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It always bothers me that, according to the laws as we understand them today, it takes a computing machine an infinite number of logical operations to figure out what goes on in no matter how tiny a region of space, and no matter how tiny a region of time. How can all that be going on in that tiny space? Why should it take an infinite amount of logic to figure out what one tiny piece of space/time is going to do? So I have often made the hypothesis that ultimately physics will not require a mathematical statement, that in the end the machinery will be revealed, and the laws will turn out to be simple, like the chequer board with all its apparent complexities.
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Introduction

The Simplicity of Complexity

The world around us seems to be a complex place. Although there are some simple truths that seem to be eternal (apples always fall to the ground, not to the sky; the Sun rises in the east, never in the west), our lives, in spite of modern technology, are still, all too often, at the mercy of complicated processes that produce dramatic changes out of the blue. Weather forecasting is still as much an art as a science; earthquakes and volcanic eruptions strike unpredictably, and seemingly at random; stock-market fluctuations continue to produce boom and bust with no obvious pattern to them. From the time of Galileo (in round numbers, the beginning of the seventeenth century) science made progress – enormous progress – largely by ignoring these complexities, and focusing on the simple questions, looking to explain why apples fall to the ground, and why the Sun rises in the east. Progress was so spectacular, indeed, that by about the middle of the twentieth century all the simple questions had been answered. Concepts such as the general theory of relativity and quantum mechanics explained the overall workings of the Universe on the very large and very small scales respectively, while the discovery of the structure of DNA and the way in which it is copied from generation to generation made life itself, and evolution, seem simple at the molecular level. And yet, the complexity of the world at the human level – at the level of life – remained. The most interesting question of all, the question of how life could have emerged from non-life, remained unanswered.

It is no surprise that the most complex features of the Universe, which proved most reluctant to yield to the traditional methods of scientific investigation, should exist on our scale. Indeed, we may be the most complex things there are in the Universe. The reason is that on smaller scales entities such as individual atoms behave in a relatively simple way in their one-to-one interactions, and that complicated and interesting things are produced when many atoms are linked together in complicated and interesting ways, to make things like people. But this process cannot continue indefinitely, since if more and more atoms are joined together, their total mass increases to the point where gravity crushes all the interesting structure out of existence. An atom, or even a simple molecule like water, is simpler than a human being because it has little internal structure; a star, or the interior of a planet, is simpler than a human being because gravity crushes any structure out of existence. And that is why science can tell us more about the behaviour of atoms and the internal workings of the stars than it can about the way people behave.

As the simple problems yielded to investigation, it was natural that some scientists should try to tackle the more difficult puzzles associated with complex systems. As we shall see, although some valiant individual assaults on these puzzles had been made earlier, it only really became possible to begin to understand the workings of the world on the complex human scale in the 1960s, with the advent of powerful and fast (by the standards of those days) electronic computers. These new developments began to emerge into the awareness of a wider public in the middle to late 1980s, with the publication first of the now classic book Order out of Chaos, by Ilya Prigogine and Isabelle Stengers, and then of James Gleick’s Chaos. At the time, I was busily writing about the great triumphs of the old science, and although I occasionally tried to get to grips with the ideas of chaos and complexity, I found that doing so made my head hurt, so mostly I kept my distance. But after about ten years of waiting either for chaos theory to go away or for someone to write a book explaining it in language I could understand, I decided that if no one else was going to explain it in clear language, then I would have to. Which meant that I had to read everything I could find on the subject and try to understand it myself. It was while doing this that I discovered that it wasn’t so difficult after all. Both relativity theory and quantum theory were regarded, when new, as ideas too difficult for anyone except the experts to understand – but both are based on simple ideas which are intelligible to the lay person willing to take the mathematics on trust. I ought not to have been surprised to find that the same is true of chaos and complexity – but I was, and I clearly recall the moment when I finally got the message about what it was all about. As I understood it, what really mattered was simply that some systems (‘system’ is just a jargon word for anything, like a swinging pendulum, or the Solar System, or water dripping from a tap) are very sensitive to their starting conditions, so that a tiny difference in the initial ‘push’ you give them causes a big difference in where they end up, and there is feedback, so that what a system does affects its own behaviour. It seemed too good to be true – too simple to be true. So I asked the cleverest person I know, Jim Lovelock, if I was on the right lines. Was it really true, I asked, that all this business of chaos and complexity is based on two simple ideas – the sensitivity of a system to its starting conditions, and feedback? Yes, he replied, that’s all there is to it.

