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ONE

INTRODUCTION


The assumption is widespread in modern society that religious belief and science are in conflict. This is despite the fact that practicing scientists have views on religion that are as divided as those of any other section of the population, ranging from committed belief to equally firm unbelief. Although the situation is far from clear-cut, the perception of a conflict is certainly very prevalent, and there seem to be two particular reasons for it. Both are based on what can be called “social myth.”

The first of these may be thought of as a “myth of progress.” There are a number of variations on this, and the myth holds a genuine attraction because a belief in social progress can perhaps help progress to take place in practice. One perspective on progress is a confidence that human beings are steadily growing in knowledge and understanding, which is something that is spectacularly illustrated by the progress seen in science over recent centuries. It seems that, day after day, more scientific discoveries are being made. Religions by contrast appear old fashioned and static. The social progress myth, therefore, can very easily develop into an impression that the contrast between science and religion in this respect is so great as to amount to a conflict.

Religion may not be the only casualty of this kind of outlook. Another noteworthy area of human activity that seems to have been outpaced by science is philosophy. Philosophy is commonly acknowledged as valuable for scholarship and intellectual training, but the subject does not appear to be making many real advances these days, or so it might seem. There are prominent scientists who are outspokenly dismissive of philosophy.

At the level of the individual, an important version of the progress myth concerns growing up. A child may be brought up in traditional religious beliefs—Christian, let us say. Teachings about how science works do not at first appear much at school; there may be an introduction to nature studies, fossils and some astronomy. As the years progress, the young teenager is introduced to science in a stronger way, and it creates a very powerful impression. Growing up, in this version of the myth, implies taking hold of science and relinquishing religion as something childlike. This is seen as a form of “personal progress.” If the parents are believers, the young person just sees them as old fashioned. Genuine personal maturity is different, however, and means acknowledging myths and evaluating them with judgment and perception. It also means acknowledging different kinds of knowledge.

A social myth of a completely different kind is what may be called the “myth of physicalism.” Formerly more often called “materialism,” physicalism is the claim that the science of physics gives in principle a complete account of all that exists. The position has been well summarized by the University of London philosopher David Papineau, who states confidently in a book on the social sciences, “We are all physicalists now. It was not always so. A hundred years ago most educated thinkers had no doubt that non-physical processes occurred within living bodies and intelligent minds. . . . The point would have been agreed by most practising scientists of the time. Yet nowadays anybody who says that minds and bodies involve non-physical processes is regarded as a crank.”1

This is very strong language, but I believe that it expresses nothing more than an intellectual myth. The crucial question to be asked is, does anyone really believe in physicalism? The answer: surely almost nobody. The myth of physicalism may be given considerable publicity—it carries a message that many think they want to hear and many of its advocates speak of it as a proven fact. But in their hearts, do they actually accept it? Even though people may openly advocate physicalism with one part of their mind, in all other respects their attitudes and behaviors say something quite different. As human beings, we simply do not have any inward conviction that we are mere physical machines—we know that there is more to who we are than this. As well as the physical, which here includes the chemical and the biological, there are also mental and spiritual sides to our existence, and they need to be regarded in a very different way. It is hard to see a basic justification for assuming that one single human intellectual discipline, namely physics, should be capable of accounting for everything that exists. If the science of physics were truly at this exalted level, there would indeed be a conflict, not only with most types of religious belief, but with other areas of human culture as well.

It is easy to observe that those who claim to be physicalists are in all other respects pretty much the same as everyone else. They display emotions, opinions, values and other normal human attributes, just as the rest of us do. All this corresponds not in the least to a viewpoint on life that they are no more than functioning mechanisms—lacking therefore in free will and all the other human qualities that physics can say nothing about. The physicalists may talk physicalism, but they neither act it nor live it. It is hard to avoid the suspicion of an intellectual pose. Still, could it perhaps just be that the two sides of their brains have gotten out of balance? The rational, logical half has come to act independently of the warmer, emotional, artistic, personal human half? That is hypothetically possible, but to be frank, I believe that we are seeing a serious case of doublethink. All the indications are that physicalism is a very shallow and fashionably held concept.

A possible response to these accusations might be to say that the more “human-oriented” language and attitudes are being employed as a convenience, but they are really no more than that. This appears to be the view of many who call themselves physicalists, but it surely will not do. It is one thing to say that Joe Smith thinks in the manner of a traditional human being but is mistaken, for he is in fact really a machine. It is quite another matter to claim to know this “truth” about yourself but to continue to behave as if you did not. Hence the unavoidable charge of doublethink. Once the supposedly enlightened insight has been gained that all one’s moral convictions, personal values and so on are nothing but a product of neuron activity in the brain, then the only honest action is to demote all of these things to mere private inclinations and foibles and to be open about it all. But, of course, this is not what we actually find. The self-proclaimed physicalists are usually just as sincere as everyone else about the authenticity of human moral values, for example. Should we suspect this to be merely a play-act? A feigned position adopted in order to impress others? No—I think they do really believe in these human qualities, and it is the physicalism in which at heart they do not believe.

