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    ONE
  


  
    PROLOGUE
  


  
    If any beauty I did see,
  


  
    which I desir’d, and got, ’twas but a dream of thee.
  


  
    John Donne, The Good-Morrow
  


  
    The century now coming to a close has seen in physics a dazzling expansion of the frontiers of scientific knowledge. Einstein’s special and general theories of relativity have permanently changed our view of space and time and gravitation. In an even more radical break with the past, quantum mechanics has transformed the very language we use to describe nature: in place of particles with definite positions and velocities, we have learned to speak of wave functions and probabilities. Out of the fusion of relativity with quantum mechanics there has evolved a new view of the world, one in which matter has lost its central role. This role has been usurped by principles of symmetry, some of them hidden from view in the present state of the universe. On this foundation we have built a successful theory of electromagnetism and the weak and strong nuclear interactions of elementary particles. Often we have felt as did Siegfried after he tasted the dragon’s blood, when he found to his surprise that he could understand the language of birds.
  


  
    But now we are stuck. The years since the mid-1970s have been the most frustrating in the history of elementary particle physics. We are paying the price of our own success: theory has advanced so far that further progress will require the study of processes at energies beyond the reach of existing experimental facilities.
  


  
    In order to break out of this impasse, physicists began in 1982 to develop plans for a scientific project of unprecedented size and cost, known as the Superconducting Super Collider. The plan in its final form called for a 53-mile-long oval tunnel to be dug at a site south of Dallas. Within this underground tunnel thousands of superconducting magnets would guide two beams of electrically charged particles known as protons in opposite directions millions of times around the ring, while the protons would be accelerated to an energy twenty times larger than the highest energy achieved at existing particle accelerators. At several points along the ring the protons in the two beams would be made to collide hundreds of millions of times a second, and enormous detectors, some weighing tens of thousands of tons, would record what happens in these collisions. The cost of the project was estimated at over 8 billion dollars.
  


  
    The Super Collider has attracted intense opposition, not only from frugal congressmen but also from some scientists who would rather see the money spent in their own fields. There is much grumbling about so-called ‘big science,’ and some of it has found a target in the Super Collider. Meanwhile, the European consortium known as CERN is considering the construction of a somewhat similar facility, known as the Large Hadron Collider, or LHC. The LHC would cost less than the Super Collider, because it would make use of an existing tunnel under the Jura mountains near Geneva, but for the same reason its energy would be limited to less than half that of the Super Collider. In many respects the American debate over the Super Collider is paralleled by a debate in Europe over whether to build the LHC.
  


  
    As this book goes to press in 1992, funding for the Super Collider has been cut off by a June vote in the House of Representatives, but was then restored by an August vote in the Senate. The future of the Super Collider would be assured if it received appreciable foreign support, but so far that has not been forthcoming. As matters stand, even though funding for the Super Collider has survived in Congress this year, it faces the possibility of cancellation by Congress next year, and in each year until the project is completed. It may be that the closing years of the twentieth century will see the epochal search for the foundations of physical science come to a stop, perhaps only to be resumed many years later.
  


  
    This is not a book about the Super Collider. But the debate over the project has forced me in public talks and in testimony before Congress to try to explain what we are trying to accomplish in our studies of elementary particles. One might think that after thirty years of work as a physicist I would have no trouble with this, but it turns out to be not so easy.
  


  
    For myself, the pleasure of the work had always provided justification enough for doing it. Sitting at my desk or at some café table, I manipulate mathematical expressions and feel like Faust playing with his pentagrams before Mephistopheles arrives. Every once in a while mathematical abstractions, experimental data, and physical intuition come together in a definite theory about particles and forces and symmetries. And every once in an even longer while the theory turns out to be right; sometimes experiments show that nature really does behave the way the theory says it ought.
  


  
    But this is not all. For physicists whose work deals with elementary particles, there is another motivation, one that is harder to explain, even to ourselves.
  


