‘Show me the laws of physics,’ you will be referred to a collection of textbooks – on mechanics, gravitation, electromagnetism, nuclear physics, and so on. But a pertinent question is whether the laws you find in the books are actually the laws of physics, or just somebody’s best stab at them. Few physicists would claim that a law found in a book which is in print today is the last word on the subject; all the textbook laws are probably just some sort of approximation to the real ones. Most physicists nevertheless believe that as science advances, so the textbook laws will converge on the Real Thing.13

Are the laws real?

There is a subtlety buried in all this which will turn out to be of paramount importance when I come to discuss the origin of the laws. The idea of laws began as a way of formalizing patterns in nature that connect together physical events. Physicists became so familiar with the laws that somewhere along the way the laws themselves – as opposed to the events they describe – became promoted to reality. The laws took on a life of their own. It is hard for non-scientists to grasp the significance of this step. One analogy might be with the world of finance. Money in the pocket means coins and notes – real physical things that get exchanged for real physical goods or services. But money in the abstract has also taken on a life of its own. Investors can grow (or shrink, in my case) money without ever buying or selling physical stuff. For example, there are rules for manipulating different currencies that are at best tenuously connected to the actual purchasing function in your local corner shop. In fact, there is far more ‘money’ in circulation, much of it swirling around cyberspace via the internet, than can ever be accumulated as coins and notes. In a similar vein, the laws of physics inhabit an abstract realm and touch the physical world only when they ‘act’. It’s almost as if the laws are lying in wait, ready to seize control of a physical process and compel it to comply, just as the rules of monetary conversion are ‘in place’ even when nobody is actually converting anything. This ‘prescriptive’ view of physical laws as having power over nature is not without its detractors (namely, philosophers who prefer a ‘descriptive’ view).14 But most physicists working on fundamental topics inhabit the prescriptive camp, even if they won’t own up to it explicitly.

So we have this image of really-existing laws of physics ensconced in a transcendent eyrie, lording it over lowly matter. One reason for this way of thinking about the laws concerns the role of mathematics. Numbers began as a way of labelling and tallying physical things such as beads or sheep. As the subject of mathematics developed, and extended from simple arithmetic into geometry, algebra, calculus, and so forth, so these mathematical objects and relationships came to assume an independent existence. Mathematicians believe that statements such as ‘3 × 5 = 15’ and ‘11 is a prime number’ are inherently true – in some absolute and general sense – without being restricted to ‘three sheep’ or ‘eleven beads’.

Plato considered the status of mathematical objects, and chose to locate numbers and idealized geometrical shapes in an abstract realm of perfect forms. In this Platonic heaven there would be found, for example, perfect circles – as opposed to the circles we encounter in the real world, which will always be flawed approximations to the ideal. Many modern mathematicians are Platonists (at least at weekends). They believe that mathematical objects have real existence, yet are not situated in the physical universe. Theoretical physicists, who are steeped in the Platonic tradition, also find it natural to locate the mathematical laws of physics in a Platonic realm. I have depicted this arrangement diagrammatically in Figure 2. In the final chapter I shall take a critical look at the nature of physical laws and ask whether the Platonic view has become an unwelcome fixation in the drive to understand the mathematical underpinnings of the universe.

Goodbye God?

Religion was the first systematic attempt to explain the universe comprehensively. It presented the world as a product of mind or minds, of supernatural agents who could order or disorder nature at will. In Hinduism, Brahma is creator and Shiva destroyer. In Judaism, Yahweh is both creator and destroyer. For the traditional Aboriginal
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2. Where are the laws of physics located?

Plato believed that mathematical objects really exist, located not in the physical world of appearances but in an abstract realm of idealized forms, accessible to the intellect. Theoretical physicists, who express the laws of physics as mathematical equations, tend to follow this tradition. They prefer to envisage the laws of physics as having real existence, but transcending physical reality.

people of the Kimberley in Australia, two creator beings acted in synergy. Wallanganda, a male space being, sprinkled water on Wunngud, a female snake coiled in jelly, to make Yorro Yorro – the world as we see it.15 In these sorts of schemes, things are as they are because a god (or gods) decided they should be so. The major world religions devoted centuries of scholarship in attempts to make these theistic explanations cogent and consistent. Even today, millions of people base their world view on a religious interpretation of nature.

Science was the second great attempt to explain the world. This time, explanations were cast in terms of impersonal forces and natural, physical processes rather than the activities of purposive supernatural agents. When scientific explanations conflicted with religious explanations, religion invariably lost the battle. Mostly, theologians retreated to concentrate on social and ethical matters such as spiritual enlightenment, content to leave interpreting the physical universe to the scientists. There are still people who believe that rain is made by rain gods rather than by atmospheric processes, but I wouldn’t rate their chances in a debate with a meteorologist. When it comes to actual physical phenomena, science wins hands down against gods and miracles. That is not to say that science has explained everything. There remain some pretty big gaps: for example, scientists don’t know how life began, and they are almost totally baffled by consciousness. Even some familiar phenomena, such as turbulent fluids, are not completely understood. But this doesn’t mean that one needs to appeal to magic or miracles to plug the gaps; what is needed are advances in scientific understanding. This is a topic I shall address in detail in Chapter 10.

When it comes to metaphysical questions such as ‘Why are there laws of nature?’ the situation is less clear. These sorts of questions are not much affected by specific scientific discoveries: many of the really big questions have remained unchanged since the birth of civilization, and still vex us today. The various faith traditions have had hundreds of years to ponder them carefully. Religious scholars such as Anselm and Thomas Aquinas were not pious simpletons, but the intellectual heavyweights of their age.

Many scientists who are struggling to construct a fully comprehensive theory of the physical universe openly admit that part of the motivation is to finally get rid of God, whom they view as a dangerous and infantile delusion. And not only God, but any vestige of God-talk, such as ‘meaning’ or ‘purpose’ or ‘design’ in nature. These scientists see religion as so fraudulent and sinister that nothing less than total theological cleansing will do. They concede no middle ground, and regard science and religion as two implacably opposed world views. Victory is assumed to be the inevitable outcome of science’s intellectual ascendancy and powerful methodology.

But will God go quietly? Even within the world of organized religion, the concept of ‘God’ means many different things to different people. At the level of popular, Sunday-school Christianity, God is portrayed simplistically as a sort of Cosmic Magician, conjuring the world into being from nothing and from time to time working miracles to fix problems. Such a being is obviously in flagrant contradiction to the scientific view of the world. The God of scholarly theology, by contrast, is cast in the role of a wise Cosmic Architect whose existence is manifested through the rational order of the cosmos, an order that is in fact revealed by science. That sort of God is largely immune from scientific attack.

Is the universe pointless?

Even atheistic scientists will wax lyrical about the scale, the majesty, the harmony, the elegance, the sheer ingenuity of the universe of which they form so small and fragile a part. As the great cosmic drama unfolds before us, it begins to look as though there is a ‘script’ – a scheme of things – which its evolution is following. We are then bound to ask, who or what wrote the script? Or did the script somehow, miraculously, write itself? Is the great cosmic text laid down once and for all, or is the universe, or the invisible author, making it up as it goes along? Is this the only drama being staged, or is our universe just one of many shows in town?

The fact that the universe conforms to an orderly scheme, and is not an arbitrary muddle of events, prompts one to wonder – God or no God – whether there is some sort of meaning or purpose behind it all. Many scientists are quick to pour scorn even on this weaker suggestion, however. Richard Feynman, arguably the finest theoretical physicist of the mid-twentieth century, thought that ‘the great accumulation of understanding as to how the physical world behaves only convinces one that this behavior has a kind of meaninglessness about it’.16 This sentiment is echoed by the theoretical physicist and cosmologist Steven Weinberg: ‘The more the universe seems comprehensible the more it also seems pointless.’17 Weinberg came in for some flak from his colleagues for writing this comment – not because he denied that the universe had a point, but for even suggesting that it could have a point.