Now, that’s a bit like saying that ‘all there is’ to the special theory of relativity is that the speed of light is the same for all observers. It is true, it is simple, and it is easy to grasp. Nevertheless, the complexity of the structure built on that simple fact is staggering, and needs some mathematical knowledge to appreciate it fully. But I knew from experience that I could explain the essence of relativity to people with no background in science, and the realization that there were similar simple truths underpinning chaos and complexity gave me confidence to try to do the same in that area. The result is in your hands, an attempt to take the obvious step of trying to explain chaos and complexity the simple way, from the bottom up – for everybody. The great insight is that chaos and complexity obey simple laws – essentially, the same simple laws discovered by Isaac Newton more than three hundred years ago. Far from overturning four centuries of scientific endeavour, as some accounts would lead you to believe, these new developments show how the long-established scientific understanding of simple laws can explain (although not predict) the seemingly inexplicable behaviour of weather systems, stock markets, earthquakes, and even people. As we hope to convince you, the study of chaos and the emergence of complexity from simple systems is now on the brink of explaining the origin of life itself. In a phrase attributed to Murray Gell-Mann, but echoing the speculation of Richard Feynman quoted at the front of this book, the complicated behaviour of the world we see around us – even the living world – is merely ‘surface complexity arising out of deep simplicity’.11 And it is the simplicity that underpins complexity that is the theme of this book.

John Gribbin,
 January 2003
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1

Order out of Chaos

Before the scientific revolution of the seventeenth century, the world seemed to be ruled by chaos in a quite different way from the way the term is used by scientists today, but in the same way that most people still apply the word. There was no suggestion that there might be simple, orderly laws underpinning the confusion of the world, and the nearest anyone came to offering a reason for the behaviour of wind and weather, the occurrence of famines or the orbits of the planets, was that they resulted from the whim of God, or the gods. Where order was perceived in the Universe, it was attributed to the response of physical objects to a need for harmony and order to be preserved wherever possible – the orbits of the planets and the Sun around the Earth (thought to be at the centre of the Universe) were supposed to be circles, because circles were perfect; things fell downwards because the centre of the Earth was at the centre of everything, the centre of symmetry in the Universe, and therefore the most desirable place to be. Even when the philosopher Aristarchos of Samos, who lived in the third century BC, dared to suggest that the Earth moved around the Sun, he still imagined that it must follow a circular orbit

These examples highlight an absolutely crucial difference between the science of the Ancients and the science of post-Galilean times. The Ancient Greeks were superb mathematicians, and in particular they were superb geometers, who had a very good understanding of the relationships between stationary things. This geometry had its roots in even earlier cultures, of course, and it is easy to imagine how this first science may have arisen out of the practicalities of life in the developing agricultural societies of pre-history, through the problems associated with building houses and laying out towns, and the need, as society became more complicated, to divide up land into fields. But the Ancients had no understanding at all of how things move, or the laws of motion. You have only to look at how puzzled they were by Zeno’s famous paradoxes, such as the soldier who can never be killed by an arrow. If he runs away, then by the time the arrow reaches the position he was in he has moved; in the time it takes the arrow to cover that extra distance, he can move a little further; and so on.

In spite of the existence of people like Aristarchos, the Earth-centred Universe remained the established image (what scientists would now call a ‘model’) even after Nicolaus Copernicus published his model of a Sun-centred Universe (but one still based on circles) in 1543. His book, De Revolutionibus Orbium Coelestrum, had been essentially completed in 1530, and much of its contents were widely discussed before publication, leading Martin Luther to comment in 1539 that ‘This fool wishes to reverse the entire science of astronomy; but sacred Scripture tells us that Joshua commanded the Sun to stand still, and not the Earth.’ Responding to similar criticisms, Galileo later riposted: ‘The Bible shows the way to go to Heaven, not the way the heavens go.’ It was Galileo’s contemporary, Johannes Kepler, using observations painstakingly compiled by Tycho Brahe, who established, for those with open eyes, that not only did the planet Mars move round the Sun, but that it did so in an elliptical orbit, pulling the rug from under the notion that the kind of circular perfection beloved of the Ancient Greeks ruled the cosmos.

Even to people who know little about science, or the history of science, Galileo (who lived from 1564 to 1642) is famous today as the man who turned one of the first telescopes on the heavens, found evidence to support the Sun-centred Copernican model, and had a run-in with the Catholic Church, which led to his conviction for heresy and the suppression of his books in Catholic countries – which (of course) led to them selling like hot cakes everywhere else. But he did much more than this. It was Galileo, more than anyone, who laid down the principles of the scientific method of investigation, involving comparing theories (or models) with the outcome of experiment and observation, and it was Galileo who first got to grips with motion in a scientific way.

