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Preface
Why a Biography?

When I started writing books about science, more than thirty years ago, it seemed to me that I was dealing with clear-cut facts, things like Newton’s laws, the way continents move about the surface of the Earth, how stars release energy through the process of nuclear fusion operating deep in their hearts, and so on. Later, as I increasingly turned my attention to the history of science and biography, I became intrigued by the way in which such investigations are necessarily to some extent subjective and open to interpretation. It is impossible to write ‘the’ history of science (or of anything else), because we do not have all the facts; we have to fill in the gaps with guesswork, even if it is educated guesswork making full use of all the facts we do have. Similarly, it is impossible to write ‘the’ life story of a human being (even one who is still alive), because of the fallibility of human memory and the incompleteness of the records. Rather late in the day, I came to realize that the same limitations apply to any attempt to write a history, or life story, of the Universe. Although we know a remarkable amount about the way the Universe has developed since the Big Bang, in some cases to an exquisite precision, there will always be gaps in that knowledge, where we have to use educated guesswork to work out what happened. So there can never be a single, definitive history or biography of the Universe; only different, more or less subjective, interpretations of the story.

This suggested the intriguing possibility of writing an account of the origin, evolution and possible fate of the Universe using the approach that I would use if writing a biography. Ask the basic questions about the subject, and answer them as best I could, filling in the gaps where necessary with educated guesswork. How did the Universe begin? Where do the material particles we are made of come from? Where do galaxies come from? How do stars and planets form? How did life begin? We have only provisional answers to those questions (some more provisional than others) – but they are answers which are all likely to be improved dramatically by scientific progress over the next ten years. The provisional answers we already have are vastly better than no answers at all, and the story of how we arrived at those answers is one worth telling in its own right, as well as setting the scene for the stories likely to make headline news over the next decade.

When I wrote my history of science since the sixteenth century,1 I used a different kind of biographical approach, concentrating on the lives and achievements of individual scientists. Initially, I intended to use the same biographical approach here, hoping to give insight into the way science works today by focusing on individual contributions. But they do science differently these days. The more I travelled on visits to scientists active today the more I realized just how much things have changed, even in my own lifetime. Individual scientists in the physical sciences today generally focus on relatively small problems while working in rather large teams, so that it is often difficult to identify the specific contribution of an individual, or to claim that the project would not have succeeded so well if someone else had been doing their job. Yet the whole has become greater than the sum of its parts, so that a compelling, consistent and very nearly complete picture of how the physical world works, and how the Universe we see around us got to be the way it is, has emerged. One of the most fascinating features of this story is that the mystery of the origin of life now falls squarely within the province of physical science (and is considerably less mysterious than it used to be).

It is only by standing back from the individual contributions and looking at the big picture that the true scale of this achievement becomes apparent. There is a fascinating scientific biography to be written, but it is, indeed, a biography of the Universe itself, not that of the people probing the remaining mysteries of the Universe today. Since the life of the Universe is far from over, I have chosen to present the story so far in terms of beginnings, from the beginning of the Universe as we know it some 14 billion years ago to the beginning of life on Earth roughly 10 billion years later. I was also unable to resist one peek into the future, to look at the likely fate of the Earth, which is of considerable interest to residents of our planet, and the possible fate of the Universe at large.

Some of the outlines of this story have been sketched before,2 but what is different about science in the twenty-first century is that the outlines have been filled in with precision (sometimes, changed dramatically in the process)so that key numbers that define the state of the Universe are known to an accuracy of a few per cent, or even to fractions of 1 per cent. At the same time, different parts of the picture are found to match up with astonishing precision, so that, for example, the measured properties of the neutron (a component of the nucleus of an atom) in the laboratory are intimately related to events that occurred in the Big Bang, and to the amount of helium found in stars today. In turn, the amount of helium in stars affects the production of chemical elements that have ended up in your body, and is relevant to the story of the origin of life. This is my other reason for calling this book ‘a biography’ rather than ‘a history’. It deals with the origin of life, and addresses the ultimate question of our own origins – although this may not be obvious in the early chapters.

This book is a biography of the Universe, not the biography of the Universe; but although it is inevitably to some extent speculative, I wouldn’t want you to run away with the idea that it is my own personal fantasy. There is much more fact than speculation here. Like any good biographer, before getting to grips with this new understanding of the Universe and our place in it, I should take stock of the things physicists are sure they know about the way the Universe works, and highlight the difference between what we think we know, and what we think we know.

John Gribbin

May 2006


1

 How Do We Know the Things We Think We Know?