To be sure, concepts like ‘meaning’ and ‘purpose’ are categories devised by humans, and we must take care when attempting to project them on to the physical universe. But all attempts to describe the universe scientifically draw on human concepts: science proceeds precisely by taking concepts that humans have thought up, often from everyday experience, and applying them to nature. Doing science means figuring out what is going on in the world – what the universe is ‘up to’, what it is ‘about’. If it isn’t ‘about’ anything, there would be no good reason to embark on the scientific quest in the first place, because we would have no rational basis for believing that we could thereby uncover additional coherent and meaningful facts about the world. So we might justifiably invert Weinberg’s dictum and say that the more the universe seems pointless, the more it also seems incomprehensible. Of course, scientists might be deluded in their belief that they are finding systematic and coherent truth in the workings of nature. Ultimately there may be no reason at all for why things are the way they are. But that would make the universe a fiendishly clever bit of trickery. Can a truly absurd universe so convincingly mimic a meaningful one? This is the biggest of the big questions of existence that we will confront as we embark on our investigation of life, the universe and everything.

Key points

• Many big questions of existence are now on the scientific agenda.

• A really big question is why the universe is fit for life; it looks like it has been ‘fixed up’.

• The universe obeys mathematical laws; they are like a hidden subtext in nature. To appreciate this book you have to be comfortable with that idea.

• The mathematical laws of physics underlie everything. Many physicists think they are real, and inhabit a transcendent Platonic realm.

• Science reveals that there is a coherent scheme of things, but scientists do not necessarily interpret that as evidence for meaning or purpose in the universe. Most, but by no means all, scientists are atheists or agnostics.

• Somehow I am supposed to explain all this.


2

The Universe Explained

The big bang and the expanding universe

According to Cambridge University folklore, the nuclear physicist Ernest Rutherford is said to have issued an edict to his subordinates against fanciful and grandiose speculation. ‘Don’t let me catch anyone talking about the universe in my department!’ he warned. That was in the 1930s, and to be fair to Rutherford, cosmology didn’t then exist as a proper science. Even when I was a student in London in the 1960s, cynics quipped that there is speculation, speculation squared – and cosmology. Since then, however, advances in telescope design, data processing and the use of satellites have transformed cosmology out of all recognition. This period of rapid progress culminated on 11 February 2003, when the world’s press carried a curious-looking oval-shaped picture resembling a Jackson Pollock drip painting. This unprepossessing image provided a window on the universe like nothing available before, and it propelled cosmology – the study of the origin, evolution and fate of the universe on the largest scales of space and time – into the twenty-first century. At last, the subject had matured into a proper, quantitative science. The picture summarized the initial results from a satellite named the Wilkinson Microwave Anisotropy Probe, or WMAP for short. The job of WMAP is to map the sky, using not light but heat: it is a thermal map of the universe, compiled in unprecedented detail. The features imprinted in the image are remnants of the birth of the universe, over 13 billion years ago (see Figure 3).

Cosmology would not exist as a subject unless there were such a
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3. Afterglow of the creation

This thermal map of the sky at microwave frequencies as measured by the WMAP satellite provides a snapshot of the universe at about 380,000 years after the big bang. The blobs and speckles represent slight temperature variations imprinted in the radiation by density fluctuations in the early universe. By studying the details of these variations, cosmologists can work out a great deal about the origin, history and likely fate of the universe, as well as its make-up and geometry. The over-dense regions, represented by the lighter patches, are the ‘seeds’ around which clusters of galaxies formed. The image shown here is based on more refined data released in March 2006. (Courtesy NASA/WMAP Science Team.)

thing as ‘the universe’ to explain. Instead of finding that space is filled with a dog’s breakfast of unrelated bric-a-brac, astronomers see an orchestrated and coherent unity. On the largest scale of size there is order and uniformity. Stars and galaxies billions of light years away closely resemble those in our astronomical backyard and are distributed in much the same way everywhere. Their compositions and motions are similar. The laws of physics appear to be identical as far out in space as our instruments can penetrate. In short, there is cosmos rather than chaos. This basic fact is crucial for our existence: life could not emerge, still less evolve to the point of intelligence, amid chaos. It is also – or at least it was until recently – deeply mysterious. Why should the totality of things be organized so systematically? To find the answer to this intriguing question, we need to understand how the universe began and work out how it evolved over billions of years to attain its present orderly and life-encouraging form.

When our ancestors contemplated the heavens they envisaged the sun, moon and stars moving around the Earth. The scale of the cosmos was unknown. Even the invention of the telescope failed to reveal the true magnitude of the universe, and only in the last few decades have astronomers been able to pencil in the numbers that calibrate the vast scale of things. Our sun is one among hundreds of billions of stars that make up the Milky Way galaxy, and the Milky Way is in turn just one among hundreds of billions of galaxies scattered throughspace to the limits of our instruments. The gaps between stars are so large that astronomers measure them in light years – the distance light travels in one year. One light year works out to be about 6 trillion miles or 10 trillion kilometres. To put this into perspective, the moon is just over a light second away, and the sun a little more than 8 light minutes. The Milky Way, which is a typical spiral galaxy, measures about 100,000 light years across. The Andromeda Galaxy, a near neighbour of the Milky Way, lies at a distance of about 2½ million light years. The farthest galaxies imaged in the Hubble Space Telescope are over 10 billion light years away. In human terms, the universe is almost unimaginably vast.

Although the results from WMAP mark the moment that observational cosmology came of age, the birth of the subject goes back 80 years, to the ground-breaking work of the lawyer-turned-astronomer Edwin Hubble. It is he who is credited with the discovery that the universe is expanding, although many of the crucial observations were carried out by his assistant Vesto Slipher. Hubble and Slipher studied light from many galaxies and found that the more distant ones were redder. It had long been known that light waves from a receding source would be stretched, and therefore shifted towards the red end of the spectrum (conversely, light from an approaching source is blue-shifted). Hubble and Slipher found that the red shift gets bigger the farther away from us a galaxy is located and that, furthermore, the effect is the same in all directions. The simplest explanation of these facts, and the one that Hubble announced to the world, is that the galaxies are rushing away from us in an orderly pattern of expansion.

Obviously, if the universe is expanding now it must have been more compressed in the past. Using the measured rate of expansion, it is easy enough to run the great cosmic movie backwards (as a theoretical exercise!) to determine that, many billions of years ago, all the galaxies would have been squeezed into one place. This suggests that the universe, at least in the form we know, began with a vast explosion from a highly dense state, an event now known as the big bang. Curiously, this appellation was originally a term of derision introduced in the 1950s by Fred Hoyle, who never accepted the theory. Today, with accurate observations by instruments such as WMAP and the Hubble Space Telescope, we can put quite a precise date on the big bang. The best current estimate is 13.7 billion years ago. For comparison, the Earth is 4.56 billion years old.

The afterglow of creation

If the universe was once very dense, it should also have been very hot, since matter heats up when compressed and cools when expanded. But hot matter emits thermal radiation (think of the radiant heat from the sun, or from the glowing embers of a fire), so we can expect the heat left over from the birth of the universe to be bathing the universe today in a faint glow of radiation. And indeed it is. In 1967, two radio engineers working on satellite communications for Bell Laboratories in the United States, Arno Penzias and Robert Wilson, stumbled across radiation coming from space that was soon identified as the expected relic of the big bang. That discovery marked the tipping point when scientists finally sat up and took notice of the big bang theory. The radiation is evenly distributed across the sky at a temperature1 of 2.725K, or about minus 270°C – so don’t expect the sky to be glowing dull red. Radiation at this temperature lies mainly in the microwave region of the electromagnetic spectrum, so the heat from the big bang is known as the ‘cosmic microwave background’, usually abbreviated to CMB.
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4. Black body spectrum

The curve, based on the measurements made by the WMAP satellite, shows how the heat energy left over from the big bang is distributed across a range of wavelengths. The shape of the curve is distinctive, corresponding precisely to the spectrum of radiation from a system at a uniform temperature. It implies that the cosmic microwave background originated from a state of thermodynamic equilibrium in the far past. The observations fit the theory so precisely that the measurement errors are smaller than the thickness of the line in the figure. (Courtesy NASA.)