The key to Galileo’s work on motion was a discovery he made while a medical student in Pisa in 1583. During a boring sermon in the cathedral there, he watched a chandelier swinging to and fro, and timed the swing with his pulse. Galileo realized that the time it took for the lamp to complete one swing was the same whether it swung through a wide arc or a shallow one, and later experiments showed that the time taken for a pendulum to swing depends on its length, not on how far it swings. This is the basis of the pendulum clock, but even without going so far as to build a clock (he did design one, later built by his son), Galileo was able to use a pendulum as an accurate timekeeper when he later carried out experiments to study the behaviour of balls rolling down a ramp. These experiments provide another insight into both Galileo’s mind and the scientific method. He wanted to study falling objects, to investigate the effect of gravity on motion. But falling balls moved too fast for him to keep track of. So he rolled the balls down an inclined ramp, realizing that this gave him a stretched-out and slowed-down version of the way balls fall under gravity. Through these experiments, Galileo developed the idea of acceleration. The velocity (or speed) of an object tells you how far it moves in a certain amount of time – say, one second. A constant velocity of 9.8 metres per second means that in every second the moving object covers a distance of 9.8 metres. But Galileo found that falling objects (or balls rolling down a ramp) move faster and faster, with the speed increasing each second. Crucially, his experiments showed that the speed increases by the same amount every second. This is uniform acceleration, and a uniform acceleration of 9.8 metres per second per second means that, starting from rest, in the first second the object reaches 9.8 metres per second, in the second it speeds up to 19.6 metres per second, in the third 29.4 metres per second, and so on. I have chosen this particular example because 9.8 metres per second per second is, indeed, the acceleration caused by gravity for a falling object at the surface of the Earth; because of the way time comes into the calculation twice, this is called a second order effect, with velocity a first order effect. And this acceleration due to gravity explains why pendulums behave as they do, neatly closing the loop.

Galileo did something else – something central to the story we tell in this book. He realized that the balls rolling down his inclined planes were being slowed down a little by friction. In fact, what he measured was not a perfectly uniform acceleration. But he took the dramatic and influential leap, astonishing for his time, of extrapolating from his actual observations to work out how his balls would move without the effect of friction, on some idealized, perfectly slippery slope. This kind of extrapolation would be at the heart of the scientific investigation of the world for the next four centuries. When scientists – physicists in particular – tried to describe the world in terms of mathematical laws, they formulated those laws to describe the behaviour of mythical objects such as perfectly hard spheres, which bounce off one another without being deformed and roll along surfaces without feeling friction, and so on. But, unlike the Ancient Greek philosophers, they knew that their image of perfection did not represent the real world. Armed with those equations, they could then try to put in extra terms, correction factors, to take account of the imperfections of the real world, allowing, say, for the effect of air resistance on a falling object. Air resistance explains why on Earth a hammer and a feather fall at different rates, while on the airless Moon, as the Apollo astronauts demonstrated, they fall at the same rate.

All of this helped Galileo to cast out of science another aspect of the geometrical perfection which his predecessors had imagined in the real world. Before Galileo, it was thought that when a cannon fired its ball at some angle above the horizontal, the flight of the ball would consist of a straight line as it left the muzzle, then it would follow the arc of a perfect circle for a time, then it would fall vertically to the ground. Only the imagined perfection of straight lines and circles was involved in the motion. Applying his discovery that gravity produces a constant downward acceleration on the cannonball, and allowing for the initial velocity of the ball out of the muzzle, Galileo showed that the flight of the ball must actually be a single smooth curve, part of a parabola, all the way to its target. The same calculations showed that the maximum range for the cannon (assuming the same charge of gunpowder and weight of shot) would always be achieved when it was fired at an angle of 45 degrees upwards from the horizontal. These were practical matters of great importance in the turbulent times Galileo lived in, and this kind of military work helped to establish his early reputation. Whatever philosophers and theologians might say about perfection, armies in the field had no time to quibble about the desirability of circular motion; all they wanted to know was which way to point their guns to achieve maximum effect, and Galileo told them.

It was a combination of Kepler’s discovery of elliptical orbits and Galileo’s insights both into acceleration and the scientific method that paved the way for the greatest scientific discovery of the seventeenth century, and perhaps of all time: Isaac Newton’s universal law of gravitation. Newton was born in 1642 and died in 1727. His great work Philosophiae Naturalis Principia Mathematica, or just the Principia for short, was written over the years 1684 to 1687, and published in 1687, but was based on ideas that he had developed twenty years earlier, when he was a young Cambridge graduate about to become a Fellow of Trinity College, and had been forced to spend months at his mother’s home in Lincolnshire when the University was closed because of the plague. Like Galileo, Newton stressed the importance of comparing theories and models with experiments and observations of the real world, and always carried out relevant experiments himself, whenever possible, to test his ideas. This is so deeply ingrained as part of the scientific method today that it may seem obvious, even to non-scientists, and it is hard to appreciate the extent to which, even into the seventeenth century, many philosophers would speculate about the nature of the physical world in an abstract way, without ever getting their hands dirty in experiments. The classic example is the argument about whether two different weights dropped from the same height at the same time would hit the ground together – an argument that rumbled on for decades among those abstract thinkers even after a Flemish engineer, Simon Stevin, actually did such experiments with lead weights dropped from a height of about 10 metres, found that they fell at the same rate, and published his results in 1586.11

