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1 Absolute Beginners


Relativity is at the heart of this book. We’re used to relativity meaning a complex bit of physics dreamed up by Albert Einstein – and Einstein’s work is certainly part of it. But there is far more to relativity than that.


To get a feel for relativity at its basic level, we need to take a trip to 1624 to join Galileo on Lake Piediluco in Umbria, central Italy. According to the story, he was being rowed by several oarsmen along the beautiful lake, taking a group of friends on an outing. They were travelling across the water at a good speed by the measure of the day. Galileo is said to have asked one of his friends, Stelluti, if he could borrow a heavy object. Stelluti reluctantly handed over his house key. Four hundred years ago this was not going to be a delicate little Yale key, but was a big iron object – and a one-off that would be hard to replace.


To Stelluti’s horror, Galileo took the key from him and hurled it as hard as he could, straight up in the air. The boat, remember, was being powered across the water at a considerable speed. So Stelluti was all ready to leap into the lake, fearing the boat would slip away as the key fell, leaving the precious object behind to drop into the water. His friends had to restrain him, but of course the key neatly dropped back into Galileo’s lap.


Whether this story is true is a matter of debate – Galileo accumulated plenty of tales that have little factual evidence to support them. But what certainly was justified was Galileo’s confidence in what would become known as relativity. Stelluti had made the very natural assumption that the fast-moving boat would slip out from under the key while the heavy metal object was in the air. However, he hadn’t thought through what is truly meant by ‘moving’. Galileo had.


In the frame


Relativity comes into play whenever we undertake anything that involves a ‘frame of reference’ – the specific environment and circumstances in which it is observed – as happened on Galileo’s boat. It’s both a way of looking at things and an essential requirement to understand how they interact. We use relativity to understand the aspects of physical reality that have no meaning in isolation, but need a frame of reference to give them context. This relativity can involve anything from detecting movement to exploring our place in the universe. Relativity explains how much damage will be caused by a car crash, how we can travel through time, and how gravity does its job. It can be difficult to get a feel for the role of relativity and why it frequently seems to run counter to our common sense expectations: to get a firm grip on this, we are going to build our own universe from scratch.


This is clearly a major undertaking. Realistically, of course, we can only skim the surface of the complexities of the universe. But even so, it will be sufficient to explore the multi-faceted nature of relativity.


The concept of a frame of reference is going to be the central theme in uncovering relativity’s role. A frame of reference is the context in which something operates. It can be purely physical. Take a simple statement that you might see in a play script: ‘Emma walks from left to right.’ Without a frame of reference, we don’t know whose viewpoint we are taking. Are we looking at the stage from the audience, or are we at the back of the stage, looking out onto the auditorium? Without a clear frame of reference, we have no idea in which direction the actor playing Emma is walking. So scripts will usually say ‘Stage left’ or ‘Stage right’ to make the context clear.


Of themselves, terms like ‘left’ and ‘right’ are relative. A frame of reference is needed to make sense of them. Such physical frames give us the most basic form of relativity. So, for instance, when Galileo was on the lake, it was certainly true that the boat was moving when compared with the shore or with the water. That was self-evidently factual. But that movement could not be considered universal. If the boat were moving in the passengers’ frame of reference, for example, they would soon be left behind and would suffer a soaking. As far as they were concerned, the boat wasn’t moving at all. It was the water and the shore – in fact the whole Earth – that was moving backwards for them.


This should have been obvious if, for instance, one of them had put his fingers into the lake. He would feel water moving backwards against his skin. And the same went for the key. In the boat’s frame of reference the key wasn’t moving backwards or forwards, just up and down. So it inevitably fell back into Galileo’s lap, rather than being left behind in the boat’s wake.


There was a hint of reasoning that made Stelluti’s misunderstanding forgivable. Once the key left the boat, the boat and the key had different forces acting on them. Both were being pulled downwards by gravity. Both were being slowed down by air resistance, also known as drag. But the boat also had two other forces at play – the much stronger drag from the water, and the force of the oars pushing it forwards. Given enough time in the air, with nothing to push it forwards, the key would have been slowed a little by air resistance and if the key had spent long enough in the air, the boat would eventually have overtaken it. But in practice, for such a heavy object, the impact of air resistance was tiny. If Galileo had thrown a sheet of paper into the air, the result might have been quite different.


However, leaving aside these differing forces, the fact remains that when it was thrown, the key was only moving up and down with respect to the boat. In the boat’s frame of reference, it was the Earth that was moving, including the water of the lake, not the boat. Galileo generalised this concept to state that if a boat were moving steadily, and it were totally enclosed with no windows so that it was impossible to see what was happening, and it were insulated from any air movement that could be felt, then there was no physical experiment that could be done inside the boat that would indicate that it was moving.


The human touch


In building a universe from scratch, we need to take in all the physical requirements to make Galileo’s relativity possible – and we need to add Einstein’s twin works on relativity into the mix, the special and general theories, which include factors that Galileo never considered. However, in trying to understand how human beings fit into the universe, we will have to go further still. If our constructor kit universe is to have humans, it first needs life. And central to the development of life is evolution. Just like stage directions, we can’t understand evolution without a frame of reference. Here, though, rather than involving orientation, the reference frame is the environment that makes evolution possible. Evolution is a response to something, whether it is competitors, available resources or even the impact of a DNA reading error producing a mutation. Hence evolution needs a frame of reference, putting relativity at its heart.


When we consider humans, there is one further step to take. We must bring in human creativity, which itself establishes a final type of frame of reference. This is the way we see the world, or the part of it that is involved in a problem we need to solve, an idea we need to generate, or something new we are going to create. Such frames of reference involve relativity just as much as the physical ones, but this is the relativity of understanding and ideas.


This aspect was highlighted by a famous television show from the 1970s, Jacob Bronowski’s The Ascent of Man. I still have my parents’ copy of the book of the series – the only such book they ever bought. Bronowski, who died shortly after the series was made, was born in Poland and educated at Cambridge after his parents moved to Britain. He spent much of his working life at Cambridge, apart from a period towards the end of his career at the Salk Institute in San Diego, California.