Much more alarming, though, are the practical implications that would follow from regarding other people as mere physical machines. Many have commented on the dangers of dehumanizing others and ourselves in this way, and there is no need for further elaboration on this here. We are saved from the evils that are a natural and logical consequence of physicalism by the fact that very few people seriously believe in it; the vast majority of its advocates remain humanly oriented despite their pretensions to the contrary. The real fear is what would ensue if people actually did believe in physicalism.

Contrary to the myths outlined above, I will argue in this book that the science of physics, together with the closely related science of astronomy, does not represent a path that should lead away from religion, but rather the opposite. Physics and astronomy offer, as it were, signposts that point toward God. It will be made clear that physics cannot provide an account of human consciousness and hence human nature in its most central aspects. Something more than just physics is required. Scientific progress is a reality, we can all happily agree, but its successes do not destroy the human aspects of our existence.

Physics is an important and fundamental branch of science, but it is not always easily understood by those outside its field. Therefore, we will first spend some time overviewing the essential aspects of the subject, avoiding technical details, so as to present the most important ideas. We will then examine the nature of laws of physics and the deep importance of the fact that the laws of physics are expressed in mathematical form.

Following this, the discussion will move on to astronomy, including cosmology, which is the study of the universe “as a whole.” Some of the questions that arise here concern the beginning of the universe, whether it needs to have an external Cause and also the remarkable fact that the universe appears to be set up in such a way as to be friendly to the development of advanced forms of life. Questions about explanations and evidence will be discussed next.

In the final chapters we will examine two basic topics, the first of which is the presence of a conscious mind in our physical brains in a physical universe. This leads to a discussion of issues concerning human nature. After this we will discuss how rationality and science have their limits, directing our attention toward aspects of existence that are in their nature non-rational. There is an element of mystery that pervades everything, and this should be sensed as something positive.

My hope is that this book will prove helpful to those who wish to connect the sciences of physics and astronomy constructively with the deeper questions of our existence. These sciences, we will see, can very reasonably provide pointers—signposts—in the direction of God. A personal faith is something that requires personal belief and commitment, and it must go further than this book can take the reader, but I hope that it may be facilitated and supported by the facts and arguments presented here.

Much of the material in these chapters first appeared in articles in the journal Science and Christian Belief, issued by the British organization Christians in Science. I should like to thank its former editor, Denis Alexander, for much support and encouragement over the years.







TWO

THE WORLD OF PHYSICS

A Quick Tour


What makes the modern age different from all earlier periods in history? There could be many answers to this question, but one that stands out prominently is the study of science. There have always been artists, farmers, soldiers and sailors, even bankers, but there have not always been scientists. Science is about a human thirst to obtain knowledge about the world and the universe that we find ourselves in, and this must be in-depth knowledge and not just practical information for navigating life. Apart from the activities of some exceptional individuals in earlier times, modern science can be said to have its beginnings in Western Europe four centuries ago. It is now a dominant feature of our lives.

Of the various branches of science, physics is usually considered the most “fundamental.” This does not of course mean it is necessarily the most humanly important, even if it were possible to rank the sciences in this way. Biology as the study of living creatures, chemistry as the study of how substances form new substances—these and other sciences also have their place at the front of the stage. But physics, as the study of the most basic aspects of matter, underlies all the other sciences in a certain sense.

It may be that among the readers of this book there are many who are already knowledgeable about physics. If this applies to you, you may skip much of the next two chapters! But I have found that most people see physics as a highly complex subject, and so it will be helpful to explain some of its most important ideas in a quick tour. Hopefully this will make it possible for readers to appreciate something of the fascination that physics holds for those of us who are fortunate to work in this area, and also to gain some insight into its central contribution to our understanding of how the universe behaves.

We will begin by discussing some of the areas of physics that are most important for everyday life: forces, gravity, electricity, magnetism, light and heat. We then discuss atoms and elementary particles, leading to a quick look at the so-called God Particle. The next chapter will introduce the more enigmatic modern topics of Einstein’s relativity theory and quantum physics. First, however, we start off with some basics.


FORCES

When you push against something that is free to move, it will start to accelerate. Imagine, for example, that you are trying to get a broken-down car to move along a road, and you are pushing it with constant force. The acceleration of the car will be small but constant, and the velocity of the car will be small at first but will gradually increase. The velocity equals the acceleration times the time over which the acceleration acts. The car will be moving twice as fast after twenty seconds as after ten—one must be patient!

Now imagine you have a helper. With a second person of similar strength to yourself, there will be twice the force. This means that there will be twice the acceleration, because the acceleration is proportional to the force that is acting. It is harder to get a heavier car moving than a light one, however. If the heavier car is twice as massive, the amount of acceleration will be halved if it is being pushed by the same number of people with the same force. Alternatively, to get the same acceleration, you could use twice as many people.

These ideas were first set out clearly by Isaac Newton in the later part of the seventeenth century. Working as a professor of mathematics at Cambridge, Newton made three crucial statements, his “laws of motion.” The first is that in order to make an object change its velocity, it is necessary to do something to it. If no force acts, a stationary object will stay stationary while a moving object will stay constantly moving. This had not always been recognized before, because usually friction is present and will make a moving object slow down. But Newton realized that friction is a force just like other forces; if it is absent, a moving object will keep moving. The purpose of putting oil in a car’s axles is to minimize friction. Once moving, a car on a flat road will continue to move for some time if it is well oiled.