Although it is hard to imagine what other than a cosmic explosion could have produced the CMB, the real clincher for the big bang theory came when astronomers were able to measure the precise spectrum of the radiation (see Figure 4). If you look at a glowing object, such as a flame or a star, it will emit energy across a range of colours, or wavelengths. Plot the distribution on a graph and you get what is called a spectrum. The spectrum of light or heat emanating from the sun, or a candle flame, is very complicated, with many peaks and troughs in the graph. But the spectrum of a particular type of heat radiation has a simple, distinctive, universal form: the one from an oven in which the interior has reached a precisely uniform temperature. Physicists call this a black body spectrum, because a completely unreflecting body (which would look black at low temperature) will radiate heat with this particular distribution of energy across its different wavelengths. Significantly, the CMB has just such a black body spectrum, as observations by WMAP and other instruments have confirmed. In fact, the CMB is the best example of a black body spectrum known to science, because making a truly black body on Earth, and attaining a precisely uniform temperature, is impossible. Since a black body spectrum is produced by a system in thermodynamic equilibrium,2 the implication for the CMB is clear: the material of the early universe must have been smoothly distributed through space at the same density and temperature everywhere. The black body spectrum was the smoking gun, confirming that the universe began in a hot, dense, uniform state, from which it expanded and cooled to achieve its present form.

I’ve glossed over an important part of the story. As our planet orbits the sun, the sun whirls around the galaxy and the galaxy meanders among its neighbours, the Earth finds itself sweeping through the CMB at about 600 kilometres per second. Because of this relative movement, the sky looks a bit hotter in the direction in which we happen to be moving than does the opposite side of the sky. When this effect is subtracted out, however, the radiation is astonishingly smooth. To roughly one part in 100,000, there is no variation across the sky.

Cosmologists knew all along, however, that the CMB couldn’t be precisely uniform because the universe isn’t precisely uniform. Matter is aggregated into galaxies, and galaxies are in turn arranged in clusters and superclusters. Maps of the distribution of galaxies, painstakingly constructed by astronomers using optical telescopes over the past twenty years, reveal clumping on all scales of size except the very largest. Averaged over a billion light years, the universe looks the same everywhere, but on a scale of a hundred million light years or less it’s a different story, with aggregations of galaxies standing out prominently. Had the early universe consisted of perfectly uniform gas, there could be no such structure. But over time, even the smallest irregularities in the primordial gases would have become amplified under the action of gravitation. Any region of the universe that was slightly over-dense initially would have drawn in material at the expense of its surroundings, thereby enhancing the density contrast and accelerating the process. The slow implosion of the primordial gases into clumps would eventually have turned into catastrophic collapse were it not for the fact that the universe is also expanding, which serves to dilute the gas and counter the tendency for aggregation. Calculations of these competing effects indicate that to grow galaxies distributed in the observed manner, the universe must have started out with density variations of about one part in 100,000. Because denser gas is more compressed it is hotter, so irregularities in density translate into irregularities in temperature. So the early universe should have possessed tiny temperature variations, if the big bang theory is to hang together consistently. And that is precisely what WMAP found.

So the story goes something like this. The universe began 13.7 billion years ago with a big bang. The state of the early universe was one of extremely hot and dense, ionized,3 opaque, expanding gas suffused with heat radiation. The gas was distributed through space with almost but not quite perfect uniformity. By about 380,000 years after the big bang, the universe had cooled to a few thousand degrees, and at this point the gas de-ionized (i.e. the nuclei and electrons combined into atoms) as a result of which it became transparent. The heat radiation thereafter was largely unaffected by its passage through matter, and it has travelled almost freely ever since.4 Therefore, when astronomers detect the CMB they are glimpsing the universe as it was about 380,000 years after the big bang. In effect, the CMB is a snapshot of what the universe was like when it was less than 0.003 per cent of its present age. The tiny variations in temperature detected by WMAP represent the seeds of cosmic structure without which there would have been no galaxies, stars, planets – or astronomers. So this is another one of those ‘convenient’ facts that makes the universe bio-friendly, and which needs explaining.

Where is the centre of the universe?

Popular accounts of the big bang often describe it as the detonation of a compact ball of matter poised in a pre-existing void, with the galaxies compared to fragments flying away from the centre of the explosion. Easy though this image may be to grasp, it is seriously misleading, and the source of much confusion: people are inevitably prompted to ask, ‘Where is the centre of the universe?’ The following e-mail message I recently received is fairly typical:

Has the proof of expanding universe been realized by looking in the same direction away from the centre of the expansion (the big bang) or looking back at the centre, or for that matter any other directions? I believe that the results may show that the galaxies are moving away from the centre of expansion and each other at different speeds.5

If the big bang really had been an exploding ball of matter, then some galaxies would lie deep in the midst of the mêlée, surrounded on all sides, while others would be located near the edge of the assemblage. Suppose this were so, and picture the view from a far-flung galaxy. In one direction would lie the centre of the universe; in the opposite direction there would be empty space. The sky would appear dramatically different depending on which way an observer looked. That is certainly not what we see from Earth: the universe looks very much the same in all directions. As far as our telescopes can penetrate, which is about 13 billion light years, encompassing roughly 100 billion galaxies, matter is distributed uniformly (strictly, it is clusters of galaxies that are distributed uniformly). There is no evidence for any bunching up around some sort of centre or, conversely, for any thinning out towards an edge.

How, then, should we describe the big bang and the expanding universe, given these observational facts? Suppose that the universe were frozen as it is today, with galaxies distributed evenly throughout space (on average). Now imagine that we start playing the cosmic movie, watching the universe expand. Taking a god’s-eye view, there would be no systematic flow of galaxies away from any particular point in space. Rather, all the clusters of galaxies move away from all the others at the same rate. Everywhere you look, the gaps between the clusters of galaxies get progressively bigger: there is more and more space surrounding each cluster as time goes on. An observer in any given galaxy will seem to lie at the centre of a pattern of expansion, because all the other clusters of galaxies are moving away, but they all are moving away from one another too, so the observer’s impression of being located at the centre is illusory. There is no centre. For this reason, the terms ‘explosion’ and ‘big bang’ are rather inappropriate, although we are probably stuck with them now.

Confirmation of this no-centre-no-edge picture comes from the CMB. If the big bang had happened at a given point in space, then that part of the sky would be aglow with primordial radiation, whereas the sky facing away from the centre of the big bang, towards the void, would be cold. In fact, as I have explained, the background radiation is uniform across the sky, when the tiny temperature variations are averaged out: there is no hint of it being systematically hotter in one part of the sky than in the opposite part.

Expanding space

Cosmologists have struggled to find ways to describe the expanding universe in simple language. Here are some popular attempts:

Space is in the universe rather than the universe being in space.

The big bang happened everywhere, not at one point in space.

The big bang was the explosion of space, not an explosion in space.

A simple analogy that may help is to imagine a very long string of elastic with beads attached at regular intervals (see Figure 5). As the elastic is stretched, so the beads move apart. Every bead extends its separation from its neighbours, so the view from any given bead will
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5. The expanding universe

In this one-dimensional analogy, the expanding universe is represented by an elastic string (standing for space) to which beads (standing for galaxies) are attached at intervals. As the elastic stretches, so each bead moves away from all the others. The view from any given bead is the same: the other beads all seem to be moving away at speeds proportional to their distances. So long as we can see neither end of the string, all beads seem equivalent: there is no centre and no edge apparent from the distribution or pattern of motion.

be of other beads moving away. All beads are equal: there is no central bead.

The analogy works better if you envisage space itself to be elastic, and capable of being stretched. In fact, the idea of space stretching is not just an analogy: it comes close to what physicists believe to be the case. The ability of space to stretch, as well as to become curved or warped, is the basis of Albert Einstein’s general theory of relativity. Looked at in this way, the expansion of the universe is not so much the migration of galaxies through space as the stretching or swelling of the space between the galaxies, an image that leads to yet another popular description:

The expanding universe is like a currant bun swelling in the oven, with the currants playing the role of galaxies and the dough representing space.