A mathematician who worked in the applied maths field of Operational Research during the Second World War, Bronowski later turned to biology, giving him an unusual breadth of academic experience, which, coupled with a warm yet authoritative personal style, made him an ideal presenter of the series. What made the programmes special was the way Bronowski recognised that it was impossible to separate a history of science from the development of human culture – and the result was a celebration of the breadth of human achievement. As he put it in the book published to accompany the series:


Knowledge in general and science in particular does not consist of abstract but of man-made ideas, all the way from its beginnings to its modern and idiosyncratic models. Therefore the underlying concepts that unlock nature must be shown to arise early and in the simplest cultures of man from his basic and specific faculties. And the development of science which joins them in more and more complex conjunctions must be seen to be equally human: discoveries are made by men, not merely by minds, so that they are alive and charged with individuality.


What The Ascent of Man so graphically explored was not the development of science as some abstract, isolated collection of facts. Rather, it established science (and art) as a magnificent flowering that represents the peak of human culture. The title of the series put Bronowski’s viewpoint into context. The words are, of course, a play on the title of Darwin’s book The Descent of Man, but the implications of ‘ascent’ are clear and unequivocal. We might just be another mammal, in danger of making a mess of a crowded world. We might merely be the inhabitants of a small planet that is nothing more than a speck in a vast universe. But the cultural development that led to the human construct that is science was an impressive achievement.


As Bronowski made clear, science emerges from human culture, and yet it also has shaped and transformed that culture, embedding relativity into our understanding. Modern science can’t function without relativity. Frames of reference are essential to make measurements and predictions, to apply physical principles to the world around us. As science has changed our worldview, it has brought relativity to the fore.


Before scientific thinking took a hold, there was an assumption that almost everything around us was based on absolutes – ideals and universal truths that humans made efforts to uncover. Yet in reality, so much of nature as we increasingly understand it – from the existence of space and time to the technology that enables us to overcome our biological limits – depends on taking a relativistic view.


We are now able to use relativity to develop a wider understanding of our place in the universe, to tell a new version of ‘the ascent of man’.


Types and shadows


Early humanity was haunted by that need for absolutes, whether personified in the gods or made philosophical, for example in Plato’s doctrine of ideals. This was the notion that there is a pure and absolute reality somewhere out there, but that all we can experience in our human world is a faint reflection of those absolutes. Plato portrayed our existence as shadows, cast from the outer real world into the cave of our understanding.


More poetically known as ‘types and shadows’, this concept was reinforced in the eighteenth century as Kant’s Ding an sich (the ‘thing itself’), a vision of a kind of absolute reality that we can experience only via what Kant considered human-imposed concepts like time, space and causality. Even such absolutists employ a form of relativity – the relativity of the world we experience to the inaccessible frame of reference of the gods or Plato and Kant’s absolute realities. But as we build our universe from scratch in this book, we will see that accessible frames of reference are fundamental requirements of nature. This operates at the basic levels of physics, and as we add in life, the concept of evolution by natural selection will bring in its own need for context and a frame. Similarly, in Bronowski’s ascent, it is the reference frames used by the human mind and creativity that enable us to build on our natural capabilities to go further still.


As we will discover in Chapter 8, when we make use of creativity and innovation to produce the technologies that have transformed human existence, it is a result of consciously or unconsciously changing frames of reference. So when we come to put humans in place in the model universe that we are about to create, we need to be aware of the whole edifice of relativity that underlies our position, from basic physical relativity, through the relativistic process of evolution, to the way that human development has set us apart relative to other living things, given our uniquea abilities provided by science and technology.


Relativity for beginners


Human beings are inherently relativistic in the way we perceive the world around us. There is a whole business psychology industry built up around relativity in pricing and the way it affects our decisions on whether or not to buy something. Imagine, for instance, you set out to buy a pair of gloves for no more than £20. You see some priced at £40. Ridiculously expensive – you wouldn’t consider buying them. Then you see an identical pair at £29.99 and snap them up because they’re a bargain … even though they are nearly 50 per cent more than your budget. It was relativity that won you over. The same factor drives the ever-present concept of a sale, where we are impressed not so much by the ticket price but by how much we have saved – even though the original price might have been an amount that we would never contemplate paying. In the brain, relativity rules.


It is surprising, then, how little effort most of us make to understand relativity, and how rarely it appears in the educational syllabus, even in its Galilean form. Galilean relativity is a powerful yet simple concept. It might seem surprising that it didn’t occur to natural philosophers earlier, but it was an uncomfortable fit with the central concepts of cosmology and physics that dated back to the Ancient Greeks and that were only just starting to be questioned in Galileo’s day.


It’s a mistake to be too blanket-like in describing Greek scientific views. There wasn’t a single agreed best approach that lasted throughout the Ancient Greek period. For example, a number of cosmologies were put forward to describe the structure of the universe over a period of 600 years or so. But it was ideas primarily from Aristotle and Plato that were given the most weight in Galileo’s time, some 2,000 years later. Largely ignored after the fall of the Roman Empire, the knowledge of the Greeks was rediscovered by Arab scholars, whose translations and commentaries reached the West from the twelfth century onwards. Each of Plato and Aristotle has an important bearing on our story.


As we have seen, Plato’s doctrine of ideals provided a universal reality, a fixed point against which the shadows of our everyday existence could be measured. Soon after this was established, Plato’s brightest pupil, Aristotle, had firmed up a cosmological picture in which the Earth was the centre of the universe and its position there was fundamental to the behaviour of everything we experienced. This is because his worldview was built on the concept of everything being made of the four elements: earth, air, fire and water. Each of these elements had a natural tendency. Earth and water were influenced by gravity, which meant having a natural desire to be at the centre of the universe. Air and fire were in the grip of levity, which meant that their natural tendency was to move away from the centre of the universe.


Add to this Aristotle’s notion that apart from these tendencies, things needed to be pushed to keep moving or they naturally stopped (when they were as close as they could reach to their gravity/levity destination), and there was a mindset in place that made it difficult to make the leap to relativity. In Aristotle’s universe there were clear absolutes. There was only one centre of the universe and it was uniquely and inevitably the location of the stationary Earth. This fixed the concept of what it meant to be moving. To have an absolute concept of movement you need a fixed, an absolute, reference point, and the Earth as the centre of the universe provided this. So, with an Aristotelian viewpoint, the boat on Lake Piediluco was moving however you looked at it, and required a constant push from the oars to keep it going. The key had no such push, so was going to be left behind. Galileo threw away the misleading absolute fixed Earth, making relative positions and movements the only ones that mattered.