Newton also took on board and refined Galileo’s insight into the value of deliberately simplified models (such as Galileo’s frictionless planes) as descriptions of particular aspects of the real world. It is a key feature of Newton’s work on gravity and orbits, for example, that in his calculations of the effects of gravity he treats an object such as Mars, or the Moon, or an apple, as if all its mass were concentrated at a single point, and that provided you are outside the object of interest, its gravitational influence is measured in terms of your distance from that point, the centre of mass of the object (which is also the geometrical centre if the object is a sphere). In the Principia, Newton proved that this is the case for spherical objects. He knew that the Earth is not precisely spherical (indeed, he was able to calculate how much the Earth bulges at the equator because of its rotation); but he felt it was reasonable to assume a spherical Earth (and a spherical Sun, a spherical Mars, and so on) as a first approximation, and calculate the orbits accordingly. As it happens, later calculations have established that, provided you are far enough away from them, even very irregularly shaped objects do act, gravitationally speaking, as if all their mass were concentrated at a point, but this doesn’t diminish the importance of the idea of using idealized approximations to reality where it is necessary, or helpful, to make the calculations more straightforward.

There is, though, rather more to this particular story than meets the eye. In the Principia Newton proved the validity of treating the gravitational influence of a spherical object as if all its masses were concentrated at its centre, using geometrical techniques that would have been understood by the Ancient Greeks, and were certainly familiar to Newton’s contemporaries. This is very difficult. But we now know that well before he wrote the Principia Newton had developed (or discovered) the mathematical technique now called calculus, and that this proof is very easy using calculus. Some scholars suspect that Newton actually solved the problem using calculus first, and then went through the painstaking process of translating everything into classical terminology, to make sure that his contemporaries would understand it. If so, he may, in a sense, have shot himself in the foot, because by keeping quiet about his new mathematical technique he paved the way for a bitter wrangle with the German Wilhelm Leibniz, who invented the technique independently (and gave it the name by which it is still known). Leibniz had the idea a little later than Newton did, but had the good sense to publish his work, which is partly why there were bitter rows about priority (the bitter rows were also partly because both protagonists were unwilling to make concessions, and Newton in particular was a rather unpleasant person, who had an arrogant belief in his own abilities and a spiteful reaction to anyone he perceived as an opponent). But the arguments over priority are of little concern here. What matters is that calculus is a technique that makes it possible to break up problems into tiny components that can be manipulated mathematically and the results added up to give a solution to the overall problem. In the case of the gravitational influence of a spherical object, for example, the sphere can be treated as being divided up (differentiated) into an infinite number of infinitesimally small pieces of matter, and an equation describing the gravitational influence of a typical such piece of matter in terms of its position in the sphere written down. The overall effect of all the pieces of matter working together can then be added up, or integrated, from this equation.22

The same sort of process can be applied to time. The flight of an arrow, for example, can be differentiated into a description of how the arrow is moving at any of an infinite number of points along its path, and the same thing can be done for the path of a runner trying to escape the arrow. When the two differential equations are integrated, they will tell you exactly where the arrow meets the runner, with no paradox. When the calculus became widely understood, it seemed that Newton and Leibniz had tamed time, making it possible to describe the behaviour of moving things with the precision that the Ancient Greeks had been able to apply to their description of the relationships between static things. At least, in principle. At the level of single planets orbiting single stars, or of single runners trying to escape from single arrows, calculus is easy; like other things, it gets complicated when we are dealing with more complicated systems, although the same basic rules apply. It is usually straightforward to write down a set of differential equations to describe such a system; it is solving (integrating) the equations that can cause problems.

Whatever the mathematical techniques he used in private in the 1680s, in the Principia itself Newton proved, using techniques familiar to his contemporaries, that in order for the planets to follow elliptical orbits around the Sun (and therefore to match observation with theory), gravity must follow an inverse square law. Specifically, the force of attraction between any two masses a certain distance apart (the distance being measured from the centre of mass of each object) is proportional to the two masses multiplied together and divided by the square of the distance between them (hence ‘inverse square’ law). The constant of proportionality that comes into the calculation is the constant of gravity, a number which tells us how strong gravity is, and is denoted by G. Using obvious symbols, [image: image].