The attentive reader will notice a fudge in the elastic string analogy, because real strings of elastic are finite in length, so there will always be end beads and beads near the centre. The point, however, is that if the beads are extremely numerous (billions and billions, say) and if the view from a given bead doesn’t extend as far as the end of the string, then there will be no hint of a centre or edge in the arrangement of the beads in any given neighbourhood. But this fudge raises the obvious question of whether, in the real universe, the reason that no centre or edge is apparent is simply that our telescopes aren’t powerful enough to probe that far. And that may be so. It may be that the observable universe is buried deep in an assemblage of galaxies which, viewed on a grander scale, does have an edge. (It may not have an obvious centre unless the assemblage is roughly spherical in shape.) If the edge is far enough away, then the lopsidedness of the heat radiation would not yet be apparent because there would not have been enough time since the big bang for the final, dwindling heat radiation, travelling at the speed of light, to have reached us from the edge.

On the other hand, the universe may not be like that at all. It may be infinite in all directions. I well remember when I was about eight years old asking my father where space ended. He replied that space cannot have an end, for if it did, then it would raise the question of what lay beyond the farthest point. It is an old argument, but as I shall explain later, it may in fact be wrong. To be sure, there is no logical reason why space cannot be infinite and populated everywhere by galaxies. There would then be an infinite number of galaxies, spread uniformly in clumps as we see them, extending through infinite space for ever and ever. This is the simplest, default assumption: what you see is what you get, everywhere. In discussions of the structure of the universe, this uniformity assumption is referred to as the cosmological principle. It is an application of a more general principle, called the principle of mediocrity– that there is nothing special or privileged about our location in the universe.

At the risk of confusing you, I should say that the cosmological principle does not necessarily imply an infinite universe. It is possible for the universe to be finite in volume without possessing a centre or an edge. These apparently contradictory properties can arise if we allow for the possibility of space being warped. Let me explain this by extending the elastic string analogy. Suppose the string were in fact a giant circular elastic band, expanding to a larger and larger radius
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6. Closed space

It is possible for three-dimensional space to be finite. The circular elastic band captures in one dimension the quality of space being closed, yet having no centre or edge (i.e. there is no centre or edge at any point on the band). As the ‘universe’ expands, the band stretches to a larger radius without upsetting the no-centre-no-edge property.

(see Figure 6). The beads are attached all around the band at regular intervals. There are neither end beads nor a central bead: all beads are truly equal, yet all beads move away from all others as the elastic loop is expanded. This is an example of a finite yet unbounded bead universe, made possible by allowing the elastic ‘space’ to be closed into a loop. Shortly I shall explain how real three-dimensional space might be closed in this manner. But first there is a more pressing issue to deal with.

The speed of light and the view from planet Earth

When astronomers peer at the heavens through telescopes they see distant objects not as they are now, but as they were when the light reaching the telescopes embarked on its journey across space. In this respect, a telescope is also a ‘timescope’. For example, if a nearby star exploded yesterday we would be blissfully unaware of this cataclysm for years, until the pulse of light announcing the star’s demise arrived on Earth. Looking farther afield, we see stars in the neighbouring Andromeda Galaxy as they looked about 2½ million years ago. More distant galaxies appear correspondingly older. The Hubble Space Telescope routinely records images of galaxies as they appeared long before Earth even existed. The oldest galaxies can actually be seen still in the process of formation, more than 12 billion years ago. So by penetrating farther and farther into space, astronomers can watch the history of the universe unfolding in reverse. Light may travel fast, but its speed is nevertheless finite – a fact that has very important consequences for the nature of the universe, as we shall now see.

As light traverses the expanding universe its wavelength stretches along with the stretching space. Because longer wavelengths of light appear redder in colour, the effect is referred to as the red shift. It was the fact that more distant galaxies look redder than nearby galaxies that first alerted Edwin Hubble to the expansion of the universe in the 1920s. It is the same effect that brings about the cooling of the cosmic background heat radiation.

The amount of red shift depends on how long ago (and hence how far away) the light was emitted. Working back towards the big bang, the red shift gets bigger and bigger. It is not at all uncommon these days to see photographs of galaxies (or quasars – the energetic hearts of some violently disturbed galaxies) whose light has been stretched to two or three times their original wavelengths, so the distance between us and those galaxies will have substantially increased in the time it has taken the light to reach us. Going much farther back in time (and out into space), we reach the epoch from which the CMB emanates. The temperature at that time was about 3,000K, hot enough to radiate in the ultraviolet region of the electromagnetic spectrum (see Figure 7). It corresponds to a red shift of about 1,100, which is big enough to stretch the wavelength all the way from ultraviolet, through visible light and infrared, into the microwave region of the spectrum. So what was emitted as (hot) ultraviolet radiation appears to us today as (cooler) microwaves because of the enormous factor by which the universe has expanded in the interim.

As I have mentioned, the CMB has travelled to Earth relatively
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7. The electromagnetic spectrum

Electromagnetic waves can have any wavelength. Although they are the same phenomenon, the names we give to them depend on the wavelength – shown here in units ranging from nanometres (nm) through micrometres (μm) to kilometres (km). The red shift due to the expansion of the universe causes radiation emitted in the ultraviolet region of the spectrum at 380,000 years after the big bang to have its wavelength stretched into the microwave region by the time we receive it.

undisturbed since about 380,000 years after the big bang. Before that time the temperature was too high for atoms to exist because the electrons would have been stripped away from the nuclei by the intense heat, i.e. the atoms were ionized. Physicists refer to a gas in this state as plasma. Plasmas scatter light strongly and so they are opaque: that is why we can’t peer inside the sun, for example, through the surface glare. Therefore, when WMAP detects the CMB, it is in effect seeing as far back in time as is possible with electromagnetic waves.6 No ordinary telescope or microwave antenna, however powerful, can penetrate the glowing fog beyond. Nevertheless, we can pretend that the gas isn’t there, and calculate what the red shift would have been at earlier epochs if we had an unrestricted view. Ten seconds after the big bang, the red shift would be roughly a billion; at one second it would be more than 3 billion. The red shift rises without limit as the moment of cosmic birth is approached. If, by some magic, visible light from one-thousandth of a second after the big bang could reach Earth today, its wavelength would be so red-shifted that it would be received by us as very long wavelength radio waves.

There is a horizon in space beyond which we cannot see

How far back can we extend the notion of red shift? If the instant of the big bang corresponded to a state of infinite compression (later I shall discuss this more thoroughly) then the red shift would rise without limit as the light emanated from earlier and earlier moments. Light from the big bang event itself would therefore be infinitely red-shifted – if it could ever reach us, that is. An infinite red shift implies that we would actually see nothing at all: the radiation would convey no information. This, clearly, is a fundamental limit: we could not see beyond this point in space or this moment in time. Cosmologists refer to the limit as a horizon. The moment of the big bang, in this very simplified and idealized picture, is a horizon in space beyond which we can never see, even in principle, however powerful our instruments (and ignoring the opacity of the material). One way of expressing this restriction is to point out that in the 13.7 billion years that have elapsed since the big bang, light can have travelled at most 13.7 billion light years, and it is therefore no surprise that we cannot see beyond this distance. Such statements must, however, be treated with care. When we see a galaxy 13 billion light years away, we see it where it was located 13 billion years ago. Today, this galaxy will be much farther away from us because the universe has expanded greatly in the intervening time. So the distance to the galaxy depends on whether we are talking about the look-back distance (i.e. the distance to where the galaxy was, when its light was emitted, looking back in time) or the current distance. The farthest galaxies that we can see using the Hubble Space Telescope are now located about 46 billion light years from Earth.7

Another confusion often surfaces at this stage of the discussion. People will ask why, if the universe started out extremely shrunken in size, we have to wait so many years for light to reach us from regions of the universe that were, in the far past, located much closer. Why didn’t light from those regions quickly traverse the compressed universe and arrive in our region long ago? The answer to that question lies with the rate of cosmic expansion. As light moves across the universe, it is chasing after galaxies that are receding from the light’s source. Expressed differently, even as light crosses space, space itself expands ahead of it, so a pulse of light resembles a runner on a treadmill. As a result, the journey time becomes greatly extended.