Since Galileo, we have had no such excuse for ignoring relativity. We may teach the basics behind some aspects of Galilean relativity at school, but it is never pulled together into a coherent whole. And it is certainly never identified as being relativity. It was notable that on an edition of the TV show QI, the comedian Dara Ó Briain, who has a physics degree, couldn’t name Galileo as the originator of physical relativity.


If Galilean relativity is ignored as a concept at school, Einstein’s theories of relativity seem to be positively avoided. Their reputation for being incomprehensibly complex puts off any attempt to teach them. Shortly after Einstein published his masterpiece on gravity, the general theory of relativity, the British astrophysicist Arthur Eddington was asked if it were true that only three people in the world understood the theory. Eddington is said to have replied: ‘Who is the third?’


This made a good soundbite, but it was a poisonous philosophy that has tainted the way we regard and teach knowledge of the physical world. While it’s true that the mathematics of the general theory of relativity was so challenging that Einstein had to get help to understand it, the basic concepts behind his special and general relativity are approachable by anyone. And they should be understood by everyone. Yet at the moment we teach physics in schools that mostly dates back to the nineteenth century with only passing acknowledgement of the breakthroughs in knowledge that have occurred since then.


The argument for this approach is that students need to have all the basics of classical physics before they can start to add in the complexities of the key additions of the twentieth century, relativity and quantum theory. And yet that idea comes from a misunderstanding of the purpose of teaching science to children. We don’t need to spend the first four or five years of secondary school hammering in the (often tedious) basics of Victorian physics. For the majority who will learn no more science, it’s a waste of time that totally destroys the enthusiasm that everyone seems to have for science until the end of primary school. And for the minority who go on to study science in depth, it would be trivial to pick up what is omitted in the basic canon as they go along with more advanced matters.


How much better it would be if we could combine a clearer understanding of what science is and how it is undertaken with more context for where our scientific ideas have come from, based on our current understanding, not a curriculum frozen in the nineteenth century. Again, in our understanding of science, the frame of reference is key. Certainly we should talk about Newtonian mechanics and gravity – but as context for our current theories, rather than all that gets mentioned in any detail.


The omission of relativity, for instance, from secondary school teaching is a terrible mistake, because Galilean relativity is still important in every aspect of life and in the universe. And when we do get on to Einstein, the mathematics doesn’t have to be mind-bending. If you decide to risk the Appendix when finishing this book, you will discover that anyone with a GCSE or its equivalent in maths could follow the mathematical argument that shows that time travel is possible. How much more exciting to have been taught that in school physics than calculating the work involved in pushing a block up a slope.


[image: Images]


Throughout this book we will explore how relativity is intertwined with the effective development of an understanding of the place of humanity in the universe. We will get a better feeling for how the basic components of the universe work – and how remarkable both life and human creativity are.


To get a clear picture, we are going to build and populate a virtual universe, step by step, adding the layers necessary to end up with the scientific and technological achievements of human culture. We will need material to build our universe, time and movement, forces, notably gravity, to assemble our basic building blocks, the development of life and the human ascent powered by creativity and science. But before we can add anything, we need to get to grips with the unnervingly slippery topic of empty space.


Footnote


a On this planet, at least.









2 Space


Over the next few chapters we are going to undertake a dramatic experiment. The plan is to construct a universe from scratch, up to and including human inhabitants. This is, of course, just a thought experiment – no version of reality will be harmed in the process – but it will still require some creative work.


The first requirement on our ingredients list is space. Like many of the constituents of the universe, space is something of which we have an inherent grasp, yet still find hard to describe. We think of space as a kind of container, a three-dimensional emptiness which provides the context for everything physical that will populate the universe. (Those three dimensions are an assumption we will need to test a little later, but it will do for our initial conception.)


As yet, in our universe construction kit, space is the single unique ingredient, so we are dealing with true and absolute emptiness, something that will never be able to exist once the construction of our universe is complete. Space alone is a total, everything-spanning nothingness. This is inevitably hard to visualise. We have no experience of truly empty space. In our everyday lives, we spend our time surrounded by things, by movement, by the relentless tick and tock of time. Even if we envisaged going out into the depths of space (it’s unfortunate that we don’t have a scientifically acceptable separate term for what used to be called ‘the heavens’), we wouldn’t experience true emptiness. There is always dust, always light crossing that space from other objects. And simply by being there we ensure that the space isn’t truly empty.


In reality, it is probably impossible to get the mind around pure and absolute emptiness in a satisfactory fashion. We’re used to hearing about the concept of infinity as something that is beyond true human conception, but it can come as something of a surprise to discover that we also have a titanic struggle to envisage total emptiness. In this limitless expanse of empty space there is no frame of reference, nothing with which to pin anything down. Here we have a true absolute – the absolute absence of anything material. Relativity is impossible in our starter universe of pure space because this is an empty unity. Relativity implies a relationship, and a relationship needs more than a singular entity. So far, our featureless universe is the ultimate solipsist.


This impossibility of establishing relativity in emptiness becomes more obvious once we consider the language that is necessary to deal with familiar relativistic concepts. It is important to remember that what is meant by ‘relativity’ at this basic spatial level is the simple Galilean view, typified by his experiment (or prank) in the boat on Lake Piediluco.


The featureless void


With Galileo’s picture of relativity in mind, we can discard for the moment exotic conceits like boats and people, keys and lakes and movement, to rejoin our empty, featureless space. Here we discover that any attempt to introduce relativity is littered with terms like ‘with respect to’ or ‘in this frame of reference’. If I’m moving at 50 kilometres per hour (kph), for example, there is an immediate question we need to ask (let’s not worry too much about the concept of ‘I’ or how we measure hours in an empty universe at the moment – this is just a thought experiment). I am moving at 50 kph with respect to what?