Newton’s second law states that if a force acts on an object to produce an acceleration, the strength of the force is proportional to the acceleration times the mass of the object, as we have seen. His third law states that when a force is applied to an object, the object pushes back equally on the source of the force. So the people who are pushing the car feel the same force on their own hands, something we usually take for granted. To take another example, when a gun fires a bullet, the gun experiences a recoil force. In the usual words, “for every action there is an equal and opposite reaction.”




GRAVITATION

Having established his laws of motion, Newton had the means to calculate what happens in many kinds of situations, because forces are found everywhere in nature and we believe the laws of motion are universal. When an object falls, it accelerates—and so the earth must be pulling on the object with a force, an effect which we call gravity. Once friction from the air is discounted, all objects fall with equal acceleration, something that Galileo was famous for having shown a century earlier in Italy. The gravitational force is proportional to an object’s mass (the amount of matter in it). A large suitcase pulls down on your hand with more force than a small one does.

Newton realized that if the earth pulls down on every object on its surface, then presumably it pulls on other things too, such as the moon. It is because the earth exerts a gravitational force on the moon that the moon continues to move around it and does not go flying off into space. It is natural to extend this to the idea that gravitation is a universal property of everything: everything that exists pulls on everything else. The sun pulls on the planets, and so they continue to revolve in orbits around the sun. Today we are aware that all the stars in our galaxy pull on each other, and so the galaxy stays held together. Newton proposed a universal law of gravitation, stating that the gravitational force between any two objects is inversely proportional to the square of the distance between them. He was then able to prove that his laws could explain the orbits of the planets—a breakthrough in the understanding of astronomy.

Gravity always pulls things toward each other in normal circumstances—it is an “attractive” force. We do not know of any way to make “antigravity,” such as would produce a repulsive force and free us from the earth. One of Albert Einstein’s great achievements was to devise a more all-embracing theory of gravity than Newton’s, one that relates gravitational acceleration to the structure of space and time. But not even Einstein’s theory, his “general theory of relativity,” gives a practical way to make antigravity, to the frustration of hopeful space travelers.




FIRST DISCOVERIES IN ELECTRICITY AND MAGNETISM

The word electricity first appeared in the English language in the seventeenth century,1 although electric effects had been known about since ancient times. Electricity was originally known as a kind of force generated when suitable materials were rubbed together. Today we see this most easily by rubbing a plastic rod with a cloth; this can give it an electric charge, which makes it attract small pieces of paper or material so that they stick to it.

The eighteenth century was an age of methodical scientific experiments, and gradually certain general properties of electricity became better known. The electricity associated with rubbed objects, later known as “static” electricity, could be transferred to other objects, and it behaved rather like a kind of substance that could be deposited on or removed from materials. It could flow through certain materials, especially metals, which became known as electrical conductors. In 1785, Charles-Augustin de Coulomb found that the force between two electrically charged objects decreases as the square of the distance between them, just like gravity although it was not apparent that there was any connection. Others had also discovered this fact, but Coulomb was the first to publish it, and so it was named “Coulomb’s law.”

A very important practical advance came in 1800, when Alessandro Volta in Italy invented the electric battery. This now gave researchers the ability to make electricity easily, although measuring it was still difficult—one favored method was observing the effect that it had on frogs’ legs! Electric circuits could now be constructed. Volta showed that his battery really did produce electricity by obtaining sparks when he touched the ends of a circuit together.

Magnetism was originally recognized as a property found in a small number of materials. It attracts pieces of them to each other and makes them align themselves with a north-south direction relative to the earth. Like electricity, magnetism was known about since ancient times without being understood. Iron can be magnetized by stroking it with another magnet. The main use for magnets for a long time was in compasses, which were first used in navigation by the Chinese. The eighteenth century in Europe saw experiments carried out on magnetism along with those on electricity.




FIELDS

At this point we should say something about what a “field” is in physics. Simply, a field is a property of space at any given point, such that a physical effect such as a force may be present there. When we say that a gravitational field exists somewhere, we mean that a massive object (i.e., an object with mass) placed there will experience a gravitational force, which is of course its weight. With electricity there are electric fields, such that an object carrying an electric charge will have a force on it. A gravitational or electric field points in a particular direction in space, which is the direction of the force that it causes.

Magnetic fields likewise produce forces on magnetic objects, but in a more subtle way. There are no such things as magnetic charges as far as we know, although theoretically they might exist. Magnetic objects behave like a pair of positive and negative magnetic charges—which we call for historic reasons north and south poles—placed very close together. This forms a magnet. A magnet in a magnetic field experiences forces that can make it rotate to point along the direction of the magnetic field. This is what a compass needle does, pointing along the magnetic field generated by the earth.