The horizon has a significance beyond merely truncating our view of the universe. It is a fundamental tenet of the theory of relativity that no object or physical influence can exceed the speed of light (see Box 1). Therefore an event that occurs beyond our horizon not only cannot be seen, it cannot exert any physical effect on us at this time, and vice versa. As we shall see, this restriction on the operation of cause and effect turns out to be an important factor in our attempts to understand the structure of the universe.

Different definitions of ‘the universe’

The existence of a light horizon introduces a great deal of muddle into what is meant by the word ‘universe’. Some authors are lamentably vague about the term; I need to be more precise. So here goes.

The observed universe

This is all of space and its contents out as far as our instruments can currently probe. A century ago, the observed universe consisted of little more than our galaxy and its near neighbours, but with the development of bigger telescopes astronomers can now see almost as far as the horizon. These days the observed universe virtually coincides with the next definition:


1. Why light sets the cosmic speed limit

Why can nothing travel faster than light? One way to approach this question is to ask what happens if you try to make a physical object break the light barrier. This experiment can be done with charged subatomic particles such as electrons, which can be sped up in particle accelerators to speeds approaching that of light.

According to Einstein’s special theory of relativity, published in 1905, the mass of a particle depends on its speed. This is a consequence of the famous E = mc2 formula, where c denotes the speed of light. Associated with motion is a form of energy (called kinetic energy), and the formula tells us that energy (E) has mass (m). Because a moving object has more energy than a static one, it must have more mass. At everyday speeds we don’t notice that moving objects are heavier than static ones – the factor c2 in the formula implies that everyday amounts of kinetic energy contribute only a minuscule additional mass. However, at speeds close to that of light the mass of the kinetic energy rivals that of the mass at rest. At 87 per cent of the speed of light, the kinetic energy weighs more than the rest mass. At still faster speeds, the total mass starts to escalate. What then happens is a case of diminishing returns. More and more of the effort expended in trying to accelerate the particle goes into making it heavier, and less and less into making it move faster. As light speed is approached, the mass of the particle rises without limit, making it impossible to increase its speed any more. The light barrier is therefore unbreakable.

Now for a bit of terminology. The mass of a particle at rest is called, naturally enough, its rest mass. The total mass of a moving particle is called its relativistic mass, and consists of the rest mass plus the mass associated with the energy of motion. When physicists refer simply to ‘the mass’ of a particle, they usually mean the rest mass. A photon is said to have zero rest mass, but it can never be at rest: it travels always at the speed of light. It certainly has non-zero relativistic mass (proportional to its frequency, in fact).

The blithe statement that ‘nothing can travel faster than light’ is actually a bit misleading. Special relativity forbids a material object from passing another at a speed faster than the speed of light. But special relativity is a restricted part of the general theory of relativity: the latter takes gravitation into account and permits such things as the expansion of space. In these circumstances, the no-faster-than-light rule is transcended. Distant galaxies, for example, can be effectively retreating from us at faster than light speed. This does not contradict the rule as applied within special relativity, which refers to a local situation and not to the global motion of the universe.



The observable universe

Taking into account that we cannot see beyond the horizon, the observable universe means ‘everything within the horizon’. Over time, the horizon expands: in another billion years it will be 14.7 billion light years in radius. So what is meant by the observable universe depends on when you are looking at it.8 The fact that there is a horizon doesn’t mean that there is emptiness beyond.9 You can envisage the horizon as the surface of an imaginary sphere 13.7 billion light years in radius, centred on Earth, moving out in all directions at the speed of light and determining the limits of how far we can see, even in principle. There is nothing special in this respect about Earth: each point in the universe will have its own spherical horizon around it, perhaps overlapping ours. Notice, however, that if you were to be instantly transported to a distant galaxy X, say 8 billion light years from Earth, then the horizon around X would extend into regions of space that we here on Earth cannot see at this time. We don’t know what lies over our cosmic horizon, but it seems reasonable to suppose that it’s more of the same, and that the view from galaxy X should not therefore be a lot different from ours. The simplest assumption is that the region of space within our horizon is typical of the entirety: this is the principle of mediocrity again. If so, then we can formulate a third definition:

The entire universe

This includes all of (possibly infinite) space, within and beyond our horizon, plus all of its contents, on the said assumption that the observed universe is typical of the whole. Later we shall see that this simple view of the universe, based on an uncritical application of the principle of mediocrity, is now being challenged, leading to yet another definition:

The pocket universe10

This is the region of space out as far as it resembles the observable universe we see today (which may extend a very long way indeed – far beyond our horizon). But if we inhabit a pocket universe there would be a boundary somewhere, far, far away, beyond which things would look very different. There would, however, be other pocket universes scattered far and wide in this region beyond, some resembling ours, but most of them not. Therefore, our pocket universe would probably be very atypical, implying that the principle of mediocrity fails if we consider the entire collection of pocket universes. This leads to the final definition:

The multiverse

Roughly speaking, this is the collection of all pocket universes (probably infinite in number) plus the gaps in between. Some authors prefer the term ‘megaverse’. I shall have much to say about the multiverse in later chapters.

Warped space

So far I’ve been concentrating on astronomical discoveries. But cosmology would not be a true science if it lacked a framework of physical theory within which these discoveries can be understood. The theoretical basis of modern cosmology was established almost a century ago by Einstein in the form of his general theory of relativity. The theory was published in 1915, in the dark days of World War I, but this did not stop astronomers and physicists from both sides of the conflict taking a keen interest in what it had to say about cosmology. The general theory of relativity, or general relativity as it is normally abbreviated, was designed to replace Newton’s seventeenth-century theory of gravitation. In cosmology, gravitation is the dominating force, overwhelming all others because of the vast mass of the cosmos, so it is to gravitational theory that cosmologists turn to understand the expanding universe.

Einstein’s brilliance was to spot that although gravitation manifests itself as a force, it may also be understood in a completely different way, in terms of ‘warped geometry’. Let me explain what this means. The rules of geometry we learn at school date from the time of ancient Greece: the subject is often referred to as Euclidean geometry, after Euclid, who wrote it all down. There are many well-known theorems that can be proved from Euclid’s axioms, for example the famous one named after Pythagoras. Another well-known theorem is that the angles of any triangle add up to two right angles (180°). These properties of lines, circles, triangles, and so on are watertight, but they come with one important proviso: they apply to flat surfaces. The theorems work correctly on blackboards and sheets of paper on school desktops, but they do not work on curved or warped surfaces such as globes. Pilots and navigators are well aware of this, and they have to use different geometrical rules to cope with the Earth’s curvature. For example, on the Earth’s surface a triangle can contain three right angles (see Figure 8).

If two-dimensional surfaces can be either flat (Euclidean geometry) or warped (non-Euclidean geometry), could three-dimensional space also have either ‘flat’ (Euclidean) geometry or warped geometry? Before Einstein, almost everyone assumed that space had ‘flat’ or Euclidean geometry, straightforwardly extended from the rules we learn for two dimensions. But there is no logical reason why that must be so. Some nineteenth-century mathematicians toyed with the idea that the geometry of three-dimensional space could be a generalization of curved surface geometry. They worked out the geometrical rules for this ‘warped space’, but at the time it was treated simply as a mathematical game. All that changed with general relativity. Einstein
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8. Warped space

On a spherical surface the rules of geometry differ from those on a flat sheet. For example, a triangle may contain three right angles – such as this triangle on Earth’s surface, with its apex at the North Pole and its base along the equator. The two-dimensional spherical surface represented here is an analogue of warped three-dimensional space.

proposed that a gravitational field can warp three-dimensional space, necessitating the use of non-Euclidean geometry to describe it.