In our everyday lives this doesn’t seem a problem because, like Aristotle, we habitually think of ‘stationary’ as being defined by the Earth – the sphere of our world forms our default frame of reference. So if I say that I’m driving a car at 50 kph, it’s inevitably assumed that I mean I’m moving at that speed with respect to the ground. But that is an assumption.


If I’m in a collision with another car, what’s important is my speed with respect to that other car, which could be totally different depending on whether we’re moving in the same direction or in opposite directions. If the other car is just ahead and moving in the same direction as me at 49 kph, I crawl towards it at just one kilometre per hour, with no real damage caused on impact. If the other car is heading towards me at 100 kph, its speed in my frame of reference is 150 kph, the result of adding our speeds together, making for a horrendous crash. (My speed in its frame of reference is also 150 kph, but heading in the opposite direction.)


That’s why we can’t manage without relativity in the normal world. It is our relative speed that determines the outcome of the collision, not some arbitrary speed in the reference frame of the Earth. But what about our empty universe? If I suddenly appeared in that universe as a unique observer, unless the universe has detectable boundaries (which arguably would stop it from being empty), there is nothing with respect to which I can measure movement. My only frame of reference is myself, and I can never be moving with respect to myself. There is no useful relativity.


For Isaac Newton, writing around 60 years after Galileo’s lake trip, the need for an external frame of reference was clear. Space itself, he believed, was an absolute concept that was ‘homogeneous and immovable’. This he contrasted with the relative space that was the result of measurement. Clearly such relative space is impossible for the moment in our model universe, because there is nothing present to measure (or, for that matter, to make a measurement with). Newton used the examples of objects moving through absolute space to obtain relative space. He pointed out that the air around the Earth occupies the same relative space when compared with the position of the Earth as the Earth moves around the Sun. That air is constantly changing the position that it occupies in absolute space, but we can’t give a measurement for where that absolute position is.


Getting a grip on the nature of space is an essential if we are to build ourselves a universe. It’s something that creation myths can take for granted, but that is impossible if we are to take a scientific view of the universe and its origins. Traditionally our understanding of space has been as a continuum, something that can be divided up in whatever way we like. But this understanding is challenged by quantum theorists.


The ‘quantum’ in quantum physics refers to a piece of something that comes in minimum sized units. During the twentieth century, it became clear that many apparently continuous phenomena, like light, were actually quantised, coming in tiny chunks. Most quantum physicists believe that space itself is quantised. It’s as if it were like a jar of salt, rather than a jar of water, having distinct ‘grains’, although on an extremely tiny scale. If this is the case, it may be that the granular structure of space gives us the potential for some kind of frame of reference. We also need to consider whether the space in our model universe is infinite or finite. Does space have an edge or a centre that could give us a signpost to make a kind of relativity available?


Nature abhors a vacuum


The notion of truly empty space fascinated and horrified early thinkers. Much Greek argument on the subject, notably that of Aristotle and his followers, was based on variants of the idea that nature ‘abhorred’ a vacuum and as such, truly empty space was meaningless. (It’s more accurate to call what the Greeks considered abhorrent a ‘void’ rather than a vacuum, as you can have a vacuum but still have, for instance, gravity – but they were referring to a total absence of everything.) One of Aristotle’s arguments against the existence of an empty void entertainingly used what would become Newton’s first law of motion. This was because, if there were a void, Newton’s first law would have to apply, and Aristotle thought that this was self-evidently wrong.


Aristotle argued in his book simply titled Physics that in such a void, ‘no one could say why something moved will come to rest somewhere; why should it do so here rather than there? Hence it will either remain at rest or must move on to infinity unless something stronger hinders it.’ The argument that Aristotle uses (meaning it to be something clearly not true) has a remarkable similarity to Newton’s first law, which was originally stated as: ‘Every body perseveres in its state of being at rest or of moving uniformly straight forward, except insofar as it is compelled to change its state by forces impressed.’


For Aristotle it seemed obvious that there were two aspects to motion. As we have seen, in his philosophy, things had a natural tendency to head for where they ‘belonged’ – earth and water moved towards the centre of the universe, while fire and air headed away. Apart from this, things had a natural tendency to stop unless they were pushed. This was a direct result of observation. Things that are moving do, on the whole, stop unless we push them. Especially if things move relatively slowly and your technology can’t produce low-friction bearings. So, for instance, a wooden cart will stop very quickly if left to its own devices. But what Newton saw (as did Galileo before him) was that underlying this apparent nature of motion was something more fundamental, a tendency that was being interfered with by gravity, by air resistance and by friction.


Of course in our empty universe we are yet to have any object that can move; nor do we have gravity, air resistance or friction to influence that motion. But the irony is that Aristotle, in contemplating the void, came up with what was arguably one of the best scientific observations he ever made: that if there were a true void with no influences, no forces in action, an object would stay still, or remain forever in continuous motion. And as, for Aristotle, this clearly never happened, he considered it a useful argument to show that empty space, a void, could never exist.


The thirteenth-century natural philosopher friar Roger Bacon used the sheer emptiness of the void to argue that there cannot be a vacuum between us and the heavens (i.e. where the planets and stars are), because if there were, he believed that we couldn’t see the light that came from them. He wrote: ‘In a vacuum nature does not exist. For vacuum rightly conceived is merely a mathematical quantity extended in three dimensions, existing per se without heat and cold, soft and hard, rare and dense, and without any natural quality, merely occupying space.’ And without the very existence of ‘nature’ he could see no mechanism for light, which he believed moved by continuous interaction with a medium in a process known as ‘multiplication of species’, to get from one place to another.


Bacon would be proved wrong about the ability of empty space to prevent light passing through it. But our ‘space’ is not a true void, flagging up an interesting observation that makes cosmologists’ most frequent speculation about the beginnings of the universe feel like it’s on uncertain ground. Quantum theory predicts that a vacuum will not be empty, but will instead seethe with virtual particles that briefly pop into existence, then disappear again. The very beginning of everything is sometimes represented as such a quantum fluctuation where something briefly pops into existence out of nothing, but then is influenced by other processes to inflate into a universe with contents that will no longer briefly exist, then disappear. This way, it seems it is possible to start with an entirely empty universe and to get to something that could eventually become the whole, complex, well-populated universe we observe today.