  
    Our present theories are of only limited validity, still tentative and incomplete. But behind them now and then we catch glimpses of a final theory, one that would be of unlimited validity and entirely satisfying in its completeness and consistency. We search for universal truths about nature, and, when we find them, we attempt to explain them by showing how they can be deduced from deeper truths. Think of the space of scientific principles as being filled with arrows, pointing toward each principle and away from the others by which it is explained. These arrows of explanation have already revealed a remarkable pattern: they do not form separate disconnected clumps, representing independent sciences, and they do not wander aimlessly – rather they are all connected, and if followed backward they all seem to flow from a common starting point. This starting point, to which all explanations may be traced, is what I mean by a final theory.
  


  
    We certainly do not have a final theory yet, and we are not likely to discover it soon. But from time to time we catch hints that it is not so very far off. Sometimes in discussions among physicists, when it turns out that mathematically beautiful ideas are actually relevant to the real world, we get the feeling that there is something behind the blackboard, some deeper truth foreshadowing a final theory that makes our ideas turn out so well.
  


  
    Speaking of a final theory, a thousand questions and qualifications crowd into the mind. What do we mean by one scientific principle ‘explaining’ another? How do we know that there is a common starting point for all such explanations? Will we ever discover that point? How close are we now? What will the final theory be like? What parts of our present physics will survive in a final theory? What will it say about life and consciousness? And, when we have our final theory, what will happen to science and to the human spirit? This chapter, barely touching on these questions, leaves a fuller response to the rest of this book.
  


  
    The dream of a final theory did not start in the twentieth century. It may be traced in the West back to a school that flourished a century before the birth of Socrates in the Greek town of Miletus, where the Meander River empties into the Aegean Sea. We do not really know much about what the pre-Socratics taught, but later accounts and the few original fragments that survive suggest that the Milesians were already searching for explanations of all natural phenomena in terms of a fundamental constituent of matter. For Thales, the first of these Milesians, the fundamental substance was water; for Anaximenes, the last of this school, it was air.
  


  
    Today Thales and Anaximenes seem quaint. Much more admiration is given now to a school that grew up a century later at Abdera on the seacoast of Thrace. There Democritus and Leucippus taught that all matter is composed of tiny eternal particles they called atoms. (Atomism has roots in Indian metaphysics that go back even earlier than Democritus and Leucippus.) These early atomists may seem wonderfully precocious, but it does not seem to me very important that the Milesians were ‘wrong’ and that the atomic theory of Democritus and Leucippus was in some sense ‘right.’ None of the pre-Socratics, neither at Miletus nor at Abdera, had anything like our modern idea of what a successful scientific explanation would have to accomplish: the quantitative understanding of phenomena. How far do we progress toward understanding why nature is the way it is if Thales or Democritus tells us that a stone is made of water or atoms, when we still do not know how to calculate its density or hardness or electrical conductivity? And of course, without the capacity for quantitative prediction, we could never tell whether Thales or Democritus is right.
  


  
    On the occasions when at Texas and Harvard I have taught physics to liberal-arts undergraduates, I have felt that my most important task (and certainly the most difficult) was to give the students a taste of the power of being able to calculate in detail what happens under various circumstances in various physical systems. They were taught to calculate the deflection of a cathode ray or the fall of an oil droplet, not because that is the sort of thing everyone needs to calculate but because in doing these calculations they could experience for themselves what the principles of physics really mean. Our knowledge of the principles that determine these and other motions is at the core of physical science and a precious part of our civilization.
  


  
    From this point of view, the ‘physics’ of Aristotle was no better than the earlier and less sophisticated speculations of Thales and Democritus. In his books Physics and On the Heavens Aristotle describes the motion of a projectile as being partly natural and partly unnatural; its natural motion, as for all heavy bodies, is downward, toward the center of things, and its unnatural motion is imparted by the air, whose motion can be traced to whatever started the projectile in motion. But just how fast does the projectile travel along its path, and how far does it get before it hits the ground? Aristotle does not say that the calculation or measurements are too difficult or that not enough is yet known about the laws of motion to give a detailed description of the projectile’s motion. Rather, Aristotle does not offer an answer, right or wrong, because he does not realize that these are questions worth asking.
  