What do scientists mean when they say that they ‘know’ what goes on inside an atom, say, or what happened in the first three minutes of the life of the Universe? They mean that they have what they call a model of the atom, or the early Universe, or whatever it is they are interested in, and that this model matches the results of their experiments, or their observations of the world. Such a scientific model is not a physical representation of the real thing, the way a model aircraft represents a full-scale aircraft, but is a mental image which is described by a set of mathematical equations. The atoms and molecules that make up the air that we breathe, for example, can be described in terms of a model in which we imagine each particle to be a perfectly elastic little sphere (a tiny billiard ball), with all the little spheres bouncing off one another and the walls of their container.

That is the mental image, but this is only half the model; what makes it a scientific model is that the way the spheres move and bounce off one another is described by a set of physical laws, written in terms of mathematical equations. In this case, these are essentially the laws of motion discovered by Isaac Newton more than 300 years ago. Using those mathematical laws, it is possible to predict, for example, what will happen to the pressure exerted by a gas if it is squashed into half its initial volume. If you do the experiment, the result you get matches the prediction of the model (in this case, the pressure will double), which makes it a good model.

Of course, we should not be surprised that the standard model of a gas which describes it in terms of little balls bouncing off one another in accordance with Newton’s laws makes this particular correct prediction, because the experiments were done first, and the model was designed, or constructed, to match the results of the experiments. The next stage in the scientific process is to use the model you have developed from measurements carried out in one set of experiments to make predictions (precise, mathematical predictions) about what will happen to the same system when you do different experiments. If the model makes the ‘right’ predictions under the new circumstances, this shows that it is a good model; if it fails to make the right predictions, it may not have to be completely discarded, because it still tells us something useful about the earlier experiments; but at best it has restricted applicability.

In fact, all scientific models have restricted applicability. None of them is ‘the truth’. The model of an atom as a perfectly elastic little sphere works fine for calculating changes in pressure of a gas under different circumstances, but if you want to describe the way an atom emits or absorbs light, you need a model of the atom in which it has at least two components, a tiny central nucleus (which can itself, for some purposes, be regarded as a perfectly elastic little sphere) surrounded by a cloud of electrons. Scientific models are representations of reality, not the reality itself, and no matter how well they work or how accurate their predictions under the appropriate circumstances, they should always be regarded as approximations and aids to the imagination, rather than the ultimate truth. When a scientist tells you that, say, the nucleus of an atom is made up of particles called protons and neutrons, what they should really say is that the nucleus of an atom behaves, under certain circumstances, as if it were made up of protons and neutrons. The better scientists take the ‘as if’ as read, but appreciate that their models are, indeed, only models; lesser scientists often forget this crucial distinction.

Lesser scientists, and many non-scientists, have another misconception. They often think that the role of scientists today is to carry out experiments which will prove the accuracy of their models to better and better precision – to more and more decimal places. Not at all! The reason for carrying out experiments which probe previously untested predictions of the models is to find out where the models break down. It is the cherished hope of the best physicists to find flaws in their models, because those flaws – things that the models cannot predict accurately, or explain in detail – will highlight the places where we need a new understanding, with better models, to make progress. The archetypal example of this is gravity. Isaac Newton’s law of gravity was regarded as the most profound piece of physics for more than 200 years, from the 1680s to the beginning of the twentieth century. But there were a few, seemingly tiny, things that the Newtonian model could not explain (or predict), involving the orbit of the planet Mercury and the way light gets bent when it goes past the Sun. Albert Einstein’s model of gravity, based on his general theory of relativity,1 explains everything that Newton’s model explains, but it also explains these subtle details of planetary orbits and light bending. In that sense, it is a better model than the older model, and it makes correct predictions (in particular, about the Universe at large) that the older model does not. But Newton’s model is still all that you need if you are calculating the flight of a spaceprobe from the Earth to the Moon. You could do the same calculation using general relativity, but it would be more tedious and it would give you the same answer, so why bother?

Most of this book will be about things we think we know – models which look good as far as they have been tested, but which involve science at the cutting edge, where many more tests remain to be carried out. It is certain that some of these models will require modification in the light of further experiments and observations of the Universe; it is quite possible that some of them may have to be completely discarded, and replaced by new ways of looking at things. This is not unlike the way in which historians and biographers of Robert Hooke, one of the key figures in the scientific revolution of the seventeenth century, have recently had to revise their ideas about the man (their models, if you like) because of the discovery of a key document, lost for centuries, which describes in detail some of the events in Hooke’s scientific life. New evidence often requires a revision of old ideas.