However, the sleight of hand involved in creating this sophisticated physics model covers up a gaping hole. Let’s think about our model universe with nothing whatsoever in it. At this stage, just as Bacon describes, it is simply a mathematical extension of dimensionality in three perpendicular directions. A true void. Absolute nothingness. Where are the physical laws and universal constants? What embodies those laws? Where do they come from? What brings them into being? What tells virtual particles to pop into existence in what should have been a totally empty space? It seems that this can’t be a true void after all.


Cosmologists agree that there could be universes with physical laws and universal constants that are different from those we experience. Or that could have no universal constants at all. So it isn’t enough to say that somehow the very existence of space alone is enough to call the laws and constants into being. (And to do that immediately throws away the idea that we are starting with a true empty space.) Yet as soon as we accept that the laws and constants are not an unavoidable consequence of the existence of space, but could have a range of values, then they become an add-on. They are an addition to the void.


The natural laws


Let’s take a moment to consider what we mean by the laws of nature and universal constants, as we need to know just what it is that is being added to our empty void when we construct a universe. The great twentieth-century physicist Richard Feynman described physical laws as follows: ‘There is … a rhythm and a pattern between the phenomena of nature which is not apparent to the eye, but only to the eye of analysis; and it is these patterns which we call Physical Laws.’


I have to be honest here – I dislike the term ‘law’ being used in science as it implies something fixed by statute, something that is agreed and binding. But what we call a natural or physical law is both stronger and weaker than the laws that are used in courts. Physical ‘law’ is stronger than a legal law, because it isn’t made up by human beings and doesn’t need our acceptance to be operated. It exists whether or not we agree with it, and whether or not we are there to observe it, codify it and apply it. Yet physical law is also weaker than a product of our legal system, because the kind of laws that are applied in court are written down in black and white. You can read the statute and while you can quibble about the interpretation of it, you can’t argue about what the words are. Those words are fact.


Unfortunately, despite the way the term is used in poetic descriptions of science, there is no ‘book of nature’. You can’t just go and read the laws and discover exactly what they are. They are deductions (or, more accurately, inductions) from the best evidence we currently have, always subject to revision. They are never truly fact. As Feynman said, the laws are discovered by analysis – not defined by decree. He uses an example of a game of chequers, where the fundamental laws are the rules by which the pieces are allowed to move. Watching a game, we can use logic and mathematics to establish a best guess of what the rules are, but we can’t arbitrarily state what they are. Like the inhabitants of Plato’s cave, we can’t actually see the laws in their pure form, we need to deduce what the law on the outside is from the shadows we observe via our limited view.


When we ‘discover’ a natural law, it’s a bit like having a black box with a number of openings on its sides, into which we can drop a ball bearing. Inside the box is a structure. It is a structure that is real, but that we can never observe. By putting a ball into each of the openings and moving the box about so that we can hear its movements, and by observing which opening the ball bearing eventually comes out from, we can make some deductions about the structure in the box. If we have a highly sensitive metal detector, we can probably make even better deductions by following the ball on its path.


The mental picture we build of the structure inside the black box, which scientists would call a ‘model’, is like our formulation of a natural law. Our model of the structure in the box may well be incomplete – there could be a part of the structure the marble never touched. Or the marble might be too big to go into every nook and cranny, so we might then miss the fine detail of the structure. Later on, we might come up with a much smaller ball bearing as our research tool, which would enable us to get into more of those nooks and crannies. These new results don’t dismiss the research based on the larger marble, but they give us a better model of the ‘law’ of the inner structure.


We can see the same thing happening with Newton’s laws of motion and his law of gravitation, both of which we will meet later in the book, once we have added enough to our universe to be able to deal with movement and gravity. In each case, Einstein later came up with relativistic versions, which provide the ability to get further into the nooks and crannies of these physical laws. Newton’s version was a good approximation and all we need for most everyday uses, but Einstein’s version provided much more detail.


As the black box and marble model makes clear, however, we can never be certain that our descriptions of the natural laws are perfect and complete. There is always the opportunity for a different kind of mental or experimental probe that will result in the discovery of new and amazing nooks and crannies. We could even discover that what we thought were a series of walls within the box were actually indentations, or thin bars. With a different approach a probe might pass straight through them. So we always need to remember that we don’t really know the natural laws – we know the approximations that our current tools, both experimental and mathematical, enable us to put together.


The universal textbook


The Nobel Prize-winning physicist Steven Weinberg, when interviewed about his career, said that he was driven by a desire to contribute to the ‘ultimate textbook’, a hypothetical book which contained in its first chapter a few principles that were the closest we could ever come to the ultimate laws of nature. Rather like the axioms used in mathematics as starting points to construct theorems in a logical, step-by-step fashion, this ‘chapter one of the book of everything’ would give us the laws we needed to construct all of science – certainly all of physics.


It might seem that the world would be a more boring place if Weinberg’s chapter one had already been written. When Max Planck, the physicist who would turn our understanding of nature on its head by kickstarting quantum theory, was at university, he hesitated between a career in physics or in music, as he was an accomplished pianist. His physics professor, Philipp von Jolly, told him to go for music, as there was little left to accomplish in physics. All that was left to be done was to fill in the small details.


Thankfully, Planck ignored von Jolly and went into physics anyway. But Weinberg argues that the advice was based on a false premise that science would be limited by knowing the basics perfectly. Weinberg draws an analogy with the early maps. ‘In the middle ages Europeans drew maps of the world in which there were all kinds of exciting things like dragons in unknown territories.’ But, Weinberg says, we are better off knowing the fundamentals – that dragons don’t exist – and being able to work instead on the interesting detail. The first chapter of the great book might give us all the basics, Weinberg argues, but it’s by building on them that we make life interesting, just as a dictionary and a book of grammar give us the basics of writing, but it’s what a writer can do with these components that matters.