This was not a complete surprise to Newton’s contemporaries. People such as Robert Hooke, Edmond Halley and Christopher Wren, all Fellows of the Royal Society, already knew that an inverse square law would produce elliptical orbits. Newton’s triumph was to prove that only an inverse square law would do this, and that therefore gravity must obey an inverse square law. But he went further. His work implied that this was a universal law. It wasn’t something that applied only to apples falling from trees, or to the Moon in orbit around the Earth, or the planets in orbit around the Sun. And it was the same all the time – it didn’t only apply in summer, or when there was an ‘r’ in the month. It applied to the force of attraction exerted by any piece of matter, anywhere in the Universe, on any other piece of matter, anywhere else in the Universe. Newton made the Universe seem an orderly place, with no room for interference from capricious gods.33 And he provided three other laws, the laws of motion which describe the behaviour of moving objects in the laboratory, or in the world at large, or in the Solar System and beyond, which, by extension, must also be thought of as universal laws, applying everywhere and at all times.

These are Newton’s laws of motion, which underpin three hundred years of science, but which can be summarized very simply, and which again highlight the development of the scientific way of looking at the world. Newton’s first law says that every object stays still or keeps moving in a straight line unless it experiences – or feels – a force. The ‘staying still’ part matches common sense (by which we mean things that we experience every day here on Earth). Things don’t move unless something makes them move. But the constant motion in a straight line business flies in the face of common sense. When we set things moving here on Earth, left to their own devices they fall to the ground and stop. Newton’s insight, extending the ideas of Galileo, was that they only fall down because of an external force (gravity), and they only stop moving because of other forces (friction). Without ever having seen the images familiar to us today of objects obeying Newton’s laws inside the zero-gravity and almost frictionless environment of the interior of a spacecraft, Newton appreciated what the world would be like if friction and other outside forces could be ignored.

The second law tells us how much the motion of an object is affected by a force applied to it. It says that a force applied to a mass causes an acceleration given by the simple equation F = ma, or a = [image: image]. It is this law, plus the law of gravity, which explains, or describes, the orbit of a planet around the Sun. Together, the second law and the law of gravity also explain the behaviour of falling objects observed and described by Galileo. If the Earth is the mass M, then the gravitational force acting on any mass at the surface of the Earth is proportional to its own mass, m (since F = [image: image]). But the acceleration that is caused by this force is determined by dividing F by m. So the mass m cancels out of the equation, and all objects falling under the influence of gravity accelerate at the same rate near the surface of the Earth. They all accelerate at a different rate (but still the same as each other) at the surface of the Moon, and so on.

The third law says that every force acting on an object produces an equal and opposite force – or in Newton’s language, for every action there is an equal and opposite reaction. A simple example of this is when the force used in a rifle to send a bullet speeding on its way produces a reaction which is felt as the kick of the rifle against the sharp-shooter’s shoulder. If you thump a desk with your fist, you can feel the reaction equally obviously. Slightly less obviously, when the Sun tugs on a planet through gravity, the planet tugs on the Sun with an equal and opposite force, as if the two were joined by a piece of stretched elastic. Even an apple falling from a tree is pulling the Earth up to meet it, by a tiny amount (only a tiny amount, because although the same force applies to both the apple and the Earth, acceleration is proportional to the force but inversely proportional to mass, and the Earth is a whole lot more massive than an apple). As far as orbits are concerned, this means that instead of the Moon, say, being in orbit around the Earth, actually both the Moon and the Earth are in orbit around their mutual centre of mass (which, because the Earth is much more massive than the Moon, happens to lie below the surface of the Earth).

The laws apply equally well to planets and moons moving through space, and (making due allowance for friction) to events on Earth, where a good approximation to Newton’s laws in action can be seen on a pool table. But for now we’ll concentrate on the behaviour of the planets, because it was here that problems with Newton’s description of the world began to show up as soon as he developed these ideas. The problems were largely swept under the carpet for centuries, but it was in the realm of orbital mechanics, as it is known, that the first hints of chaos in the modern scientific sense eventually emerged.

Part of the problem is that although Newton’s laws (including the law of gravity) can be used perfectly to calculate the orbits of two objects around each other in an otherwise empty Universe (the Moon around the Earth, or the Earth around the Sun, and so on), they cannot give exact answers for calculations involving three or more objects moving under their mutual gravitational attraction (such as the Earth, Moon and Sun moving together through space). This is called the ‘three-body problem’, although it applies to any number of ‘bodies’ bigger than two; more generally, physicists sometimes refer to the ‘N-body problem’, where N can be any number bigger than two. The equations describing such systems can be written down, but they cannot be solved – they are not integrable and are said to have no analytical solutions (meaning that the techniques of mathematical analysis do not work with them). Equations that can be solved analytically are sometimes said to be deterministic; the equation describing the orbit of a single planet around the Sun is deterministic, and has analytical solutions in the form of ellipses. It’s important to appreciate, though, that the lack of solutions to the three-body problem is not caused by our human deficiencies as mathematicians; it is built into the laws of mathematics.