But to set the scene for our description of where science is going in the twenty-first century, we need to start from the things we think we know – models, essentially developed in the twentieth century, which have been so successful at matching the results of experiment and observation that scientists have just about as much faith in them as they have in the billiard-ball model of gases, or (within its known limitations) Newton’s model of gravity. These are models which are, like Newton’s model, very nearly perfect in their description of the physical Universe within the specific areas that they are known to apply; just as importantly, again as with Newton’s model, we know where the limits of the applicability of those models are.

Physicists like to refer to those highly successful descriptions of the world (or rather, of specific features of the world) as ‘standard’ models. The billiard-ball model of gases (which is also known as the kinetic theory, since it deals with particles in motion) is a standard model. But when physicists talk of the standard model, they are referring to one of the great triumphs of twentieth-century science, the model which describes the behaviour of particles and forces on subatomic scales. And it began, essentially, in the second decade of the twentieth century, when the Dane Niels Bohr came up with a new model of the atom. I have described the historical development of quantum physics in my book In Search of Schrödinger’s Cat, and do not intend to go into details here; but since the standard model of particle physics is entirely based on quantum physics, a brief recap is in order. At first sight, some of this may seem familiar to some readers; but bear with me, because I hope you will find that my take on this familiar story is not quite the same as what you think you know already.

The first step towards this new understanding of physics had come from Max Planck, in Germany, at the beginning of the twentieth century. Planck had discovered that the only way to explain observations of the way light is radiated by hot objects is if the light is emitted in little lumps, packets called quanta. At that time, scientists thought of light as a form of wave, an electromagnetic vibration, because observations of the behaviour of light in many experiments matched the predictions of the wave model. At first, neither Planck himself nor his contemporaries thought that light existed in the form of little lumps, only that the properties of matter – that is, of atoms – meant that it could only be emitted (or absorbed) in certain amounts. You might make an analogy with a dripping tap. The fact that water drips from the tap in the form of tiny ‘lumps’ doesn’t mean that the water in the tank feeding the tap only exists in the form of separate drops. Albert Einstein, in 1905, was the first person in modern times2 to take seriously the idea of light actually existing in the form of little lumps, particles of light that came to be known as photons, and for about the next ten years he was essentially in a minority of one. But it turns out that the behaviour of light in some experiments actually matches the predictions of the particle model. So the particle model must be a good one as well! No experiment shows light behaving like a wave and like a particle at the same time; but it can match the predictions of either model depending on the nature of the experiment.

It’s worth getting this clear, because it is such a fine example of the limitations of models. Nobody should ever have said (or thought) that light is a wave, or is a particle. All we can say is that under appropriate circumstances light behaves as if it were a wave, or as if it were a particle – just as under some circumstances an atom behaves as if it were a little hard ball, while under other circumstances it behaves as if it were a tiny nucleus surrounded by a cloud of electrons. There is no paradox or conflict here. The limitations lie in our models and our human imagination, because we are trying to describe something that is, in its entirety, unlike anything we have experienced with our own senses. The confusion we feel when we are trying to imagine how light can be both a wave and a particle is part of what the American physicist Richard Feynman called ‘a reflection of an uncontrolled but vain desire to see it in terms of something familiar’.3 Light is actually a quantum phenomenon which can be described very effectively in terms of mathematical equations, but for which no single mental image from everyday life will do to give us an idea of what it is like. The whole quantum world is like that, and Niels Bohr’s first great contribution to physics was to incorporate the mathematics of quantum physics into a model of the atom without worrying too much about whether that model ‘made sense’ in everyday terms.

By the beginning of the twentieth century, scientists knew that everything on Earth is made of atoms, with one kind of atom for each of the chemical elements – atoms of oxygen, atoms of gold, atoms of hydrogen, and so on. They also knew that atoms were not indivisible, as had once been thought, but that pieces, called electrons, could be chipped off them under the right circumstances. At that time, the favoured model of the electron described it as a tiny particle, and experiments had shown that electrons did, indeed, behave as if they were tiny particles. The puzzle Bohr solved was the way in which light is radiated (or absorbed) by different kinds of individual atoms, at a more detailed level than Planck’s study of the light emitted by glowing objects made up of many different atoms. The spectrum of visible light spans all the colours of the rainbow (indeed, a rainbow is a spectrum); but if a pure element (such as sodium) is heated in a flame, it radiates at very precise wavelengths, or colours, which produce a pattern of lines in the spectrum. In the case of sodium, the lines are in the orange-yellow part of the rainbow; but each element (which means each kind of atom) produces its own distinctive pattern of lines, as unique as a fingerprint and resembling a bar code. The blend of colours seen in a rainbow is a result of many different kinds of atom all radiating at different wavelengths to make sunlight. This blend usually adds up to give the appearance of white light, but the colours are separated by the way light is bent within raindrops or, as Isaac Newton investigated, by a triangular prism of glass.