ELECTRICITY AND MAGNETISM TOGETHER

In 1819, Hans Christian Oersted in Denmark discovered that when an electric current flows in a wire, it produces a magnetic field that circles around the wire—a dramatic link between electricity and magnetism. Experimenters could now make magnetic fields just as they wished. This led to a natural question: if electricity can produce magnetic fields, can magnetic fields produce electricity? A breakthrough here was made in London ten years later, when Michael Faraday showed that electricity can be generated in a coil of wire by changing the amount of magnetic field that passes through the coil. One way to do this was to move a magnet into the coil, while a second way was to use an electric current flowing in another coil nearby to make a magnetic field, and then to turn this magnetic field on and off. This discovery led to the invention of electricity-generating devices, such as the electric dynamo, which works by rotating a wire coil in a magnetic field. Faraday also invented the first primitive electric motor, using the force that is obtained when an electric current flows through a conductor in a magnetic field. Both of these new developments revolutionized everyday life when they were put to use later in the nineteenth century.

Faraday simplified the subject by insisting that there was only one kind of electricity and magnetism (many people had thought that electricity is different when it is produced in different ways). The next crucial step forward came in 1873 from James Clerk Maxwell in Cambridge, who published a set of four equations that are effectively the “laws” of electricity and magnetism. Understanding Maxwell’s equations requires a fairly good knowledge of mathematics, but they describe overall how electric and magnetic fields interact with each other and how they radiate from sources such as electric charges and propagate in space.

Once Maxwell had set out his equations, it became apparent that they could be used to give an explanation for the nature of light. This was a brilliant surprise, but to understand it we first need to say something about light.




LIGHT

Human life would not be possible in a universe without light. Light enables us to see and control our lives, and the light radiated from the sun is the power source for plants, which give food for higher living creatures on our planet. It is hardly surprising that in the book of Genesis in the Bible, light is the first physical thing to be mentioned in the process of creation. The story of the scientific study of light is a long one with many contributions from many people, and here we will just look at some of the most important steps.

Light rays behave in two particularly important ways. When they hit a smooth surface, they can reflect off it, which enables mirrors to be made. They can also pass from one medium into another, and when this occurs they are usually bent through an angle, a process known as refraction. A swimming pool looks less deep than it really is, because the light from the bottom of the pool is bent when emerging from the water into the air. Glass refracts light, and this allows lenses to be made that will focus or defocus light as it passes between air and glass. In this way, microscopes and telescopes can be built, and spectacles can be used to correct eyesight. Our eyes themselves work by having a lens that focuses the light onto the retina of the eye.

But although these basic properties of light were well understood by the eighteenth century, light’s physical nature was for some time very controversial. There were two proposals: light might be a stream of particles, or it might be a kind of wave, like sound. How could these possibilities be distinguished in practice?

Newton believed that light was a stream of tiny particles, which were perhaps easier to understand than waves because they would obey his laws of motion. There could be forces acting on them, for example. To make refraction work, glass would have to pull on the particles of light as they entered the glass from the air so as to make the particles move faster and bend their path as observed. One test of this idea would be to find out whether light travels faster in glass or water than in air, but that was a very difficult measurement to do and not possible at the time.

Waves, in general, are physical disturbances that propagate through a material or through space. In the case of sound waves in air, the disturbance is in the pressure of the air. Small variations in air pressure, once started off, are sufficient to drive the wave forward because pressure differences generate forces that act on the air. Sound waves in water or in solid materials are similar and act by producing small compressions in the water or the solid. Light could be like that, but no one knew what the physical effect might be that was generating the wave. However, waves have some basic and distinctive general properties. They can combine, and when waves combine in phase, they reinforce each other and the intensity of the total wave is increased. When they combine out of phase, they can cancel each other out. These wave combination effects are called “interference.” If you view a street light through a very fine mesh curtain, you may be able to see interference effects as a pattern of bright spots that appear to be surrounding the street light.

In the early 1800s, the first experiments were carried out to find out if light can produce interference patterns. The patterns were seen, giving a convincing proof that light must consist of waves of some kind. So Newton seemed to have been mistaken on this point. Light travels at different speeds in different materials, and in a vacuum or air the speed of light was measured to be about three hundred thousand kilometers per second. Later in the nineteenth century it was found that light travels less fast in water than in air, which again confirmed its wave-like nature.

Maxwell’s equations now had something remarkable to say. Using them, it was possible to show that vibrating electric fields in space will produce vibrating magnetic fields, while vibrating magnetic fields produce vibrating electric fields. Vibrating electric and magnetic fields should propagate together through space as a wave. This was interesting in itself, but when the speed of the wave was calculated using the equations, it was found to be precisely equal to the known, measured speed of light. The conclusion was inescapable: light must surely be a wave consisting of extremely fast vibrations of electric and magnetic fields—“electromagnetic waves.”

The human eye is sensitive to light in the range of wavelengths that the sun radiates most strongly. Maxwell’s equations showed that not only these but electromagnetic waves of all kinds of wavelengths are possible. The challenge was to confirm the theory by building apparatus that would produce other kinds of electromagnetic waves, which meant that apparatus was also needed that would detect them. In this way, radio wave generators were made, along with radio sets to receive the radio waves, and of course we are now familiar with microwaves. It had long been known that there are also ultraviolet and infrared light waves that lie outside the sensitivity of our eyes to see.