There are, however, often ways around the problem. These involve approximations. For literally three bodies in orbit around one another, it is possible to carry out the calculation in repeated steps, first pretending one of the bodies is still while you carry out the calculations to work out how the other two bodies will move a little way in their orbits. Then, starting from these new positions, another of the three bodies is held still, and the calculation carried out for the other two, and so on. The answers you get are never perfect, because in reality all three objects are moving at once. But if you make the time step involved in this repeated process (such a repeated mathematical manipulation is sometimes called iteration) small enough, in many cases the orbits you calculate will be very close to the real orbits. In the Solar System, the Sun is so much bigger than any of the planets (or, indeed, than all the planets put together) that its gravitational influence dominates, and to a first approximation the influences of the other planets can be ignored. So the orbit of Mars, for example, is calculated by pretending that the other planets do not exist, giving a perfect ellipse. The real orbit of Mars differs slightly from this analytical solution to the equations of motion, but the differences can be explained by allowing for the perturbing effects of other planets, notably the giants Jupiter and Saturn. Similarly, the orbit of the Moon around the Earth can be calculated, to a first approximation, by ignoring the effects of the Sun, which is a long way away, and then adding these in afterwards as a correction to the calculation. If you are prepared to carry out a laborious series of calculations for each successive correction involving all the planets and their influences on each other (relatively easy today using high-speed computers), you can get an approximation which is very good indeed as a prediction of the actual observed orbit of the planet or moon you are interested in. But you can never get a precisely accurate analytical mathematical solution which would enable you to predict how that planet or moon will move in its orbit for ever. There is always some margin of error. And the three-body problem is completely intractable if the three objects are about the same size (that is, mass) as each other and are at roughly equal distances from each other. The absence of analytical solutions means that nature itself does not ‘know’ exactly how the orbits will change (evolve) as time passes. Even for the planets of the Solar System, there is always the possibility that the orbits may not stay the same for ever as they are today, but may change in literally unpredictable ways.

Newton was aware of this, but was a deeply religious man (although his religious beliefs did not entirely match those of orthodox Church teaching at the time), and solved the problem, in his own mind at least, by suggesting that if the planets began to wander from their familiar orbits (perhaps spiralling in towards the Sun or out into the depths of space) God could always intervene to put them back on course. This drew a cutting riposte from Leibniz, who picked up on the analogy between Newton’s orderly, deterministic Universe and a dock to sneer that Newton’s God must be a pretty poor watchmaker if he was incapable of making a clock that would not keep steady time unless He intervened whenever it broke down.

The puzzle persisted until the end of the eighteenth century, when the French mathematician Pierre Laplace (1749–1827) seemed to restore order to the Solar System. He concentrated first on calculating (using the laborious step-by-step process outlined earlier) the orbits of Jupiter and Saturn, which are the two largest planets in the Solar System, and exert the largest gravitational influence, both on each other and on the smaller planets, after the Sun itself. Laplace found that at present the orbit of Jupiter is expanding slightly, while the orbit of Saturn is shrinking – just the sort of effect that Newton was worried about. But Laplace discovered that these changes are linked to a rhythmic change in the gravitational influence of the two planets on each other, which operates because Saturn makes two orbits of the Sun while Jupiter travels around its own orbit five times. This means that the two giant planets are at their closest to each other every fifty-nine years. Using Newton’s laws and the step-by-step iterative technique, Laplace calculated that the effect of all this was to reverse the overall changes seen in the orbits of the two planets every 929 years – after 929 years with the orbit of Jupiter expanding and the orbit of Saturn shrinking, there is an interval of 929 years with the orbit of Jupiter shrinking while the orbit of Saturn expands, and so on. Laplace thought that he had restored order to the Solar System, and famously remarked to Napoleon that he ‘had no need’ of the God ‘hypothesis’, writing:


The irregularities of these two planets appeared formerly to be inexplicable by the law of universal gravitation – they now form one of its most striking proofs.



As we shall see, he was only right up to a point. But he showed that the same kind of stability applied to other planets, and by implication to the Solar System as a whole, so that from the early nineteenth century onwards Newton’s laws really did seem to imply that the Solar System itself and the Universe at large operated with the stability and reliability of a perfect clock, requiring no outside intervention to maintain perfect time. The success of Newton’s laws enabled physicists to solve many problems, and is the rock upon which the whole of modern science is founded. Although physicists were aware, in the nineteenth and twentieth centuries, that there are many situations in which there are no analytical solutions to the relevant equations, they could make such huge progress by solving the equations where they were deterministic, and by applying approximation techniques in other cases, that the more intractable puzzles were largely ignored. It is only natural, after all, to solve all the easy puzzles first, before worrying about the difficult ones. But just a few people did worry about problems that lay beyond the scope of Newton’s equations (at least to the extent of pointing out that such problems existed), and another kind of three-body problem highlights just how limited Newton’s laws really are.