Now, light is a form of energy, and the energy in light emitted by atoms must come from within the atoms (it is the most basic law of physics that energy cannot be created out of nothing; although even that rule has its limitations, as we shall see). Bohr realized that the energy comes from rearranging the electrons in the outer part of an atom.4 Electrons carry negative charge, while the nucleus of an atom carries positive charge, so electrons are attracted to the nucleus in a way similar to the way an object on Earth is attracted by gravity to the Earth itself. If you carry a weight upstairs, you have to do work (put in energy) to move the weight farther away from the centre of the Earth. If you drop the weight out of an upstairs window, this energy is released, converted first into the energy of motion of the falling weight and then, when it hits the ground, into heat, warming the ground slightly as it makes the atoms and molecules at the impact site jiggle about. Bohr suggested that in the same sort of way if an electron in the outer part of an atom moved closer to the nucleus, energy would be given up (in this case, as light). If an electron closer to the nucleus absorbed energy (perhaps from light, or because the atom was being heated) it would jump farther out. But why should the energy be emitted and absorbed only at precise wavelengths, corresponding to precise amounts of energy?

In the model developed by Bohr, an electron is envisaged as moving around the nucleus in a way reminiscent of the way planets orbit around the Sun. But whereas a planet can orbit, in principle, at any distance from the Sun, Bohr said that only certain electron orbits were ‘allowed’ – rather as if a planet could occupy the orbit of the Earth or the orbit of Mars, but not anywhere in between. Then, he suggested, an electron could jump from one orbit to another (as if Mars jumped into the Earth’s orbit) and emit a precise amount of energy (corresponding to a precise wavelength of light) in the process. But it could not jump to an in-between orbit, and emit an in-between amount of energy, because there were no in-between orbits. Of course, there was appropriate mathematics to back this up, based on studies of spectra, and the physics was developed by further experiments and observations. What matters, however, is that Bohr found a model which worked very well at predicting where the lines in atomic spectra should be, even though the idea of what became known as ‘quantized’ orbits made no sense in terms of our everyday experience. Equally baffling, according to this model changes occur as if an electron disappears from one orbit and instantly appears in another orbit, without ever crossing the space in between. Although it took a long time for scientists to grasp the point, Bohr had made it clear that a model doesn’t have to make sense in order to be a good model; all it has to do is make predictions (based on sound mathematics and observed physics) that match the outcome of experiments.

Bohr’s model of the atom is often regarded as rather quaint and old-fashioned today. The physicists’ image of the electron has changed a lot since his day, not least since the discovery in the 1920s that under some experimental circumstances an electron behaves as if it were a wave. Just like light (and, indeed, like every other entity in the quantum world) there is a ‘wave–particle duality’ about the electron. We cannot say that it is a wave, or that it is a particle, only that sometimes (in a predictable way, not on a whim) it behaves as if it were a wave, and sometimes it behaves as if it were a particle. This led to the idea of all the electrons in an atom occupying a fuzzy, diffuse cloud around the nucleus, with changes in the energy of the cloud occurring in more subtle ways than by a tiny particle hopping from one orbit to another. This is a more sophisticated model, which works very well when we want to explain how atoms join together to make molecules, and thereby underpins our entire modern understanding of chemistry. But, just as Newton’s model is all you need to know about gravity if you are calculating the trajectory of a space-probe going to the Moon, so Bohr’s model still works very well if all you want to do is explain the lines you see in the spectra of hot materials, such as sodium (or, indeed, the Sun). Old models seldom die, they just have restricted usefulness.

That’s all we have to say about electrons for now, because in the standard model an electron is regarded as one of the basic building blocks of matter – a truly fundamental entity which is not made up of smaller things. But the same is not true of the nucleus. And as well as ‘explaining’ – that is, providing us with a working model to describe – what the nucleus is, the standard model also provides insight into the forces that operate between the kinds of fundamental entities we are used to thinking of as particles.

It’s hard to avoid using the term ‘particle’ at least some of the time when we are talking about fundamental entities such as electrons, and we shall not always qualify the term. But it is important to remember that using the word doesn’t mean that these entities should be thought of solely as little hard spheres, or concentrations of mass and energy at a point. They do behave like that in some experiments, but they don’t in others. The term ‘wavicle’ has sometimes been used to try to convey a flavour of the dual wave–particle nature of quantum objects, but I am not convinced that this works. On the other hand, physicists do have a perfectly good alternative to the word ‘force’, which is just as well, since quantum ‘forces’ are as strange, in everyday terms, as quantum ‘particles’.