  
    And why are they worth asking? The reader, like Aristotle, might not care very much how fast the projectile falls – I don’t much care myself. The important thing is that we now know the principles – Newton’s laws of motion and gravitation and the equations of aerodynamics – that determine precisely where the projectile is at every moment in its flight. I am not saying here that we actually can calculate exactly how the projectile moves. The flow of air past an irregular stone or an arrow’s feathers is complicated, and so our calculations are likely to be only fair approximations, especially for air flows that become turbulent. There is also the problem of specifying precise initial conditions. Nevertheless we can use our known physical principles to solve simpler problems, like the motion of planets in airless space or the steady flow of air around spheres or plates, well enough to reassure us that we really do know what principles govern the projectile’s flight. In the same way, we cannot calculate the course of biological evolution, but we now know pretty well the principles by which it is governed.
  


  
    This is an important distinction, one that tends to get muddled in arguments over the meaning or the existence of final laws of nature. When we say that one truth ‘explains’ another, as for instance that the physical principles (the rules of quantum mechanics) governing electrons in electric fields explain the laws of chemistry, we do not necessarily mean that we can actually deduce the truths we claim have been explained. Sometimes we can complete the deduction, as for the chemistry of the very simple hydrogen molecule. But sometimes the problem is just too complicated for us. In speaking in this way of scientific explanations, we have in mind not what scientists actually deduce but instead a necessity built into nature itself. For instance, even before physicists and astronomers learned in the nineteenth century how to take account of the mutual attraction of the planets in accurate calculations of their motions, they could be reasonably sure that the planets move the way they do because they are governed by Newton’s laws of motion and gravitation, or whatever more exact laws Newton’s laws approximate. Today, even though we cannot predict everything that chemists may observe, we believe that atoms behave the way they do in chemical reactions because the physical principles that govern the electrons and electric forces inside atoms leave no freedom for the atoms to behave in any other way.
  


  
    This is a tricky point in part because it is awkward to talk about one fact explaining another without real people actually doing the deductions. But I think that we have to talk this way because this is what our science is about: the discovery of explanations built into the logical structure of nature. Of course we become much more confident that we have the correct explanation when we are able actually to carry out some calculations and compare the results with observation: if not of the chemistry of proteins, then at least of the chemistry of hydrogen.
  


  
    Even though the Greeks did not have our goal of a comprehensive and quantitative understanding of nature, precise quantitative reasoning was certainly not unknown in the ancient world. For millennia people have known about the rules of arithmetic and plane geometry and the grand periodicities of the sun and moon and stars, including even such subtleties as the precession of the equinoxes. Beyond this, there was a flowering of mathematical science after Aristotle, during the Hellenistic era that spans the time from the conquests of Aristotle’s pupil Alexander to the subjugation of the Greek world by Rome. As an undergraduate studying philosophy I felt some pain at hearing Hellenic philosophers like Thales or Democritus called physicists; but, when we came to the great Hellenistics, to Archimedes in Syracuse discovering the laws of buoyancy or Eratosthenes in Alexandria measuring the circumference of the earth, I felt at home among my fellow scientists. Nothing like Hellenistic science was seen anywhere in the world until the rise of modern science in Europe in the seventeenth century.
  


  
    Yet for all their brilliance, the Hellenistic natural philosophers never came close to the idea of a body of laws that would precisely regulate all nature. Indeed, the word ‘law’ was rarely used in antiquity (and never by Aristotle or in the Bible) except in its original sense, of human or divine laws governing human conduct. (It is true that the word ‘astronomy’ derives from the Greek words astron for a star and nomos for law, but this term was less often used in antiquity for the science of the heavens than the word ‘astrology.’) Not until Galileo, Kepler, and Descartes in the seventeenth century do we find the modern notion of laws of nature.
  


  
    The classicist Peter Green blames the limitations of Greek science in large part on the persistent intellectual snobbery of the Greeks, with their preference for the static over the dynamic and for contemplation over technology, except for military technology. The first three kings of Hellenistic Alexandria supported research on the flight of projectiles because of its military applications, but to the Greeks it would have seemed inappropriate to apply precise reasoning to something as banal as the process by which a ball rolls down an inclined plane, the problem that illuminated the laws of motion for Galileo. Modern science has its own snobberies – biologists pay more attention to genes than to bunions, and physicists would rather study proton-proton collisions at 20 trillion volts than at 20 volts. But these are tactical snobberies, based on judgments (right or wrong) that some phenomena turn out to be more revealing than others; they do not reflect a conviction that some phenomena are more important than others.
  