The story does not stop there, however, because at the start of the twentieth century another revolution in physics came with the development of quantum theory. This will be a subject of our next chapter, and it shows that there is a sense in which Newton was right about light after all.





HEAT

Heat is a very familiar part of our existence and it is another area of physics that was for a long time very poorly understood. During the eighteenth century, heat was commonly believed to be a kind of fluid-like substance that penetrated materials and could be stored in them, and whose presence makes them hot. This made it rather like electric charge, which could be put into or removed from objects in the same kind of way. Hotness and coldness were measured as an object’s temperature, using a thermometer.

During the nineteenth century, Robert Mayer and James Joule showed that heat is actually a form of energy; in fact, it is the energy of random motion of the atoms and molecules in a substance. The atoms and molecules in a gas move around in the space occupied by the gas, while in a solid material the atoms vibrate. The hotter the material, the faster its atoms are moving. To us all this is now quite clear, but during most of the nineteenth century the existence of atoms was somewhat controversial. Many things in physics and chemistry could be explained if matter were made of atoms, but there were skeptics who claimed that atoms were too small to be ever observed and were a purely philosophical concept, not to be taken literally. Eventually the protests died out and today we have no problems with observing and measuring atoms using suitable physical apparatus.

Heat and its properties are the subject of the branch of physics called thermodynamics, and here again several physical laws have been laid out. The first of these says that energy must always be conserved in a process that involves heat. When heat is put into or taken out of a system, and mechanical work is also done, then the energy changes must balance. Overall, no energy must be lost and no energy gained, and heat is one kind of energy.

It was the so-called second law of thermodynamics that generated most notoriety when it was first stated in the nineteenth century by William Thomson, later Lord Kelvin, in Glasgow and by Rudolf Clausius in Berlin.

If a cup of hot water is placed in a room, it will cool to the temperature of the room. In fact, the room will warm up very slightly because heat energy is conserved. This kind of effect is always found when two objects at different temperatures are placed together in contact; their temperatures will eventually become the same, something that is often stated as another law of thermodynamics. Now, it is possible to build devices whose effect is to pump heat into or out of a physical system. One example is refrigerators, which contain a mechanism that pumps heat out of the cool volume of the refrigerator and into the surrounding room, since the heat energy has to go somewhere. The second law of thermodynamics can be expressed in several ways, but it states that however ingenious you are, you cannot make a refrigerator that uses no power at all but just makes its contents colder and the room a little warmer. This remains true even though the total energy could still be conserved. In general, whatever the circumstances, two objects at the same temperature can never end up at different temperatures with nothing else happening. Temperatures of things in contact always tend to equalize; they never become unequal on their own.

In fact, all the interesting things that happen in the universe seem to rely on stored energy being used up and temperature differences decreasing. This means that over the ages, the universe can be expected gradually to “run down.” Eventually, if it still exists, it will become a very boring place with nothing of interest happening at all and everything at the same cool temperature. That at least was how the nineteenth century saw the matter; there are more complex theories of the universe now, but if the universe lasts for long enough, the consequences of the second law of thermodynamics in some way have to apply. This unappealing scenario became known a little confusingly as the “heat death of the universe” and made people feel depressed.

The reason for the second law of thermodynamics is that randomness and disorder will always increase if they can. A hot object contains atoms moving with high random speeds, while a cool object has its atoms at lower speeds. Together, they form a system that has a certain amount of large-scale order, shown in the large-scale difference between the two sets of atomic speeds. When they reach the same temperature, this order disappears and the average speeds of the atoms will be everywhere the same. Large-scale differences always tend to disappear: mechanical effects turn into heat, and heat tends to average out. It is a familiar thing—a tidy room will tend to become untidy, but an untidy room will never become tidy unless some extra effort is put in. In physics, this extra effort means energy. The universe does not have an external source of physical energy and tidiness unless we believe that an outside agent can act, such as God. This is a theological point that merits discussion, but otherwise the physical universe does not have natural recuperative powers. If the effects of gravity can be ignored, the universe will tend toward a state of uniformly general randomness even if it started out in a very well-ordered state, which we believe to have been the actual case. This will be discussed further later.

Physicists have a name for the kind of disorder that is found in randomly moving atoms: entropy. In any closed physical system—one that does not interact with its surroundings—entropy will always tend to increase.

We should mention also the third law of thermodynamics, which states that it is never possible to remove from a given object absolutely all of its heat energy. This would make its absolute temperature zero, which is something that can never be achieved. For any object, a small amount of random motion in the form of heat will always remain present in its atoms. This law in practice is of interest mainly to low-temperature physicists, but it is a way of saying that “you can never achieve perfection.”




ATOMS

In the Greek world, the existence of atoms was proposed by the philosophers Leucippus and Democritus in the fifth century BC. The idea was at first just a speculation, but four hundred years later the writer Lucretius gave some plausible reasons for believing in atoms.2 He argued that the characteristic qualities and properties of material things and living creatures must derive from internal constituents that possess well-defined qualities and properties. These internal constituents would surely have to be atoms.