What, then, is curved space? One way to imagine it is to think of a triangle drawn around the sun (see Figure 9). Importantly, this must be a flat triangle (i.e. it lies in a plane). Now measure the angles and add them up. If Euclid’s geometry applies to this situation, the result will be 180°. Einstein, however, claimed that the answer should be slightly greater than 180°, even though the triangle is flat, because the sun’s gravitational field warps the three-dimensional geometry of the space around it. This experiment can actually be done (more or less) by bouncing radar waves off Venus and Mercury and doing triangulation. It turns out that Einstein is right – space really is curved rather than flat. (There is an important terminological nicety here: when cosmologists talk about ‘flat’ space, they don’t mean space flattened

[image: Image]

9. The sun’s spacewarp

If a flat triangle is drawn round the sun, the angles add up to a bit more than 180° because the sun’s gravitational field distorts the geometry of space in its vicinity. An equivalent way to think about this phenomenon is that the sides of the triangle are the straightest lines possible in the curved geometry. If light beams were directed along the sides of the triangle, it would seem to the receiver on the far side of the sun that the beams had been slightly bent by the sun’s gravity.

to a pancake, they mean three-dimensional space with Euclidean geometry.) Sometimes the curved geometry near the sun is described by saying that the sun’s gravity bends light rays passing near it, in which case the triangle would have distorted angles because the sides are wonky. This is true: it is an equivalent way to think about curved space, with the important point that the wonky sides are actually the straightest possible lines that can be drawn in the warped geometry, so it isn’t just a matter of straightening the bent light beams out and recovering Euclid’s results. The space is irreducibly curved, and no amount of manipulation will make it conform to Euclidean rules.

The warping of space around the sun, although detectable, is nevertheless tiny. Its existence was confirmed by the English astronomer Arthur Eddington, who measured the bending of light by observing the slight displacements in the positions of stars in the same part of the sky as the sun during the 1919 total eclipse. Eddington’s star beams were bent by the amount that general relativity predicted, and this dramatic confirmation elevated Einstein to celebrity status. The spacewarp is small because the sun’s gravitational field is weak by astronomical standards. Today we know of other objects in space with much larger gravitational fields that bend light more noticeably. One striking example occurs when a galaxy interposes itself between Earth and a more distant light source. Under these conditions, the galaxy bends the light around it on all sides, rather like a lens, causing the image of the distant source to be smeared out in an arc. In some cases, the image forms a complete ring, known appropriately enough as an Einstein ring. The most extreme bending of light – or warping of space – occurs around a black hole. In this case the spacewarp is so strong that it actually traps light completely, preventing it from escaping.

I have simplified the foregoing account in one important respect. In his earlier, so-called special theory of relativity, published in 1905, Einstein demonstrated that space is linked to time in a manner that makes it natural to consider the whole package – spacetime – together. Space has three dimensions and time has one, making four dimensions in all.11 Hermann Minkowski, one of Einstein’s mathematics teachers, worked out how to modify the rules of Euclidean geometry to describe four-dimensional spacetime. When Einstein went on to generalize his theory of relativity in 1915 to include gravitation, he proposed that it is spacetime that is warped, and not merely space. Distorted spacetime geometry may imply warped space, warped time, or both. In the foregoing discussion of the spacewarp around the sun, I have ignored the time aspect. That is important too, and the sun’s (tiny) timewarp has also been measured. In fact, Earth’s even smaller timewarp is measurable; it manifests itself by the fact that clocks tick very slightly faster at higher altitudes – on a mountain top, say – than at sea level. (For more on tests of general relativity, see Box 2.)


2. Tests of Einstein’s general theory of relativity

When Einstein published his general theory of relativity in 1915 (building upon the special theory of 1905) he proposed three tests which could be performed by making observations from within the solar system. The first of these was the bending of starlight, described on p. 42. The second test had to do with the orbit of the planet Mercury. The warped spacetime around the sun causes the orbits of the planets to execute a slow twisting motion, technically known as precession of the perihelion. A similar, but much larger precession is caused by perturbations by other planets. For Mercury, the predicted small correction due to relativity is 43 arc seconds per century. Although tiny, it had already been measured by astronomers and its cause was something of a mystery. General relativity explained it exactly.

The third test concerned the effect of gravitation on time: clocks run slower in a gravitational field. In fact, all physical processes are slowed, and this includes the emission of light. Einstein pointed out that light from the sun should be shifted slightly to the lower-frequency end of the spectrum as a result of the sun’s gravitational field, an effect known as the gravitational red shift. This is hard to measure for the sun, but in 1960 the prediction was verified quite accurately by utilizing Earth’s gravity. The experiment consisted of sending gamma-ray photons up a tower at Harvard University and using an ultra-sensitive nuclear resonance technique to detect the tiny shift in frequency.

Advances in astronomy have revealed objects in space with huge gravitational fields, for which the effects of general relativity are far greater than they are within the solar system. For example, pairs of neutron stars in close orbit have been used to confirm many of the theory’s predictions to high accuracy. Black holes are another extreme prediction of general relativity, and their properties are being actively studied by astronomers. Gravitational lensing (see p. 42) provides an additional test.

With the invention of atomic clocks and lasers, it has become possible to test the predictions of general relativity to greater and greater accuracy and in many more situations. Indeed, relativistic effects have now entered the world of practical engineering. The Global Positioning System used by drivers and pilots operates by comparing accurately timed signals from a network of orbiting satellites, and the computer algorithm must factor in the time-warp effects of both gravitation and motion.

One prediction of the general theory of relativity remains incompletely tested. In 1918 Einstein showed how moving masses can generate gravitational waves. These are analogous to electromagnetic waves, and also travel at the speed of light. However, because gravitation is so much weaker than electromagnetism, the effects of gravitational waves are extremely small. One way to envisage them is as ripples in the curvature of space, so that if a gravitational wave passes by it will cause all bodies to vibrate very slightly. Detectors have been built to try to spot this effect, but so far without success. However, a binary neutron star system that has been studied for many years shows clear signs of orbital decay due to the emission of gravitational waves, so their existence has been confirmed indirectly.



Einstein’s finite but unbounded universe

The observable universe contains about 1050 tonnes of visible matter in the form of stars, gas and dust, all of which combines to create a powerful gravitational field. Because gravitation warps the geometry of space, an interesting question immediately arises: what is the overall shape of the universe? By this, I don’t mean how the galaxies are distributed in space. What I am referring to is the shape of space itself, considered on the grand scale of the cosmos. This was the problem Einstein set out to address in 1917, two years after he first presented his general theory of relativity. By applying the idea of warped space to cosmology he was able to construct a mathematical model of the entire universe. Although the model turned out to be rather wide of the mark, it introduced into cosmology several important features.

As I have explained, the sun creates a small distortion of space in its vicinity. Others stars create similar localized distortions. The question I am now considering is how all these distortions combine together. Will the curvature be cumulative, so that when we come to consider clusters of galaxies the spacewarp will be getting seriously big, or will the distortions tend to cancel each other out? In Einstein’s mathematical model of the universe the curvature accumulates so that, averaged out over billions of light years, the shape of space resembles a three-dimensional version of the surface of a sphere, which is referred to as a hypersphere. Don’t worry if you can’t envisage a hypersphere. The important point is that it makes good mathematical sense, and its properties are easy to calculate by generalizing the geometry of familiar two-dimensional spherical surfaces.

An important property concerns the volume of space. In Einstein’s hyperspherical universe space is finite (just as the Earth’s spherical surface is finite). This means that space (in Einstein’s model) does not extend for ever – thus contradicting what my father taught me. Another important property of Einstein’s universe is that it is uniform (on average). The same is true, of course, of the surface of a sphere. There are no distinguishing features that single out any particular spot on a spherical surface as special; there is no centre or boundary. (The Earth has a centre, of course, but the surface of the Earth has no centre.) So Einstein’s universe would look the same from any galaxy, precisely as astronomers observe. It is therefore finite yet unbounded – unbounded in the sense that there is no edge or barrier to prevent an object travelling from one place to any other place in the universe. Yet there are a limited number of places to go, in the same sense that there are a limited number of places to visit on the Earth’s surface. And just as one can circumnavigate the Earth by always aiming straight ahead – returning home from the opposite direction – so one could in principle go round the Einstein universe, by aiming in a straight line, never deviating and returning from the opposite direction to that in which you had set out. Indeed, with a powerful enough telescope, you could look right around the Einstein universe and see the back of your own head! This model of space is the three-dimensional generalization of the elastic loop that I described earlier in the chapter (Figure 6., p. 31).