  
    It is with Isaac Newton that the modern dream of a final theory really begins. Quantitative scientific reasoning had never really disappeared, and by Newton’s time it had already been revitalized, most notably by Galileo. But Newton was able to explain so much with his laws of motion and law of universal gravitation, from the orbits of planets and moons to the rise and fall of tides and apples, that he must for the first time have sensed the possibility of a really comprehensive explanatory theory. Newton’s hopes were expressed in the preface to the first edition of his great book, the Principia: ‘I wish we could derive the rest of the phenomena of nature [that is, the phenomena not treated in the Principia] by the same kind of reasoning as for mechanical principles. For I am induced by many reasons to suspect that they may all depend on certain forces.’ Twenty years later, Newton described in the Opticks how he thought his program might be carried out:
  


  
    Now the smallest particles of matter cohere by the strongest attractions, and compose bigger particles of weaker virtue; and many of these may cohere and compose bigger particles whose virtue is still weaker, and so on for diverse successions, until the progression ends in the biggest particles on which the operations in chemistry, and the colours of natural bodies depend, and which by cohering compose bodies of a sensible magnitude. There are therefore agents in nature able to make the particles of bodies stick together by very strong attractions. And it is the business of experimental philosophy to find them out.
  


  
    Newton’s great example gave rise especially in England to a characteristic style of scientific explanation: matter is conceived to consist of tiny immutable particles; the particles act on one another through ‘certain forces,’ of which gravitation is just one variety; knowing the positions and velocities of these particles at any one instant, and knowing how to calculate the forces among them, one can use the laws of motion to predict where they will be at any later time. Physics is often still taught to freshmen in this fashion. Regrettably, despite the further successes of physics in this Newtonian style, it was a dead end.
  


  
    After all, the world is a complicated place. As scientists learned more about chemistry and light and electricity and heat in the eighteenth and nineteenth centuries, the possibility of an explanation along Newtonian lines must have seemed more and more remote. In particular, in order to explain chemical reactions and affinities by treating atoms as Newtonian particles moving under the influence of their mutual attraction and repulsion, physicists would have had to make so many arbitrary assumptions about atoms and forces that nothing really could have been accomplished.
  


  
    Nevertheless, by the 1890s an odd sense of completion had spread to many scientists. In the folklore of science there is an apocryphal story about some physicist who, near the turn of the century, proclaimed that physics was just about complete, with nothing left to be done but to carry measurements to a few more decimal places. The story seems to originate in a remark made in 1894 at the University of Chicago by the American experimental physicist Albert Michelson: ‘While it is never safe to affirm that the future of Physical Science has no marvels in store even more astonishing than those of the past, it seems probable that most of the grand underlying principles have been firmly established and that further advances are to be sought chiefly in the rigorous application of these principles to all the phenomena which come under our notice... An eminent physicist has remarked that the future truths of Physical Science are to be looked for in the sixth place of decimals.’ Robert Andrews Millikan, another American experimentalist, was in the audience at Chicago during Michelson’s talk and guessed that the ‘eminent physicist’ Michelson referred to was the influential Scot, William Thomson, Lord Kelvin. A friend has told me that when he was a student at Cambridge in the late 1940s, Kelvin was widely quoted as having said that there was nothing new to be discovered in physics and that all that remained was more and more precise measurement.
  


  
    I have not been able to find this remark in Kelvin’s collected speeches, but there is plenty of other evidence for a widespread, though not universal, sense of scientific complacency in the late nineteenth century. When the young Max Planck entered the University of Munich in 1875, the professor of physics, Jolly, urged him against studying science. In Jolly’s view there was nothing left to be discovered. Millikan received similar advice. ‘In 1894,’ he recalled, ‘I lived in a fifth-floor flat on Sixty-fourth Street, a block west of Broadway, with four other Columbia graduate students, one a medic and the other three working in sociology and political science, and I was ragged continuously by all of them for sticking to a “finished,” yes, a “dead subject,” like physics, when the new, “live” field of the social sciences was just opening up.’
  