Yet all the evidence is that, in reality, this vision of perfection that has been Weinberg’s driving force is a mirage, much like von Jolly’s imagined near-complete view of physics. Yes, we might be able to simplify laws. And, yes, we might be able to use smaller and smaller marbles to get a more precise match with reality. But we are never going to see inside the black box. And there will always be the possibility that a new approach will open up whole new expanses of the box that totally transform (whether to simplify or make far more complex) our picture of what is inside. Weinberg has been seduced by mathematics, where such perfection is possible because mathematical laws are like legal laws. In maths, we decide what the axioms (effectively the basic mathematical laws) are. There is no such possibility in the physical world.


The most fundamental of the natural ‘laws’ have no reasoning behind them – they are purely the result of observation. Take one of the simplest, the law of inertia. This was discovered by Galileo when rolling balls along inclined planes, sloping bits of wood with a channel to keep the ball from falling off the edge. Galileo found that (unsurprisingly) if he rolled a ball downhill, it got faster. Similarly, if he rolled a ball uphill, it got slower. But the clever part was to make the leap of understanding and point out that it only seemed logical that when rolling a ball on the flat, it would neither get slower nor faster, but would continue to roll at the same speed, unless something interfered with it.


Galileo’s discovery became incorporated, with some fancier wording, as Newton’s first law of motion. As we have seen, Isaac rendered this as, ‘Every body perseveres in its state of being at rest or of moving uniformly straight forward, except insofar as it is compelled to change its state by forces impressed.’ Or, in a more modern wording, a body will remain at rest or in steady motion unless it is acted on by a force. This doesn’t seem a natural observation, because everything we experience in everyday life is already acted on by forces – by friction and by air resistance, for instance – and these tend to stop something that is moving. But without those forces in play, the movement would continue for ever.


Without Galileo’s experiments (and those of others who followed him) this would have been a huge mental leap. Now we can see something like this happening in space, where objects do pretty much keep moving indefinitely once they have begun to move, if not acted on by gravity or impact. And all the evidence we have is that the law of inertia is true. What we don’t know and can’t say is why this happens. It just does. It is part of nature – part of the something that we assume was there when the universe began. Part of the underlying matrix of reality that means that even apparently empty space contains something. Equally, we can’t say for certain that there aren’t circumstances where it’s not true. We assume it is universal for convenience, but there is no way to prove this.


Some of the other physical laws are one step removed from being a reflection of a fundamental aspect of the nature of the universe. Given basics like the law of inertia (the concept ‘inertia’, incidentally, sounds sophisticated and scientific, but it only means ‘having the properties described by Newton’s first law’), it is possible to construct these extra laws. So they aren’t fundamental, but scientists have found it useful to consider them as laws in their own right to avoid having to rebuild them every time they are used.


Pragmatic simplicity


This importance of usefulness is reflected in another comment that Feynman made on the subject of natural laws, using gravity as his example: ‘But the most impressive fact is that gravity is simple. It is simple to state the principles completely and not have left any vagueness for anybody to change the ideas of the law. It is simple and therefore it is beautiful … This is common to all our laws; they all turn out to be simple things, although complex in their actual actions.’


Note that Feynman is not suggesting that this means that working out the details of what will happen as a result of gravity is simple. As we will see when getting on to the equations that lie at the heart of the general theory of relativity (see page 169), there is mathematical complexity here that caused even Einstein to struggle. And much of the basics of, say, quantum theory seems crazy. The natural laws are not necessarily well represented by common sense. Nevertheless, I can explain the principles of relativity or quantum theory to primary school children and they can grasp what is happening (better, arguably, than some adults). They can’t do the maths, but they understand those simple principles.


This requirement for simplicity illustrates a problem with modern theoretical physics, which is largely driven by complex mathematics, rather than by readily grasped principles. It is no surprise, for example, that everyone from scientists to news reporters struggled to explain the significance of the Higgs boson to the world, when it was (probably) discovered at CERN in 2013. Some physicists argue that we have gone too far in our over-dependence on building complex mathematical structures. It may be we will see these concepts thrown off when a new, simpler underlying set of laws is discovered. Time will tell. But there appears to be some kind of framework of reality that we interpret using the human approximations of our physical laws.


As for the constants that are part of the foundations of nature, these are effectively fixed components of the mathematical models we make to represent natural laws. A constant is simply a numerical value that does not change with time. Some constants are very useful, but are local and not relevant to natural laws. So, for instance, it’s handy to know that there is always a bus from my nearest stop on the hour. It’s a constant, but it’s not exactly a fundamental aspect of nature.


Similarly, the forks I use when I set the table are always the same length (give or take manufacturing error and a spot of expansion and contraction due to heat), but the value that specifies their length is of no use to science. These kind of local constants can have a relatively short lifetime as well – the bus company could change its timetable, or I could change to a new set of cutlery. However, the constants that are of interest in science are mostly ‘universal’, which suggests both that they apply anywhere in the universe and anywhere in time (each of these is an assumption, which we’ll explore in a moment).


Let’s take an example. The speed of light is probably one of the best-known universal physical constants. To be precise (and we have to be precise in science), the constant in question is the speed of light in a vacuum – light gets slower when it passes through a transparent medium like glass or water. We usually represent the speed of light as 300,000 kilometres per second, or 186,000 miles per second, which are handy approximations, but the value is actually 299,792,458 metres per second. Unlike many values for constants, this is not just the best value we have from current measurement, which will change when we can undertake more accurate experiments – it is a definitive and exact number.


The reason for this being the case is scientific pragmatism – the metre is defined as 1/299,792,458th of the distance that light travels in one second. So although the exact length of a metre will change over time, as better measurements become available, the speed of light won’t. (It’s a shame that this approach wasn’t settled on until the metre had already been defined very accurately. Otherwise, there is no reason why the speed of light could not have been defined as 300,000,000 metres per second, which would have made calculations and remembering the exact speed a whole lot easier.)


Knowing the value of the speed of light, and the assumption that it is unlikely to change, does not make it a value that is worth calling a universal constant in its own right. We can measure all kinds of values that don’t necessarily change with location or time. But some such values crop up frequently in the patterns that Feynman mentioned as being the basis for the natural laws. We see this happening with the speed of light in what is probably the best-known equation ever – an equation that is relativistic to its core:


E = mc2


The c in the equation is the speed of light.b As it happens, there is an obvious connection here, in the sense that information about light was involved in the derivation of this equation. But this isn’t the case with all universal constants. For example, the constant that emerged from Newton’s work on gravity, G, is not a measurement of anything – it is simply a consequence of the pattern of the observed effects of gravity. It is the number that, when plugged into the equation, happens to work. Other constants crop up so frequently that, while they are clearly very important in nature, it can be difficult to understand why they are present in a particular equation. Let’s take a look at an example featuring the well-known universal mathematical constant pi (π).