The word atom means “indivisible.” Another motivation for believing in atoms was that divisibility without limit would be an “infinite” property of nature, and there was a traditional suspicion against infinities of any kind. Lucretius’s idea was that atoms must have properties and these can be associated with the properties of the materials that they make up, so as to help explain them. All this is still true today, although the properties that the ancient thinkers associated with atoms were very different from those we now know about. During the nineteenth century, the science of chemistry made great progress by supposing that chemical substances consist of different combinations of atoms associated with different chemical elements.

Belief in atoms became more or less unavoidable at the end of the nineteenth century, when it was shown that atoms are not after all indivisible. It was possible to apply voltages to metal surfaces in a high vacuum and extract radiations, known as cathode rays. In 1897, the Cambridge physicist J. J. Thomson showed that these rays had all the properties of beams of very light particles, which must have originated from atoms in the apparatus. The particles had mass and electric charge and behaved just as particles would behave. They were eventually given the name electrons and could be understood only if they were constituents of atoms. Atoms therefore had to exist and were made of smaller things.

We now know that electric current normally consists of the flow of electrons in metals and other conductors, in which some of the electrons are not tightly bound to the atoms but are free to move through the material. Electrons have negative electric charge—the sign of the electron’s charge is a matter of convention, and scientists on another planet might well decide to call it positive. But material substances are normally not electrically charged, overall. This means that some other constituent of atoms must have a positive charge that balances the charge of the electrons.

A New Zealand–born physicist working at Manchester in the north of England, Ernest Rutherford, set up a crucial experiment in 1911 to learn more about the structure of atoms. Rutherford and his colleagues bombarded the atoms in a thin metal foil with a beam of alpha particles, which are energetic particles given off by certain radioactive elements. Rutherford’s team found that some of the alpha particles bounced off the target atoms at very large angles. This was extremely surprising—they had expected that the particles would all make their way through the metal foil without being deflected very much.

There was only one conclusion: something had to exist inside the target atoms that was very small and dense, so that the alpha particles could bounce off it. This object came to be called the atomic nucleus, and it contains nearly all the mass of the atom. The electrons are thousands of times lighter, and with their negative charge they are held in the atom by the positively charged atomic nucleus, because opposite electric charges attract each other. Different chemical elements have nuclei with different amounts of positive charge and correspondingly different numbers of electrons. In an atom of a given element, the patterns of its electron configuration give rise to that element’s chemical properties.




ATOMIC PARTICLES

If atoms contain electrons and a heavy nucleus, what makes up the atomic nucleus? The lightest and simplest element is hydrogen, and the nucleus of its atoms was given the name proton, meaning “first particle.” It was supposed that atoms of heavier elements contained a number of protons bound together somehow, together with the same number of electrons so as to make the total electric charge of the atom zero. But the picture seemed incomplete, and during the early 1930s another constituent of the nucleus was identified. This was a new kind of atomic particle, or “elementary particle,” and was given the name neutron. Neutrons are similar to protons but have no electric charge. They exist in atomic nuclei alongside the protons, usually in greater numbers.

The electric force that holds electrons into atoms is not capable of holding the nucleus together. Protons and neutrons stick to each other in the nucleus by means of a new kind of force—one that is enormously stronger than anything known before and referred to as the strong nuclear force. The energy associated with this force is around a million times larger than the energy that binds electrons into an atom and that is associated with the atom’s chemistry. This factor of the order of a million is the reason why atomic bombs are so much more powerful than ordinary explosives that rely on stored chemical energy. The strong nuclear force is found in nature only in connection with atomic particles; otherwise we have no everyday experience of it.




NEW ELEMENTARY PARTICLES

After World War II and the secret research connected with the atomic bomb, there was a great deal of interest in exploring the properties of elementary particles. The new research was entirely peaceful, and it was supported by a widespread desire by world leaders that scientists should continue to do their work in the traditional way. In the United States a laboratory was set up at Brookhaven near New York, while in Europe an international laboratory called CERN was established at Geneva, in Switzerland. Both these laboratories are still flourishing. We have no space here to give more than an overview of elementary particle physics, but a general picture of this area is important in order to understand where physics stands today.

The reason that only a few elementary particles were known about at first is that most of them are very unstable and do not survive in nature. It is necessary to create them in collisions of particles accelerated to very high energies, and then they can be studied during the small fraction of a second that they exist before decaying into something else. Even neutrons are stable only when they are combined with protons in the nuclei of atoms. On its own, a neutron will decay after fifteen minutes on average, producing a proton, an electron and a particle called a neutrino (strictly, an antineutrino).

Over the years, a vast collection of new elementary particles has been discovered at the world’s accelerator laboratories, and nearly all of them are highly unstable. They have different masses and different electric charges, together with other properties, and for most of them there is also an “antiparticle.” This has the same mass as the original particle but, when possible, opposite electric charge. For example, there is an antielectron (called a positron) and an antiproton, and these are able to combine to form antihydrogen. A small number of positrons are found in cosmic rays, but the antiproton is not found in nature at all as far as we know, even though it is stable and will not decay. Our universe is made almost entirely of “normal” matter. When matter and antimatter particles come together, they usually react violently. It is often claimed that they will annihilate into “pure energy,” but that is not quite true. The energy is carried off by the products of the reaction—for example, by high-energy photons when an electron and a positron interact. In the end, with processes such as this, we do not find much antimatter in nature.