  
    Often such examples of nineteenth-century complacency are trotted out as warnings to those of us in the twentieth century who dare to talk of a final theory. This rather misses the point of these self-satisfied remarks. Michelson and Jolly and Millikan’s roommates could not possibly have thought that the nature of chemical attraction had been successfully explained by physicists – much less that the mechanism of heredity had been successfully explained by chemists. Those who made such remarks could only have done so because they had given up on the old dream of Newton and his followers that chemistry and all other sciences would be understood in terms of physical forces; for them, chemistry and physics had become coequal sciences, each separately near completion. To whatever extent there was a widespread sense of completeness in late-nineteenth-century science, it represented only the complacency that comes with diminished ambition.
  


  
    But things were to change very rapidly. To a physicist the twentieth century begins in 1895, with Wilhelm Roentgen’s unexpected discovery of X rays. It was not that X rays themselves were so important; rather, their discovery encouraged physicists to believe that there were many new things to be discovered, especially by studying radiation of various sorts. And discoveries did follow in quick succession. At Paris in 1896 Henri Becquerel discovered radioactivity. At Cambridge in 1897 J. J. Thomson measured the deflection of cathode rays by electric and magnetic fields and interpreted the results in terms of a fundamental particle, the electron, present in all matter, not only in cathode rays. At Bern in 1905 Albert Einstein (while still excluded from academic employment) presented a new view of space and time in his special theory of relativity, suggested a new way of demonstrating the existence of atoms, and interpreted earlier work of Max Planck on heat radiation in terms of a new elementary particle, the particle of light later called the photon. A little later, in 1911, Ernest Rutherford used the results of experiments with radioactive elements in his Manchester laboratory to infer that atoms consist of small massive nuclei surrounded by clouds of electrons. And in 1913 the Dane Niels Bohr used this atomic model and Einstein’s photon idea to explain the spectrum of the simplest atom, that of hydrogen. Complacency gave way to excitement; physicists began to feel that a final theory unifying at least all physical science might soon be found.
  


  
    Already in 1902, the previously complacent Michelson could proclaim: ‘The day appears not far distant when the converging lines from many apparently remote regions of thought will meet on... common ground. Then the nature of the atoms, and the forces called into play in their chemical union; the interactions between these atoms and the non-differentiated ether as manifested in the phenomenon of light and electricity; the structures of the molecules; and molecular systems of which the atoms are the units; the explanation of cohesion, elasticity, and gravitation – all these will be marshalled into a single and compact body of scientific knowledge.’ Where before Michelson had thought that physics was already complete because he did not expect physics to explain chemistry, now he expected a quite different completion in the near future, encompassing chemistry as well as physics.
  


  
    This was still a bit premature. The dream of a final unifying theory really first began to take shape in the mid-1920s, with the discovery of quantum mechanics. This was a new and unfamiliar framework for physics in terms of wave functions and probabilities instead of the particles and forces of Newtonian mechanics. Quantum mechanics suddenly made it possible to calculate the properties not only of individual atoms and their interaction with radiation, but also of atoms combined into molecules. It had at last become clear that chemical phenomena are what they are because of the electrical interactions of electrons and atomic nuclei.
  


  
    This is not to say that college courses in chemistry began to be taught by physics professors or that the American Chemical Society applied for absorption into the American Physical Society. It is difficult enough to use the equations of quantum mechanics to calculate the strength of the binding of two hydrogen atoms in the simplest hydrogen molecule; the special experience and insights of chemists are needed to deal with complicated molecules, especially the very complicated molecules encountered in biology, and the way they react in various circumstances. But the success of quantum mechanics in calculating the properties of very simple molecules made it clear that chemistry works the way it does because of the laws of physics. Paul Dirac, one of the founders of the new quantum mechanics, announced triumphantly in 1929 that ‘the underlying physical laws necessary for the mathematical theory of a larger part of physics and the whole of chemistry are thus completely known, and the difficulty is only that the application of these laws leads to equations much too complicated to be soluble.’
  