We are all familiar with two forces of nature – gravity and electromagnetism. We feel the Earth pulling us down, and we have experienced a magnet picking up a metal object, or charged up a plastic comb by running it through our hair, then used the static electricity generated in it to pick up tiny pieces of paper. But as those examples show, forces always operate between two (or more) objects – the Earth pulls us down, the magnet picks up a nail. There is an interaction between the objects involved, and that gives physicists their preferred term, interaction, to describe what is going on. It might seem, from the examples we have given, that there are three interactions experienced in everyday life, because magnetism and electricity have superficially different properties. But in the nineteenth century the Scot James Clerk Maxwell, building on the work of Londoner Michael Faraday, discovered a set of equations that describe both electricity and magnetism within the framework of a single model. They are actually different aspects of the same interaction, like the two faces of a coin.

There are, though, several genuine and important differences between the gravitational interaction and the electromagnetic interaction. Gravity is very, very much weaker than electromagnetism. It takes the pull of the entire Earth to hold a steel pin down on the ground, for example, but a child’s toy magnet can easily overcome this pull and lift the pin upwards. Because electrons and atomic nuclei carry electric charge, and the strength of the gravitational pull of one single atom on another is so utterly tiny that it can be ignored, all the significant interactions between atoms are electromagnetic. So electromagnetic forces hold your body together and make your muscles work. If you pick an apple up off the table, electromagnetic interactions in your muscles are overpowering the gravitational interaction between the apple and the entire Earth. In a real sense, you are more powerful than a planet, thanks to electromagnetic interactions.

But although gravity is weak, it has a very long range. The interaction between the Sun and the planets holds the planets in their orbits, and in a similar way the Sun itself is part of a system of several hundred billion stars forming a disc-shaped galaxy roughly a hundred thousand light years across, rotating about its centre and held together by gravity. In principle, electromagnetic interactions are just as long-range. But another difference between them and gravity is that they come in different varieties, which cancel each other out. In an atom, the positive charge of the nucleus is cancelled by the negative charge of the electrons, so from any distance large compared with the size of the atom it seems to be electrically neutral, with no overall charge. North magnetic poles, similarly, are always accompanied by south magnetic poles, and although the magnetic fields of objects like the Sun and the Earth do extend into space to some extent, on truly cosmic scales there is no overall magnetic influence pulling things together or pushing them apart.

That’s another thing about electromagnetism that distinguishes it from gravity. Gravity always attracts. But although opposite electric charges and opposite magnetic poles attract, similar charges and similar poles repel one another, the way we all discovered as children, trying to squash the two north poles of two different magnets together. So even before they tried to investigate the quantum realm, physicists knew that interactions (forces) could have long or short range, that they could be associated with different kinds of ‘charge’, and that they could either attract or repel. More subtly, we see that not all interactions affect everything in the same way. Gravity seems to be universal and does affect everything. But electric and magnetic influences only affect certain kinds of objects. All of this came in useful when the physicists began to probe inside the nucleus.

The way they probe within the nucleus is by firing beams of – for want of a better word – particles at nuclei and sub-nuclear particles, and measuring the way they bounce off. The more energy that there is in the incoming particles, the finer the details that can be resolved in the ‘target’. At first, early in the twentieth century, this was done using particles produced naturally by radioactive processes. As technology developed, this technique was refined to take particles such as electrons and accelerate them to very high energies using magnetic fields, in machines called (logically enough) particle accelerators. This has led to the development of huge accelerators like those at CERN, near Geneva, where cutting-edge research into the nature of matter and the interactions (‘forces of nature’) continues today, and will feature later in this book.

After the discovery of the nucleus itself, in experiments carried out in Cambridge at the beginning of the second decade of the twentieth century, the next step in this process came with the discovery in the 1920s that the nucleus responds to this probing like a ball made of two kinds of particles, protons and neutrons, jammed together like a closely packed cluster of grapes. The nucleus of the simplest atom, hydrogen, actually consists of a single proton, but all other nuclei contain neutrons as well as protons – in the case of the most common form of uranium, 92 protons and 146 neutrons. Each proton has an amount of positive charge equal in size to the amount of negative charge on a single electron, so in a neutral atom there are exactly the same number of protons as electrons. Each neutron, as the name implies, is electrically neutral. The obvious question was, why doesn’t the repulsion of the interaction between all the positively charged protons blow the nucleus apart? The obvious answer, later borne out by experiments, was that there must be a previously unsuspected attractive interaction that overwhelms the electric repulsion and holds the nucleus together. Because this interaction is stronger than the electromagnetic interaction, it became known as the strong interaction (or the strong force). And because no trace of its influence can be detected far away from the nucleus, it was clear that it must have a short range, extending its influence only over the diameter of a large nucleus. This is why there are no nuclei much bigger than uranium. If you want a pictorial model, if you try to jam more than about 240 protons and neutrons together, the protons on opposite sides of the ball are still repelled strongly from one another by the electromagnetic interaction, but are too far apart to feel the attraction of the strong interaction.