THE “MOST ELEMENTARY” PARTICLES

The bottom line of the story is that today we believe there exists a set of genuinely fundamental entities that make up all the matter we know about (apart from the “dark matter” in outer space, whose nature is at present deeply unclear). There must be more to discover, but for now here is the picture of what is called the “standard model” of elementary particles.

The electron is considered to be truly elementary—it is not known to have any further subconstituents. However, the proton is made of three smaller entities called quarks, two of one kind and one of another. Specifically, there are two “u” quarks and one “d” quark in the proton, according to the conventional nomenclature. The neutron has two “d” quarks and one “u” quark. The quarks are bound together by the nuclear force, and this force is a manifestation of another particle called a gluon. The names are perhaps not very elegant, but they serve their purpose.

Quarks exist only in combination with each other or with antiquarks, and in this way they form physical particles. There are many combinations, and therefore many different particles, because six different types of quarks exist. They are named u, d, s, c, b and t, otherwise known as up, down, strange, charm, bottom and top, but these names do not have much real meaning. Only the u and d quarks are stable. The theory of the quarks and gluons, and how they interact with each other, is called quantum chromodynamics, or QCD for short. (There is also a “particle of light” called a photon, about which we will say more later, and two more particles that are like the electron but are much more massive and also unstable.)

The quarks and gluons have the frustrating property that we cannot extract them in isolation in order to study them. In this respect they are rather like the north and south poles of a magnet; if you hit a magnet very hard with a hammer, you will not extract the north and south poles, but instead you will get a shower of tiny magnets. In a similar way, if particles with quarks and gluons are struck hard by another high-energy particle, we do not obtain quarks and gluons but a collection of lower energy particles.

In addition to the electromagnetic and nuclear forces, there are the effects of gravity, which are too small to study in particle collisions. Also, there is one more kind of force in physics, known as the weak nuclear force, or weak force, and it is responsible for the decay of many different radioactive atoms and also the decay of the neutron. When the weak force operates in a decay, a rather mysterious type of particle called a neutrino is usually given off. Neutrinos are extremely light, they have no electric charge and they are difficult to study because they react only very weakly with other matter. The universe is full of neutrinos that have been formed over the ages, and they just float around space doing very little. Neutrinos can pass through the earth and through ourselves, and we are normally completely unaware of them.

The picture of elementary particles can be summarized in a simple way by saying that there are “force” particles such as photons and gluons, and also “matter” particles, which are the quarks, electrons and neutrinos. The matter particles can be classified into three families, each of which comprises two types of quarks, an electron-like particle and a neutrino. Ordinary matter in nature is built from only one of these families, which includes the stable u and d quarks and the electron.




THE “GOD PARTICLE”

We shall now dip our feet into one of the deepest aspects of modern physics. For every force in nature there exists a physical field. Gravity has the gravitational field, and we have talked about electric and magnetic fields. Quantum theory, which we will discuss in the next chapter, says that physical fields do not exist in arbitrary states but are “quantized,” which means that they interact with each other not in a continuous way but in distinct amounts. This means that all interactions have a particle-like nature and every field provides a particle to interact with other particles. The particles are excited states—that is to say, more energized states—of the fields. The particle of the electromagnetic field is the photon, and the particle of the nuclear force field is the gluon.

The weak nuclear force has two types of “force particles” associated with it; they are very massive and unstable and are called the W and Z. Their massiveness means that they are formed with difficulty and do not take much part in most particle processes; hence the force field that is associated with them has a rather weak effect in most circumstances.

Theorists in the 1960s came to recognize a problem in this area: the best theory available at the time was unable to assign any mass to these particles at all! The solution was to propose yet another kind of physical field, whose properties were designed to produce mass in the W and Z particles. It was then realized that the new field could make the quarks massive as well. This is the so-called Higgs field, proposed by Peter Higgs in Edinburgh and by Robert Brout and François Englert in Belgium. The Higgs field is a quantum field, which means that it too should have a particle associated with it.

Quantum fields exist everywhere in space. The special property of the Higgs field is that other particles moving through it (which means moving anywhere in space) are affected by it, and the effect gives them mass. Pictorially speaking, it is a little like an object moving through an ice cloud and picking up a layer of ice. A lump of ice would also pick up a layer of ice. Other analogies have also been proposed, but to understand the situation properly, the advanced mathematics of the theory is needed.

Peter Higgs was the only one of the first proposers to mention specifically that a particle should be associated with the new field, and so this hypothetical object acquired the name “Higgs particle.” It was discovered at CERN in 2012 using a powerful new accelerator called the Large Hadron Collider. The successful identification of the Higgs particle among the many other products of the high-energy proton collisions was the culmination of years of effort by thousands of people. It vindicated the approach taken by Higgs and the other theorists to the theory of the electromagnetic and weak forces, and it meant that these forces can indeed be combined together in one unified theory, along with quarks and gluons. This was a great triumph for the notion that theoretical speculation can be a meaningful activity for the human mind.