Why pi?


The physicist Eugene Wigner, when writing about the unreasonable effectiveness of mathematics in describing reality, told a story of two high school friends who were discussing their careers. One of them, a statistician, was talking about his work. The statistician showed his friend a paper describing the way populations change with time. He told how a particular curve, the Gaussian distribution, made it possible to predict the behaviour of those kinds of population.


The friend wasn’t impressed. He couldn’t see how the statistician could possibly know that the graph he drew, a particular shape that emerged purely from the maths, could somehow predict the way a group of living, thinking organisms would behave. But it turned out there was something worse hidden among the hieroglyphics. The friend pointed to a symbol and asked what it meant. ‘That’s pi’, said the statistician. ‘You know what that is. The ratio of the circumference of a circle to its diameter.’ The friend gave a rueful smile. ‘Now I know you’re messing with me. What has the population got to do with the circumference of a circle?’


Universal constants can be like that – they creep into all manner of calculations where it really isn’t obvious just why they have cropped up, without delving into a lot of analysis. Pretty well all of science, with a few daring exceptions, is based on the assumption that such constants are universal in time and space. So it doesn’t matter when or where you are – as long as you are in the same universe, the constants will be the same.


Initially, this assumption was almost entirely one of convenience. In the case of the physical constants like the speed of light, there is no reason why the speed has to be the same in all cases (mathematical constants like pi have more justification because they are defined from abstracts rather than experiment). But having a variable constant makes it very difficult to ever come up with a simple scientific explanation, as the ground would be constantly shifting under the feet. If constants varied randomly with time or location, science would become pretty well impossible to perform.


There is now good evidence that many constants have not varied much with time. The electrical charge, for instance, can be traced back at least a couple of billion years by using the remains of natural nuclear reactors, where a uranium chain reaction was started in the distant past without human intervention. Measurements taken on the remains show that nuclear reactions took place that are very sensitive to the electrical charge, and from the measurements of its effect, that charge has stayed pretty much the same during that period. Other scientists are looking even further back in time, making use of the way that space acts as a kind of time tunnel. As light takes time to reach us, the further away we look out into space, the further back in time we look. (Measuring how far back we are looking relies, of course, on the assumption that the speed of light has remained constant.)


A fine constant


Perhaps the most remarkable experiment to attempt to explore the consistency of the universal constants is one undertaken by astronomers at the University of New South Wales and Swinburne University Technical College, both in Australia. This experiment has used two of the largest telescopes in existence, the Keck telescope in Hawaii and the Very Large Telescope in Chile, to peer out to distant quasars, radiation sources so far away that the light has taken about 10 billion years to reach us. A quasar is thought to be the radiation generated by matter falling into a supermassive black hole at the heart of a distant, ancient galaxy.


The experiment was not observing the quasars themselves, but used them as backlights to study the absorption of the light by intervening material. When light passes through matter, the matter tends to absorb certain colours, leaving dark ‘absorption lines’ in the colour spectrum. This is how we can identify which elements are present in stars. The distance between key absorption lines in the spectrum is dependent on one of the universal constants, a value known as the fine structure constant.


In reality, the fine structure constant is more of an amalgam of other fundamental constants – usually represented by α (alpha), it is proportional to e2/hc, where e is the charge on the electron, h is Planck’s constant which links the energy in a photon of light to its colour, and c is the speed of light. The fine structure constant has the advantage of being dimensionless – it is just a number, whereas, for instance, the speed of light has the units of metres per second. This lack of dimensions helps because it means it’s possible to detect changes in α where an apparent change in the speed of light, say, could be the result of a change in the electrical charge, because the definitions of the constants depend on how their units are defined. (Remember that a metre is defined in terms of the speed of light.) Lacking units, the fine structure constant, which for no good reason is very close to the number 1/137, does not suffer from this problem.


At the time of writing, although the results are not conclusive, there is reasonably good evidence that α has indeed varied by a small amount over billions of years, although this variation was different depending on the direction the observers looked out into the universe. Further research is needed, but if the variation holds up, it could have very significant implications for many of our basic assumptions about the current cosmological model, which requires constants like this not to change at all.


As well as taking for granted that universal constants do not vary in time, it is also an unproved, if convenient, assumption that they do not vary with circumstance. Take, for instance, the gravitational constant G, which defines how strong the attraction of the gravitational force will be between two objects given their mass and separation. This is considered to be the same for electrons as it is for apples as it is for planets as it is for galaxies. However, once more, what we have here has no experimental basis.


We do know that not everything behaves in the same way at different scales. Atoms and other quantum particles do not generally behave like ‘macro’ objects like apples and planets. They are dependent on quantum mechanics, acting as if they don’t have true locations except when undergoing interactions – in the end, very different from the everyday objects that they make up. Yet we blithely assume that, for instance, the way that gravity and Newton’s laws work on the scale of the solar system also applies exactly to something as large as a galaxy.


If this is the case, there’s a problem. When things spin around (and pretty well every body in the universe does – see page 114), there is a natural tendency for parts of the spinning object to carry on in a straight line and fly off, rather than stay in the body. It’s only the gravity of the body, or the electromagnetic force holding a solid together, that stops them from doing so, pulling the parts into the spin rather than allowing them to fly off. But it has been known for some time that galaxies, for instance, survive spinning at sufficient speed that physics predicts would cause large parts of them to become detached.


The current favoured explanation for this is that there is an extra kind of matter called dark matter, of which more in the next chapter (page 61), a substance that is supposed not to be influenced by electromagnetism – so we can’t see it or touch it – but does have an influence gravitationally. If there is enough of this stuff, appropriately distributed within a galaxy, then it would provide enough attraction to hold the whole thing together, and would explain a number of other behaviours in the dynamics of galaxies and clusters of galaxies.