The energies required to probe inside protons and neutrons (collectively known as nucleons) are so big that it took decades – from the 1930s to the 1960s – to get a reliable model of what goes on inside these particles. The picture that emerged was consistent with a model in which each of the nucleons is composed of three truly fundamental entities (as fundamental as electrons), which were called quarks. Experiments probing protons and neutrons supported the predictions of a model in which there were two kinds of quark, dubbed ‘up’ and ‘down’; the proton is regarded as composed of two up quarks and one down quark, while the neutron is composed of two down quarks and one up quark. With a charge of ⅓ of the charge on an electron allotted to each down quark, and ⅔ of the charge on a proton allotted to each up quark, the numbers add up to explain the observed charges of protons and neutrons.

But why have individual quarks, or any particles with ‘fractional’ charge, never been detected? The model explains this (and experiments back the suggestion up) by proposing that pairs or triplets of quarks are ‘confined’ within composite particles such as protons and neutrons by an interaction which gets stronger the farther apart the quarks are. Gravity and electromagnetism both get weaker at longer distances, but we are all familiar with a force that gets stronger at greater distances. If you stretch an ordinary elastic band it will resist your efforts more and more as it stretches, up to the point where it breaks. Quarks behave as if they are held to their immediate neighbours by floppy elastic and rattling around loose inside the nucleus, but are tugged back sharply if they move away from one another. The analogy can even be carried over to snapping the elastic bands. If enough energy is put in to moving one of the quarks – for example, if it is struck by a fast-moving particle from outside in an accelerator experiment – the interaction with its neighbours will indeed be broken. But, in line with Einstein’s famous equation E = mc2, this only happens if there is enough spare energy (E) to make two new quarks (each with mass m). All the extra energy goes into making those new quarks, one each side of the break, so you still do not detect an isolated quark.

This business of making particles out of pure energy (if you like, m = E/c2 rather than E = mc2) is itself crucially important in our understanding of the subatomic world. In particle colliders, beams of energetic particles are smashed head on into one another, or into stationary targets. When this happens, the fast-moving particles are brought to a halt, and the energy of motion that had been put in to the particles is released in the form of a shower of new particles. These are not particles that were present in any sense ‘inside’ the original particles and were knocked out by the collision; they are new particles that have literally been made out of pure energy. Most of the particles made in this way are unstable, and break down into less massive particles, eventually into the familiar protons, neutrons and electrons. But the way they break down provides clues to their own internal structure, and this has led to the improvement of the standard model. The first step was to find a model to describe the strong interaction.

The interaction which confines quarks inside nucleons is now regarded as the true strong interaction; the force between nucleons, the original strong interaction, is seen as a weaker trace of this real strong interaction, which leaks out of nucleons to affect their neighbours. Once the evidence in support of the quark model became convincing, physicists were quickly able to come up with a model of the strong interaction operating between quarks, because back in the 1940s they had developed an exquisitely precise model of the way electrically charged particles such as electrons and protons affect one another through the electromagnetic interaction.

This model is based on the idea of a field, which is familiar in the context of a magnetic field – an influence spreading out through space from some source. In the case of a magnetic field, you can even get a visual image of what is going on, by placing a bar magnet underneath a sheet of paper, sprinkling iron filings on top of the paper, and gently tapping the paper to watch the filings arrange themselves in curving patterns following the ‘lines of force’ of the magnetic field. Because modern field theory incorporates ideas from quantum physics, it is called quantum field theory. The specific piece of quantum physics that goes in to the theory of the electromagnetic interaction is that light5 comes in the form of quanta called photons. In the language of quantum physics, the photons are called field quanta, and are regarded as bits of the field that have been ‘excited’ by an input of energy.

In the 1930s physicists developed the idea that the electromagnetic interaction could be described in terms of an exchange of photons between charged particles. The early version of this model made predictions about the behaviour of charged particles which were close to the properties observed in experiments, but didn’t quite match up to measurements of what was going on in interactions between charged particles. In the 1940s, however, these discrepancies were resolved, and the modern theory of quantum electrodynamics (QED) emerged by taking on board one of the strangest aspects of the quantum world, known as uncertainty.