This is a situation which can be visualized in terms of collisions between three balls on a pool table. If one moving ball strikes another stationary ball (or even if both balls are moving), then Newton’s laws can be used to work out exactly how the two balls move after the collision, provided we know the masses of the balls, the speed the moving ball is travelling at, and make the usual allowances for friction (or ignore it). But if two stationary balls are arranged so they are touching each other, and the moving ball hits them sideways on, striking both the stationary balls simultaneously, in general Newton’s laws cannot tell you how the balls will move apart after the collision.44 Provided one or the other of the two touching balls is hit first, even if only by a tiny fraction of a second, the laws tell you where the three balls will go. But for a genuinely simultaneous collision, they do not. You might try to weasel your way out of this difficulty by arguing that in practice it is highly unlikely that the collision will be literally simultaneous, but it is still a worrying feature of the world that there are simple situations which, according to the laws that proved so successful when applied to everything from explaining the swing of a simple pendulum to the flight of a spacecraft to the Moon, have unpredictable outcomes.

[image: image]
Figure 1.1 According to Newton’s laws, if one perfectly elastic sphere strikes two touching perfectly elastic spheres simultaneously, it is impossible to predict where the three spheres will go.


Nobody really worried about this in the nineteenth century. They were too busy applying both Newton’s laws and the scientific method developed by Galileo and Newton to produce an overall picture of an orderly, deterministic Universe. The prevailing image was the one encapsulated by Laplace in 1814 in his Essai philosophique sur les probabilités:



Consider an intelligence which, at any instant, could have a knowledge of all forces controlling nature together with the momentary conditions of all the entities of which nature consists. If this intelligence were powerful enough to submit all this data to analysis it would be able to embrace in a single formula the movements of the largest bodies in the universe and those of the lighter atoms; for it nothing would be uncertain; the future and the past would be equally present to its eyes.



The modern equivalent would be a supercomputer which knew the positions and velocities of every particle in the Universe, and could use Newton’s laws and the laws which describe the forces of nature (such as gravity and electromagnetism) not only to predict the future course of every particle, but to work out the entire history of where they had come from – for there is nothing in Newton’s laws to reveal the direction of time, and the laws work just as well if time is running the other way, as you can easily see by imagining the reverse of a collision between two pool balls, or reversing the motion of every planet in the Solar System in its orbit. There is no arrow of time in Newton’s laws, and they seemed, to Laplace and many others, to describe a completely deterministic world in which both past and future are rigidly fixed and there is no scope for free will. What none of these people seems to have noticed is that the basic argument breaks down if, at any time and any place in the Universe, there is a simultaneous collision between three particles – although whether that would be enough to restore free will is something I shall leave for the philosophers to argue about.

[image: image]
Figure 1.2 According to Newton’s laws, collisions between pairs of objects are perfectly reversible. The picture looks equally plausible whichever way we draw the ‘arrow of time’.


The same puzzle about time emerged from one of the greatest triumphs of nineteenth-century physics: the understanding of light and other forms of electromagnetic radiation, which culminated in the work of the Scot James Clerk Maxwell (1831–79). Maxwell’s description of electromagnetic radiation built on the work of Michael Faraday, who lived from 1791 to 1867, and came up with the idea of electric and magnetic ‘fields’ which surround magnets or electrically charged objects. Such a field can be made visible in the classic schoolroom experiment where iron filings are sprinkled on a sheet of paper held flat on top of a magnet; when the paper is gently tapped, the iron filings arrange themselves in lines linking the two magnetic poles of the magnet, marking out so-called lines of force, associated with the magnetic field. It was Faraday who first suggested that light might be produced by some sort of vibration in the lines of force associated with magnets and charged particles, twanging like plucked violin strings. But Faraday lacked the mathematical expertise to develop this idea into a fully worked-out model, and it was Maxwell who finished the job in the 1860s. He showed that all electric and magnetic phenomena known at the time, including the behaviour of light, could be described by a set of just four equations, now known as Maxwell’s equations. These equations did for electromagnetic fields and radiation what Newton’s laws did for solid matter – in principle, they described everything and made it possible to calculate the consequences of any electromagnetic interaction, although this might require a great deal of patience in complicated situations. Maxwell’s equations describe how dynamos and electric motors work, why a compass needle points north, how big the force is between two electric charges a certain distance apart (it was already known that both electricity and magnetism, like gravity, obey inverse square laws), and much more. Together, Newton and Maxwell provided the mathematical tool kit needed to deal with everything known to physical science in the middle of the nineteenth century. And the most wonderful thing about Maxwell’s equations was that they produced a description of light without being asked – the equations were set up to describe other electromagnetic phenomena, but they included within themselves a solution which described an electromagnetic wave travelling through space at a certain speed. That speed is exactly the measured speed of light (already well determined by the 1860s, and soon to be measured even more accurately), leaving no doubt that light travels in the form of an electromagnetic wave.