One of the difficulties people have in conceptualizing a hypersphere is with the troublesome issue of ‘what lies in the middle’. They think of a spherical two-dimensional surface, such as a round balloon, and say, ‘well, the balloon has air inside it’. The issue of what the Einstein universe ‘encloses’ is a bit of a red herring, however. We humans, and the universe we perceive (at least those parts of it we have so far perceived), are restricted to three dimensions of space, so the issue of what, if anything, lies ‘inside’ Einstein’s three-dimensional hyper-spherical space is moot. If it helps, you can envisage this ‘interior’ region as a fourth dimension of space (empty, or filled with green cheese for that matter), but because we are trapped in the hyperspherical three-dimensional ‘surface’ it doesn’t make a jot of difference to us whether the interior region is there or not, or what it contains. Much the same goes for the exterior region, the analogue of the space outside the balloon.12

To ram this point home, since it proves so hard for people to grasp, try to put yourself in the position of a pancake-like creature restricted to life on the surface of a round balloon. The pancake might conjecture about what lies inside the balloon (air, empty space, green cheese…), but whatever is there doesn’t affect the pancake’s actual experiences because it cannot access the space inside the balloon, or receive any information from it. Furthermore, it is not even necessary for there to be anything at all (even empty space) inside a spherical surface for an inhabitant of the surface to deduce its sphericity. That is to say, the pancake doesn’t need a god’s eye-view of the balloon to conclude that its world is spherical – closed and finite, yet without boundary. The pancake can deduce this entirely by observations it can make from the confines of the spherical surface: the sphericity is intrinsic to the surface, and does not depend on it being embedded in an enveloping three-dimensional space. How can the pancake tell? Well, for example, by drawing triangles and measuring whether the angles add up to more than 180°. Or the pancake could circumnavigate its world. In the same vein, humans could deduce that we are living in a closed, finite, hyperspherical Einstein space without reference to any higher-dimensional embedding or enveloping space, merely by doing geometry within the space. So the existence or otherwise of an ‘interior’ or ‘exterior’ region of the Einstein universe, not to mention what it consists of, is quite simply irrelevant. But if you would like to imagine inaccessible empty space there for ease of visualization, then go ahead. It makes no difference.

What shape is the universe?

All this is well and good, but was Einstein actually right about the universe being shaped like a hypersphere? Here, WMAP has been of immense help. Obviously, if the universe were seriously lopsided, it would show up in the pattern of microwaves from the sky. The fact that this radiation is so uniform already indicates that the universe, out as far as we can see, is at least fairly regular in shape.13 But what shape is it? Resorting again to a two-dimensional analogy, we can immediately identify two perfectly regular shapes: an infinite flat sheet and a perfect sphere. But there is a third shape, a sort of inverse of the sphere. Remember that on a sphere a triangle has angles adding up to more than 180°. Technically, the sphere is defined to be curved positively. What about a uniform surface on which the angles add up to less than 180°? This is a space with negative curvature. Such a surface exists, and it looks a bit like a saddle, but infinitely extended (see Figure 10). All three surfaces – with zero, positive and negative curvature – can be generalized to three dimensions. Since the 1920s, when cosmologists first realized that there were three different shapes for uniform space, they have wanted to know which one our universe most closely resembles.

A direct assault on the problem has been tried many times. Because the geometry of the three different spaces is different, astronomers ought to be able to tell simply by looking. Measuring the angles of a triangle over cosmic distances isn’t feasible, but there are other possibilities. Returning again to two dimensions, imagine drawing a series of concentric circles on a flat sheet. The area enclosed by each circle rises in proportion to the square of the radius: double the radius and the area is four times as great. But on the surface of a sphere this relationship goes wrong: the area increases with radius less rapidly. That’s easy to see, because if you tried to flatten a cap, you would have to cut wedges out of it, so it would fail to cover a disk of
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10. Negatively curved space

It is possible that, on the cosmological scale, space is uniform but curved outwards instead of inwards. The two-dimensional surface shown here is the analogue of such a negatively curved, three-dimensional space. It is infinite and homogeneous. The negatively curved geometry manifests itself in the distortion of a triangle, whose angles add up to less than 180°.

equivalent radius on a flat sheet. Similarly, the area on the saddle shape increases more rapidly than the square of the radius. Converting all this into three dimensions means that the volume of a region of space will rise as the cube of the radius if the universe is flat (three-dimensionally flat, remember, not pancake-flat). If the universe is a hypersphere, as Einstein suggested, the volume will increase less rapidly with radius, and if it is a ‘hypersaddle’ it will increase more rapidly. The volume of a region of space can be assessed by counting the number of galaxies it contains.

Some astronomers tried to establish the geometry of the universe in this direct way, but their results were inconclusive on account of the difficulty of measuring precise distances to far-flung galaxies, and other technical complications. However, the answer can be inferred from the WMAP data, by measuring the sizes of the temperature fluctuations – the hot and cold (light and dark) splodges in Figure 3. (p. 21). Before WMAP was launched, theorists had already worked out how big the physical sizes of the strongest fluctuations should be. Converting that into apparent angular size in the sky depends on the geometry of space: if the universe is positively curved it would make the angles appear larger, while negative curvature would make them smaller. If the universe is geometrically flat (i.e. has Euclidean geometry), the angular size of the strongest hot and cold fluctuations should be about 1° across. The results that flowed back from the satellite were definitive.14 The fluctuations were very close to 1° in size, a result confirmed by ground-based and balloon-based experiments. Cosmologists then declared that, to within observational accuracy of about 2 per cent, space is flat.15

The universe might weigh nothing!

How can space be flat overall when the sun and stars distort it locally? Obviously something in between the stars must make space curve the other way to average out to zero. (Remember that space can curve both positively and negatively.) What is this something? The answer comes from Einstein’s famous equation E = mc2, which tells us that mass is energy, and energy has mass. I shall often refer to ‘mass-energy’ as a single concept in what follows. In estimating the mass of the universe we have to include all forms of energy, not just the mass of matter in the sun, the stars and other astronomical objects. Also contributing to the total mass-energy are the heat energy of the CMB, magnetic fields and cosmic rays. Last, but by no means least, is the gravitational field itself: gravity is a form of energy. But now we notice a curious fact. Imagine trying to pluck the Earth out of its orbit around the sun. You would have to do work – that is, expend energy – to draw it away against the sun’s gravitational pull. So the gravitational energy binding the Earth to the sun is negative (it requires work to sever the bond). If the gravitational field has negative energy, it must also have negative mass, and must be subtracted from the positive mass-energy of the sun and planets.

Let’s see how the negative gravitational energy comes into the total mass-energy of the universe. Within the solar system the amount of gravitational mass-energy is puny compared with the enormous mass of the sun. The overall mass of the solar system, even with all the gravitational binding energy included, is still large and positive. But when it comes to the universe as a whole it’s a different matter. One of the distinctive things about gravity is that it is universal: it acts between all particles of matter in the universe. So to work out the (negative) gravitational energy for the whole universe you have to tot up all the gravitational energy due to every object tugging on every other object: that’s a lot of tugs in all, even if for each star the vast majority of the others are enormously distant. A simple estimate of the gravitational energy binding all the galaxies to each other gives an effective mass for the gravitational field (using E = mc2) of about minus 1050 tonnes, which is roughly equal (and opposite) to the mass of all the stars and other stuff. The fact that the two very large numbers are of the same order, and of opposite sign, suggests very much that they are doing their best to cancel each other and make the net mass of the universe zero!