Quantum uncertainty is actually a very precise thing. The idea was developed by the German physicist Werner Heisenberg in the late 1920s, initially in terms of two familiar properties of particles – their position, and their momentum (which is a measure of the direction they are moving in and how fast they are moving). In the everyday world, we are used to the idea that we can, in principle, measure both the position and the momentum of an object (such as the archetypal billiard ball) at the same time. We know both where the object is and where it is going, at the same time. Heisenberg realized that quantum entities such as electrons and photons do not behave like this – something that is obvious, with hindsight, if you think a little about wave– particle duality. Position is definitely a typical property of a particle, but waves do not have a precise position in space. If a quantum entity has (or behaves as if it has) aspects of both particle and wave in its nature, it is no surprise to find that it can never be located precisely at a point.

Heisenberg found that the amount of uncertainty in the position of a quantum entity (the uncertainty in where it is) is related to the amount of uncertainty in its motion (the uncertainty in where it is going) in such a way that the more precisely the position is confined the less certainty there is about the momentum, and vice versa. The two uncertainties are linked mathematically by an equation now known as Heisenberg’s uncertainty relation. And the crucial point to take on board is that this uncertainty is not a result of human clumsiness or the inadequacy of experiments we build to measure things like electrons. It is built in to the nature of the quantum world. An electron literally does not have a precise position and a precise momentum. An electron confined within an atom, for example, is fairly precisely located in space, but its momentum is constantly changing as it moves around in the atom’s electron cloud; an electron moving through space like a wave may have a very precise momentum, but it does not exist ‘at a point’ anywhere along the wave.

Strange though all this is, it is not the end of the story. The same kind of quantum uncertainty carries over into other pairs of properties in the quantum world, and one of these pairs is energy and time. Heisenberg’s uncertainty relation combined with Einstein’s special theory of relativity (which is all about space and time) tells us that if you take a certain volume of seemingly empty space and watch it for a certain time, you cannot be sure how much energy it contains. It’s not just ‘you’ who cannot be sure; as with position and momentum, Nature itself does not know. Over a long period of time, you can be certain the space is empty (or very nearly empty). But the shorter the period of time involved, the less certain you can be about the amount of energy inside the volume. For a short enough interval of time, energy can fill the volume, provided it disappears again within the time limit set by the uncertainty relation.

This energy could be in the form of photons, which appear out of nothing at all and promptly disappear again. Or it could even be in the form of particles like electrons, provided that they exist only for the tiny flicker of time allowed by the uncertainty relation. Such short-lived entities are known as ‘virtual’ particles, and the whole process is called a ‘fluctuation of the vacuum’. In this model, ‘empty space’, or ‘the vacuum’, is seen as seething with activity on the quantum scale. In particular, a charged particle such as an electron is embedded in a sea of virtual particles and photons, and even in their short lifetimes the particles interact with the electron. When QED was adapted to take account of the presence of this sea of virtual particles, it gave predictions that precisely matched the properties of charged particles measured in experiments. In fact, the experiments and the model match to a precision of one part in 10 billion, or 0.00000001 per cent. The only reason the accuracy isn’t even better is that experiments good enough to test the model to even greater precision have not yet been devised. This is the most accurate agreement between theory and experiment for any scientific model tested on Earth; even Newton’s law of gravity hasn’t been tested to such precision. By that measure, QED is the most successful model in the whole of science. And the agreement is only that good if the effects of quantum uncertainty, a seething vacuum and virtual particles are included. The whole model passes the test.

Hardly surprisingly, when physicists wanted to develop a model of the interaction between quarks, the strong interaction, they took QED as the template and tried to come up with a similar quantum field theory. In this model, the field quanta that are responsible for conveying the strong interaction are called gluons, because they glue quarks together. Just as photons are associated with electric charge, gluons are associated with another kind of charge, which is called colour, but has nothing to do with colour in the everyday sense of the word. Whereas electric charge comes in only two varieties, positive and negative, colour charge comes in three varieties, given the names red, blue and green. It turns out that to make the model of the strong interaction work, you need eight different kinds of field quanta, whereas with electromagnetism you need only one kind, the photon. In addition, unlike the photon these gluons have mass.

The model of the strong interaction based on QED is called quantum chromodynamics, or QCD, because it uses the names of colours in this way. Because of complications caused by the larger number of kinds of field quanta and the fact that they have mass, QCD does not make predictions that match the results of experiments as precisely as those of QED, which is a hint that the standard model is not the last word in physics. But it is the best model we have for what is going on inside things like protons and neutrons.