The only problem is that to explain what is observed, there has to be a whole lot of this never-yet-detected stuff out there. Over five times as much as there is ordinary matter. That’s a big fix to our model to account for the odd behaviour of large bodies in space. Some have suggested instead that what we are seeing is a phenomenon of a universe where some of the laws and constants don’t apply in quite the same way they do with familiar everyday objects when applied to the scale of a galaxy. This approach, making small modifications to Newton’s gravitational predictions, called ‘Modified Newtonian Dynamics’ or MOND, is not perfect – it does not explain all the effects ascribed to dark matter – but then current dark matter theories don’t explain all current observations either.


The MOND theory is in many ways the simpler explanation of the two, but one that many physicists are reluctant to even contemplate, perhaps in part because of the need to give up on the universality of a constant. It makes sense, as usual in science, to go with the best-accepted theory until there is sufficient evidence to make a change necessary, so for the DIY universe we are constructing, we will consider it a requirement to have dark matter present, but with the proviso in mind that it may not be the ideal solution for the real universe.


Which way is up?


Returning to our simple universe model, this is still, as yet, just empty space. Even if we do allow the existence of some physical laws (which we don’t), there is surely another unfounded assumption in the picture of the beginning of the populated universe as a result of quantum fluctuations. Our truly empty three dimensions of space are just that. There is no time as yet. But how is it possible to have virtual particles popping in and out of existence in quantum fluctuations in a timeless space? We are a long way yet from having a workable universe.


Before we move on to add in some components, to make those three dimensions a little less lonely, there is one final consideration to make. Why should we choose three dimensions? Where did that number come from? In a mathematical sense there is nothing unique about three dimensions, though three dimensions do have some special properties that make them desirable as a minimum.


For mathematicians, any number of dimensions can be considered for a space – even, with a certain amount of mind-twisting, fractional dimensions. While it’s pretty well impossible to envisage, say, 50-dimensional space as a real space, it’s perfectly possible to keep adding extra dimensions mathematically without any limit. It can sometimes be useful, for instance, to have a virtual multi-dimensional space in which every possible value of a property is represented by a different dimension. This space isn’t ‘real’ but it has practical value for calculations.


Among mathematicians there is a certain kudos in dreaming up structures in vast numbers of dimensions. A favourite with a certain kind of mathematician is something called the ‘Monster group’, which is a mechanism for reflecting the different ways something could be rotated if you had 196,883-dimensional space available (this particular number results in some mathematically interesting properties). However, while such multi-dimensional imaginary space can be valuable in performing calculations, no one realistically suggests that the universe has vast numbers of spatial dimensions.


We know that the number three for spatial dimensions reflects our experience. We can move up/down, left/right and back/front; three dimensions of movement are sufficient to take in all of known space. Each of these dimensions can be placed at right angles to all the others, and then we run out of new directions to go in the universe we experience.


Having at least three dimensions is an essential for the realistic existence of life – certainly life as we know it. In 1884, an English head teacher called Edwin Abbott (to be precise, Edwin Abbott Abbott) wrote a slim book called Flatland in which he described the rather dull adventures of creatures mostly living in a two-dimensional world. Abbott was one of the first to think through the implications of living in different dimensional spaces.


As an obvious example of the problems a two-dimensional entity would face, it could not have a digestive system like ours with separate entry and exit points, because as soon as you link two openings on a two-dimensional body, the body is cut into two separate parts. A third dimension is necessary for two openings to be linked in a single body.


Some physical theories require that there are extra dimensions over and above the familiar three, dimensions that are either curled up so small that we can’t detect them, or that are effectively external to our universe, so the universe we are familiar with makes up a three-dimensional membrane (or ‘brane’) floating in extra-dimensional space. As yet there is no experimental evidence to support these theories. They simply work in the mathematics.


However, there is one way that we can invoke an inaccessible fourth dimension that would be consistent with observation and that could be potentially useful. This has an influence on the extent of space. The space in our DIY universe could be infinite, stretching in all directions for ever. And this could be the case in the actual universe; we have no way of knowing. We can see only as far as light has had a chance to travel, which, given theories on the expansion of the universe, is probably about 45 billion light years in any direction. But whether the universe is finite or infinite beyond that is not clear.


While an infinite universe has certain philosophical attractions, we tend to raise an eyebrow at anything physical that embodies infinity. Part of the problem is that so much of our understanding of reality depends on mathematics, and mathematics struggles with actual infinity, as opposed to infinity being a never-reached limit, as it is used in calculus. Infinity is not a number in the normal sense. It does not obey the usual rules of arithmetic. Infinity plus 1, for example, is just infinity. So although we can’t dismiss the possibility of an infinite universe, it is often seen as convenient to have a mechanism to design a finite universe.


Thinking purely in three dimensions, if our universe has limits there are some distinct problems. What happens at the edge? What lies beyond the edge of everything? What ideally we want, if our universe is to be finite, is a mechanism for it to be finite but not to have boundaries. And there is a mechanism to make this possible, based on the model of a similar effect in two-dimensional space. It’s a situation we are very familiar with – the surface of the Earth.


If we ignore oceans, the surface of the Earth has some very interesting properties. It is finite, certainly. Yet we can walk in any direction for ever and never reach the edge of the planet. This is because the apparently two-dimensional space of the surface of the Earth is, in reality, folded in a third dimension so that anywhere we would expect there to be an edge we simply re-join the surface from the other side.


Extending this idea to a three-dimensional space, we could have a finite but unbounded universe if the universe folded back in on itself thanks to an unreachable fourth dimension, so that heading out of the universe in any direction would result in heading back into it from the opposite direction. Just like on the surface of the Earth, there would be no way out, despite the universe being a finite entity. There have been suggestions in the past of astronomical evidence that hints at this happening. Close to the edge of the observable universe there may be structures on one side that can be seen from the opposite direction. But, as yet, no such evidence has stood up to rigorous assessment – and even if we did live in such a universe, there is no reason why the effect would have to be visible in the observable universe.


[image: Images]


This is pretty much as far as we can get with building our toy universe based on space alone. We have, after all, a universe that is as yet very boring. But things get a lot more promising – and relativity has the chance to blossom – once we add in stuff.
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