But there are two curious features of Maxwell’s equations, one of which was soon to have a profound impact on physics, and the other which was treated only as a minor oddity until quite recently. The first strange feature of the equations is that they give the speed of light as a constant, independent of how the source of the light is moving relative to the person (or machine) that measures its speed. According to the equations, if you shine a torch at me we both measure the speed of the light from it as this constant, c. That’s fine if we are both standing still. But if I am moving past you, or you are moving past me, even at a very high speed, both you and I still measure the speed of light from the torch as c. This is true when I am approaching you (you might think, from common sense, that I ought to measure a speed equal to c plus my own speed relative to you) and when I am moving away from you (when common sense says that I should measure a speed of c minus my own speed relative to you). It is this requirement from Maxwell’s equations that the speed of light is a constant for all observers, no matter how they are moving, that led Albert Einstein to develop the special theory of relativity, published in 1905, and move on to the general theory of relativity, published a decade later. Relativity theory, however, has no place in this book, except to acknowledge that it does exist and provides a more complete description of the behaviour of moving objects and gravity than Newtonian theory does. It does not overturn, or supplant, Newtonian physics, but includes Newton’s ideas within itself and extends the description of the physical world to conditions where Newtonian theory is inadequate – particularly for objects moving at very high speeds and objects in strong gravitational fields. But as a description of the motion of the Earth around the Sun, for example, Newtonian physics is accurate to within one part in a hundred million, and it is even more accurate as a description of events on the human scale.

Maxwell’s equations also have their limits, particularly in the description of events on very small scales, such as the behaviour of atoms and the particles that make up atoms. There, both the classical (Maxwell) description of electromagnetic interactions and the classical (Newton) description of particle interactions have to be modified, and the rules of quantum physics apply. Quantum effects – or at least, one particular quantum effect – will come into our story later, although only in a relatively minor role. Almost everything we deal with here can be described (and perhaps understood) in terms of Newtonian mechanics. Even Maxwell’s equations are only really worth mentioning because of their other odd feature.

The other strange feature of Maxwell’s equations is that, like Newton’s equations, they have no inbuilt arrow of time. This is not too worrying when we think about things like electrically charged particles moving in magnetic fields, and imagine reversing the direction of time. Everything would still obey the laws of physics described by Maxwell’s equations and Newton’s laws. But according to the equations, there is no difference between a light wave spreading out from a lamp and its time-reversed counterpart, a light wave converging on a lamp. That would be as strange, to us, as to see the scattered balls on a pool table assemble themselves into a neat triangle, using energy gained from friction, and shoot the white ball neatly on to the end of the player’s cue, giving it a kick. Yet both possibilities are allowed by the combined laws of Newton’s and Maxwell’s equations. Clearly, there is something odd about the arrow of time.

What was for a long time the standard explanation of why we see a preferred direction of time stems from another great triumph of nineteenth-century physics, the description of the relationship between heat and motion (thermodynamics). This was of fundamental practical importance in the industrial world when that industry was being powered by steam engines. From our point of view, the importance of the science of thermodynamics is that it provided physicists with a way to describe the behaviour of very large numbers of objects – in particular, particles of gas – in some sense working together in a complex system. This involves averaging and statistics, but it is largely based on the idea that a gas is made up of a myriad tiny particles (atoms and molecules) bouncing around and colliding with one another and the walls of their container in accordance with Newton’s laws of motion. This kinetic theory of gases was a significant example of how the universal laws of physics brought order out of chaos. The very name ‘gas’ was coined by the Flemish physician Joannes (originally Jan) van Helmont, from the Greek word for chaos; the term first appeared in print in van Helmont’s book Ortus Medicinae, published in 1648, four years after the death of Joannes, by his son Franciscus. The idea of gas as chaos remained appropriate for three hundred years, until Maxwell, working in Britain, and his contemporary Ludwig Boltzmann, working in Vienna, put the kinetic theory (previously a speculative idea) on a secure scientific footing based on Newton’s laws. The pressure a gas applies to the walls of its container, for example, is explained in terms of action and reaction (Newton’s third law) as the particles of the gas collide with the wall and bounce off, back into the volume of the gas. This produces what feels like a steady pressure simply because there are so many particles involved, producing an enormous number of collisions every second. In round figures, the number of molecules in a box of gas the size of a matchbox is roughly one million billion billion (a 10 followed by 23 zeros), a number so big that it doesn’t really make much difference if we think about a box ten times bigger or ten times smaller. A typical molecule of air in the atmosphere at sea level and
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