Books have been written about the Higgs as the so-called God Particle. This nickname was first coined by an eminent US physicist, Leon Lederman, in his own book on the subject of elementary particle physics.3 He has claimed that the title was forced upon him by his publisher! For various reasons, most physicists dislike the term. Those without belief in God do not like it for that reason, but in any case the name is not obviously appropriate, because the Higgs particle and field do not actually create anything, which perhaps a God Particle ought to do. However, the Higgs field does have some crucially important properties that affect other particles, and without this field it is hardly possible that the universe as we know it could exist.

The present theory is not the final word, and research continues. Perhaps our existing state of knowledge should be expressed in the following way. The Higgs particle that we know about now is the final link in a well-defined and complex pattern of elementary particles, which are connected by an elaborate and, one might say, highly ingenious mathematical structure such that everything holds consistently together. Only expert theorists can appreciate this structure properly, unfortunately. We expect more particles to be discovered to extend this pattern, perhaps further Higgs-like particles. Lederman, although sitting somewhat on the fence about the meaning of the title of his book, depicts God as saying, “Let us . . . give them the God Particle so that they may see how beautiful is the universe that I have made.”4 This surely points in the right direction. If we are looking for God in the world of elementary particles, then it is in the entire structure and pattern that a divine intelligence should be perceived and held in admiration.










THREE

REVOLUTIONS IN PHYSICS


By the end of the nineteenth century, many physicists believed that the laws of physics were essentially fully understood, except for a small number of loose ends that had to be tidied up, such as the question of the structure of the atom. But more perspicacious minds realized that there were still some problems, “clouds” over the theory of physics, to quote a lecture given in London by Lord Kelvin in the spring of 1900. At that time, no one fully realized how serious these problems would turn out to be. Along with so much of the culture and outlook of this period of history, physics was to change dramatically over the next twenty-five years.


THE RELATIVITY REVOLUTION

The first area of radical change in physics consisted of Einstein’s theories of relativity. The speed of light was known to be well-defined theoretically by Maxwell’s equations, and when measured experimentally it was always found to be the same. This sounds very reasonable, but if a light ray traveling at 300 kilometers per second were to overtake an observer traveling at one kilometer per second, then surely the observer should measure the speed of this light ray to be only 299 meters per second. Strangely, this is not the case; careful measurements led to the conclusion that light in a vacuum travels at 300 kilometers per second relative to all observers, even if they are moving relative to each other. How can this be?

Einstein showed that this paradox has extremely strong implications for our understanding of space and time. If the speed of light is fixed as an absolutely universal constant, then space and time become interconnected, and this has further effects on other areas of physics. It means, for example, that to accelerate any massive object to the speed of light is impossible, because when moving close to the speed of light it becomes effectively much more massive than when it was at rest. Distances and time intervals viewed by different observers become distorted when speeds approaching that of light are involved. Short-lived particles traveling at these speeds acquire a much longer lifetime. Many of the effects have been confirmed by experiment, and nothing has been found to cast any doubt on Einstein’s theory.

Relativity theory has many physical consequences, but its central principle is philosophical. There is, said Einstein, no such thing as “absolute space” or “absolute time” but only relative distances, relative time intervals and relative velocities. The laws of physics must be the same for every constantly moving observer. Suppose two physicists are moving at a constant velocity relative to each other. If each of them carries out some experimental measurements, the numerical results will no doubt be different, but the two sets of measurements will both follow exactly the same laws of physics. This is the so-called principle of relativity. Neither of the experimenters can claim to be in a more advantageous or more special condition than the other. The importance of relative rather than absolute physical measurements gave rise to Einstein’s title for his work as the “theory of relativity.”

If the principle of relativity is true, it will follow automatically that the speed of light must be the same for anyone who measures it,1 because the speed of light comes out of Maxwell’s equations, and these are laws of physics. This quite innocuous-sounding principle, therefore, has far-reaching implications for physics. Einstein’s genius was that he was the first to set out the arguments in a clear, logical and incontrovertible way.

Einstein continued to develop his theory—up to this point now known as the “special” theory of relativity—into a theory of gravity known as the “general” theory of relativity. This states that the presence of matter and energy in space gives rise to curvature of space and time. Curved surfaces in two dimensions, such as the surface of a sphere, are an idea that is familiar to us, but Einstein had to work this out in four dimensions, three of space plus time! Objects moving through curved space follow curved paths, and we interpret this as gravitational acceleration. General relativity also predicts the existence of black holes, which result when the immense gravity of a sufficiently small and massive object prevents anything at all from escaping, even light. Gravity affects time measurements, and this must be accounted for and corrected when accurate clocks are used in satellites orbiting the earth.

A further prediction of the theory is that curvature can propagate through space as a wave, known as a gravitational wave, which travels at the same speed as light. Extremely sensitive apparatus on the earth is now able to detect these waves.

It is important to appreciate that Einstein himself expressly denied that the ideas employed in his theories of relativity could be transferred from physics to other areas of human life, such as moral values. The catch phrase “everything is relative” is extremely misleading. In fact, relativity theory is founded on the assumption that physical laws themselves are always the same, relative to different observers. The theory might well be called “physical democracy”—“all observers are equal”—but again, human political theory has no connection with this.
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