Field quanta such as photons and gluons are collectively known as bosons (in honour of the Indian physicist Satyendra Bose), while the kind of entities we are used to thinking of as particles, such as electrons and quarks, are known as fermions (after the Italian Enrico Fermi). Just as bosons can be thought of as field quanta, so fermions are regarded as the quanta associated with ‘matter fields’ that fill all of space, blurring the distinction between ‘particles’ and ‘forces’ further. But there are differences. The main difference between the two families is that bosons can be created out of pure energy without limit – every time you turn a light on, billions and billions of newly created photons flood out into the room. But the total number of fermions in the Universe has stayed the same, as far as we can tell, since the Big Bang. The only way you can make a ‘new’ fermion, such as an electron, out of energy is if, at the same time, you make a mirror-image antiparticle (in this case, a positron). The mirror-image particle has opposite quantum properties (including, in this case, positive electric charge instead of negative electric charge) so the two cancel each other out for the purpose of counting fermions, with one negative and one positive adding up to nothing. We’ll have more to say about antimatter later.

So far, we’ve identified three different fermions – the electron, the up quark and the down quark. We’ve also identified three different kinds of interaction – gravity, electromagnetism and the strong interaction. But there is still one more fermion and one more interaction to add to the list. These additions to the standard model are required to explain a phenomenon first observed in the nineteenth century, but only satisfactorily described mathematically in the 1960s. It is called beta decay, and involves processes in which electrons (which used to be known as beta rays) are ejected from atoms. It took so long to understand what was going on because the nature of the phenomenon seemed to change as physicists probed deeper into the structure of the atom.

At one level, it is no surprise that atoms can eject electrons, since all atoms contain electrons. But experiments showed that the electrons involved in beta decay actually come from the nuclei of atoms, and nuclei do not contain electrons, only neutrons and protons. Then, the experimenters discovered that in beta decay a neutron spits out an electron, and converts itself into a proton. There is no change in the total electric charge in the Universe, since the positive and negative cancel out, but an extra fermion seems to have been created. In addition, in order to balance the energy and momentum of the ejected electron, it seemed there ought to be an invisible particle flying away from the decaying neutron in the opposite direction. Both puzzles were resolved in the early 1930s by suggesting that when an electron is made out of energy in beta decay, a partner fermion called a neutrino (strictly speaking, to balance the number of fermions, an antineutrino) is also manufactured. Since neutrinos have no charge and only a very tiny mass, it took until the 1950s for this speculation (made by the Austrian physicist Wolfgang Pauli) to be confirmed by experiment, but confirmed it was. But even then it was clear that neither the electron nor the neutrino exist ‘inside’ a neutron; in beta decay the internal structure of a neutron is rearranged to release energy, in the form of these two particles, and convert the neutron into a proton.

This is now understood in terms of quarks. A neutron contains two down quarks and one up quark, while a proton contains two up quarks and one down quark. The down quark has a negative electric charge ⅓ of the size of the charge on an electron, and the up quark has a positive electric charge ⅔ of the size of the charge on an electron. So if a down quark is converted into an up quark, exactly one negative unit of charge has to be carried away, and the absence of this negative charge, in a splendid example of two negatives making a positive, leaves an overall balance of one unit of positive charge behind; the neutron becomes a proton. The negative charge is carried away by an electron, and some of the excess energy is carried away by an antineutrino. Both the total number of fermions and the overall amount of electric charge in the Universe remain the same. Since the mass of a down quark is more than the mass of an up quark, and mass is equivalent to energy, everything balances nicely. As long, that is, as there is an extra kind of interaction going on between the particles involved.

This ‘new’ interaction became known as the weak interaction (because it is not as strong as the strong interaction) and was developed to provide an insight into processes that involve radioactive decay (when nuclei split apart) and nuclear fusion (when nuclei join together to make more complex nuclei, as happens inside stars). In order to match the data from experiments, the weak interaction requires the existence of three kinds of bosons, the W+ and W- which each carry the appropriate unit of electric charge, and the Z, which is electrically neutral. This makes it easier to deal with mathematically than QCD, but more complicated than QED. Although the theory of the weak interaction now describes much more than simple beta decay, to complete that story the modern picture of beta decay envisages a down quark emitting energy in the form of a W- boson and converting itself into an up quark, and then, after a very short time, the energy of the W- converting itself into mass in the form of an electron and an antineutrino.

Like gluons, the W and Z particles have mass, and their masses can be predicted from the model. It was one of the greatest triumphs of the standard model that when those particles were detected in the early 1980s, at the CERN laboratory near Geneva, they were found to have exactly the masses predicted by the model. By then, though, the standard model had become more complicated in some ways, but simpler in others.

The essence of the standard model describes the familiar physical world in terms of just four particles6 and four interactions. The four particles are the electron and the neutrino (collectively known as leptons) and the up and down quarks. The four interactions are gravity, electromagnetism, and the weak and strong nuclear interactions. That is all physicists need to explain every natural phenomenon on Earth and the workings
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