  
    Soon thereafter a strange new problem appeared. The first quantum-mechanical calculations of atomic energies had given results in good agreement with experiment. But when quantum mechanics was applied not only to the electrons in atoms but also to the electric and magnetic fields that they produce, it turned out that the atom had an infinite energy! Other infinities appeared in other calculations, and for four decades this absurd result appeared as the greatest obstacle to progress in physics. In the end the problem of infinities turned out to be not a disaster, but rather one of the best reasons for optimism for progress toward a final theory. When proper care is given to the definition of masses and electric charges and other constants the infinities all cancel, but only in theories of certain special kinds. We may thus find ourselves led mathematically to part or all of the final theory, as the only way of avoiding these infinities. Indeed, the esoteric new theory of strings may already have provided the unique way of avoiding infinities when we reconcile relativity (including general relativity, Einstein’s theory of gravitation) with quantum mechanics. If so, it will be a large part of any final theory.
  


  
    I do not mean to suggest that the final theory will be deduced by pure mathematics. After all, why should we believe that either relativity or quantum mechanics is logically inevitable? It seems to me that our best hope is to identify the final theory as one that is so rigid that it cannot be warped into some slightly different theory without introducing logical absurdities like infinite energies.
  


  
    There is further reason for optimism in the peculiar fact that progress in physics is often guided by judgments that can only be called aesthetic. This is very odd. Why should a physicist’s sense that one theory is more beautiful than another be a useful guide in scientific research? There are several possible reasons for this, but one of them is special to elementary particle physics: the beauty in our present theories may be ‘but a dream’ of the kind of beauty that awaits us in the final theory.
  


  
    In our century it was Albert Einstein who most explicitly pursued the goal of a final theory. As his biographer Abraham Pais puts it, ‘Einstein is a typical Old Testament figure, with the Jehovah-type attitude that there is a law and one must find it.’ The last thirty years of Einstein’s life were largely devoted to a search for a so-called unified field theory that would unify James Clerk Maxwell’s theory of electromagnetism with the general theory of relativity, Einstein’s theory of gravitation. Einstein’s attempt was not successful, and with hindsight we can now see that it was misconceived. Not only did Einstein reject quantum mechanics; the scope of his effort was too narrow. Electromagnetism and gravitation happen to be the only fundamental forces that are evident in everyday life (and the only forces that were known when Einstein was a young man), but there are other kinds of force in nature, including the weak and strong nuclear forces. Indeed, the progress that has been made toward unification has been in unifying Maxwell’s theory of the electromagnetic force with the theory of the weak nuclear force, not with the theory of gravitation, where the problem of infinities has been much harder to resolve. Nevertheless Einstein’s struggle is our struggle today. It is the search for a final theory.
  


  
    Talk of a final theory seems to enrage some philosophers and scientists. One is likely to be accused of something awful, like reductionism, or even physics imperialism. This is partly a reaction to the various silly things that might be meant by a final theory, as for instance that discovery of a final theory in physics would mark the end of science. Of course a final theory would not end scientific research, not even pure scientific research, nor even pure research in physics. Wonderful phenomena, from turbulence to thought, will still need explanation whatever final theory is discovered. The discovery of a final theory in physics will not necessarily even help very much in making progress in understanding these phenomena (though it may with some). A final theory will be final in only one sense – that it will bring to an end a certain sort of science, the ancient search for those principles that cannot be explained in terms of deeper principles.
  


  
    TWO
  


  
    ON A PIECE OF CHALK
  


  
    Fool:... The reason why the seven stars are no more than seven is a pretty reason.
  


  
    Lear: Because they are not eight.
  


  
    Fool: Yes, indeed. Thou wouldst make a good fool.
  