Einstein’s general theory of relativity provides a link between the mass of the universe and the geometry of space (see p. 140). Specifically, if the total mass is positive – matter wins out over negative gravitational energy – then space is curved positively, like Einstein’s universe. If the mass is negative – gravitational energy wins out over matter – then space is curved negatively, like the saddle. If it is precisely zero then space is flat.16 Cosmologists knew for years that the positive and negative contributions to the mass of the universe roughly cancel out. But WMAP clinched it. To within the 2 per cent accuracy of the measurement, the satellite found space to be flat, which translates into the conclusion that the universe contains no net mass at all! And that, as we shall see later, is yet another one of those ‘coincidences’ that is needed for a life-permitting universe.

How many dimensions are there?

In 1884 the splendidly named English clergyman Edwin Abbott Abbott published the revised edition of his book Flatland, which was destined to become a classic, and is still widely read today.17 The author prefaces his work with a curious dedication:

To
The Inhabitants of SPACE IN GENERAL
And H. C. IN PARTICULAR
This Work is Dedicated
By a Humble Native of Flatland
In the Hope that
Even as he was Initiated into the Mysteries
Of THREE Dimensions
Having been previously conversant
With ONLY TWO
So the Citizens of that Celestial Region
May aspire yet higher and higher
To the Secrets of FOUR FIVE OR EVEN SIX Dimensions
Thereby contributing
To the Enlargment of THE IMAGINATION
And the possible Development
Of that most and excellent Gift of MODESTY
Among the Superior Races
Of SOLID HUMANITY

For those readers who aren’t familiar with Flatland, it is a story about life in two dimensions, and the bewilderment of two-dimensional creatures, unable to envisage ‘up’ and ‘down’, having to confront processes in three dimensions. The implication of this story is that we human beings are equally bewildered when trying to imagine a world with more than three dimensions (at least, this human being is). But the mere fact that we find something hard to visualize is no argument against its being correct. I find it hard to envisage a billion dollars, but apparently some people actually possess such sums of money.

For Abbott, the possible existence of extra dimensions of space was merely an amusing diversion. He had no evidence that space actually possesses more than three dimensions and no reason, based on the physics of his day, to postulate such a thing. (I am not referring to the fact that time is sometimes described as the fourth dimension, which is different entirely.) But forty years after Abbott’s book appeared, the possibility that space might actually have four dimensions rather than three was seriously suggested by a German mathematician named Theodor Kaluza. Before I get into Kaluza’s theory, I should explain what I mean by an extra dimension of space. Familiar three-dimensional space permits movement in three mutually perpendicular directions: for example, up-and-down, back-and-forth and side-to-side. Any movement must involve a displacement along one, or a combination, of these three directions. There is simply nowhere else to go. A fourth dimension would allow a fourth direction, lying perpendicular to the other three. Clearly you cannot have that in familiar space, but one can study a fictional space with such a property. It isn’t much harder to do the same for five, six or more dimensions; scientists and engineers routinely use such constructions in their work, as a helpful computational device.

So now we get to the main issue. Might the universe actually have four (or even more) space dimensions? The knee-jerk answer is no, because we can see it hasn’t. But let’s not be too hasty. The fourth dimension might be there all right, but hidden from us in some way.

Hiding dimensions of space

How do you hide a dimension of space? There are two different ways to do it. The first was suggested in the 1920s by the Swedish physicist Oskar Klein. His idea is very simple. Imagine viewing a garden hose from a distance; it looks like a wiggly line. On closer inspection, however, the line turns out to be a two-dimensional sheet rolled into a thin tube (see Figure 11). What at first appears to be a point on a line is in reality a little circle around the circumference of the tube. In the same way, perhaps what we take to be points of three-dimensional space are really little circles going around a fourth dimension. If the circumference of these circles were much smaller than an atom we wouldn’t notice the presence of the extra space dimension from casual observation; it would be revealed only from careful experimentation in subatomic physics.

There is no limit to the number of extra dimensions that can be rolled up – or ‘compactified’, to use the official jargon – in this manner. But with more than one extra dimension there is an increasing variety of ways to compactify. For example, two extra dimensions could each

[image: Image]

11. How to hide a space dimension

From a distance, a garden hose looks like a wiggly one-dimensional line, but on closer inspection we see that it is really a thin tube. The point P is actually a little circle going around the extra, second dimension. Space could be like this: each point in space might, at sufficiently high magnification, be revealed as a little circle going around a fourth space dimension.

be rolled up individually like the garden hose. But they could also be combined together and folded into a tiny sphere. Mathematicians refer to these alternative shapes as different topologies. The number of possible topologies rises sharply as more and more extra dimensions are added. When discussing the shape of space, therefore, we must specify not only how many dimensions there are in total, but which ones are ‘large’ (like the three dimensions we see) and which are compactified (and so unseen). Furthermore, we must specify the geometry and topology of the compactified dimensions too. Later we shall see that extra compactified dimensions of space play a crucial role in string theory and other attempts to construct a unified theory of physics.

There is a second way in which an extra dimension might be hidden from casual view. What if we are somehow trapped, Flatland-like, in the three space dimensions we observe? That is, the particles of our bodies, and all the objects around us, ‘live’ in a three-dimensional space, and are not free to move in the extra dimension. Obviously this trapping arrangement must also affect light, or we would be able to see the fourth dimension even if we couldn’t move in it. This trapping idea isn’t completely ad hoc, but emerges naturally in some theories of fundamental physics known as ‘brane’ theories, by analogy with the word ‘membrane’ (being a two-dimensional sheet embedded in three-dimensional space). Thus, our three-dimensional universe could be a three-brane embedded in four space dimensions. Brane theories are popular in some quarters, and they make specific predictions about the nature of gravitation and the behaviour of subatomic particles that might be testable. As yet, though, there is no experimental evidence that we are living in a three-brane, just a lot of intriguing mathematical theory.18

The fact that space could have any number of ‘large’ dimensions raises the fascinating question of why nature has selected three. Is there anything special about the number three? In the 1950s the English mathematician Gerald Whitrow19 pointed out that if space had four dimensions and the laws of gravitation and electromagnetism remained unchanged, we’d be in for trouble. The inverse square law would become an inverse cube law, and a simple investigation reveals that planetary orbits would be unstable: Earth would soon spiral into the sun. Similar stability problems afflict atoms. In five or more dimensions the problems get worse. And if there were just two dimensions, waves would have trouble propagating and reflecting, leading to complicated effects that might compromise the ability of complex systems to behave coherently. Whitrow concluded that life would be impossible in a space with a dimensionality other than three. Two dimensions are too few, four dimensions are too many, but three dimensions, Goldilocks-like, are just right. So we have come across another one of those bio-friendly features in need of explanation.

Key points

• The universe began with a hot big bang 13.7 billion years ago, and is still expanding. The expansion is best envisaged as the stretching of space between the galaxies.

• Space is filled with heat radiation that is a remnant, or afterglow, of the hot early phase of the universe. The cosmic microwave background (CMB) radiation has been intensively studied, most notably by the WMAP satellite, because it contains lots of important data about the history and structure of the universe.

• Fluctuations in the CMB reveal the seeds of the large-scale structure of the universe (clusters of galaxies).

• The universe has no discernible centre or edge.

• Because light travels at a finite speed, there is a maximum distance, or horizon, in space beyond which we cannot see.

• Gravitation is described by Einstein’s general theory of relativity in terms of warped space (strictly, warped spacetime). Spacewarps are familiar to astronomers.

• Even though space is warped locally, by stars and galaxies, overall the geometry of the universe seems to be flat (Euclidean). Einstein’s general theory of relativity then predicts that the universe should have zero total mass: the positive mass-energy of matter is exactly cancelled by the negative mass-energy of the gravitational field of all the matter in the universe.

• There may be additional dimensions of space over and above the three we perceive. Some theories of physics require this. Extra dimensions can be concealed from view, for example by rolling them up to a tiny size.
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