  
    William Shakespeare, King Lear
  


  
    Scientists have discovered many peculiar things, and many beautiful things. But perhaps the most beautiful and the most peculiar thing that they have discovered is the pattern of science itself. Our scientific discoveries are not independent isolated facts; one scientific generalization finds its explanation in another, which is itself explained by yet another. By tracing these arrows of explanation back toward their source we have discovered a striking convergent pattern – perhaps the deepest thing we have yet learned about the universe.
  


  
    Consider a piece of chalk. Chalk is a substance that is familiar to most people (and especially familiar to physicists who talk to each other at blackboards), but I use chalk as an example here because it was the subject of a polemic that is famous in the history of science. In 1868 the British Association held its annual meeting in the large cathedral and county town of Norwich, in the east of England. It was an exciting time for the scientists and scholars gathered in Norwich. Public attention was drawn to science not only because its importance to technology was becoming unmistakable but even more because science was changing the way that people thought about the world and their place in it. Above all, the publication of Darwin’s On the Origin of Species by Means of Natural Selection nine years earlier had put science squarely in opposition to the dominant religion of the time. Present at that meeting was Thomas Henry Huxley – distinguished anatomist and fierce controversialist, known to his contemporaries as ‘Darwin’s bulldog.’ As was his usual practice, Huxley took the opportunity to speak to the working men of the town. The title of his lecture was ‘On a Piece of Chalk.’
  


  
    I like to imagine Huxley standing at the podium actually holding up a piece of chalk, perhaps dug from the chalk formations that underlie Norwich or borrowed from a friendly carpenter or professor. He began by describing how the chalk layer, hundreds of feet deep, extends not only under much of England but also under Europe and the Levant, all the way to central Asia. The chalk is mostly a simple chemical, ‘carbonate of lime,’ or in modern terms calcium carbonate, but microscopic examination shows it to consist of countless fossil shells of tiny animals that lived in ancient seas that once covered Europe. Huxley vividly described how over millions of years these little corpses drifted down to the sea bottom to be compressed into chalk, and how caught here and there in the chalk are fossils of larger animals like crocodiles, animals that appear increasingly different from their modern counterparts as we go down to deeper and deeper levels of chalk, and so must have been evolving during the millions of years the chalk was being laid down.
  


  
    Huxley was trying to convince the working men of Norwich that the world is much older than the six thousand years allowed by scholars of the Bible and that new living species have appeared and evolved since the beginning. These issues are now long settled – no one with any understanding of science would doubt the great age of the earth or the reality of evolution. The point that I want to make here has to do not with any specific items of scientific knowledge but with the way that they are all connected. For this purpose I begin as Huxley did, with a piece of chalk.
  


  
    Chalk is white. Why? One immediate answer is that it is white because it is not any other color. That is an answer that would have pleased Lear’s fool, but in fact it is not so far from the truth. Already in Huxley’s time it was known that each color of the rainbow is associated with light of a definite wavelength – longer waves for light toward the red end of the spectrum and shorter waves toward the blue or violet. White light was understood to be a jumble of light of many different wavelengths. When light strikes an opaque substance like chalk, only part of it is reflected; the rest is absorbed. A substance that is any definite color, like the greenish blue of many compounds of copper (e.g., the copper aluminum phosphates in turquoise) or the violet of compounds of potassium, has that color because the substance tends to absorb light strongly at certain wavelengths; the color that we see in the light that the substance reflects is the color associated with light of the wavelengths that are not strongly absorbed. For the calcium carbonate of which chalk is composed, it happens that light is especially strongly absorbed only at infrared and ultraviolet wavelengths that are invisible anyway. So light reflected from a piece of chalk has pretty much the same distribution of visible wavelengths as the light that illuminates it. This is what produces the sensation of whiteness, whether from clouds or snow or chalk.
  


  
    Why? Why do some substances strongly absorb visible light at particular wavelengths and others not? The answer turns out to be a matter of the energies of atoms and of light. This began to be understood with the work of Albert Einstein and Niels Bohr in the first two decades of this century. As Einstein first realized in 1905, a ray of light consists of a stream of enormous numbers of particles, later called photons. Photons have no mass or electric charge, but each photon has a definite energy, inversely proportional to the light wavelength. Bohr proposed in 1913 that atoms and molecules can exist only in certain definite states, stable configurations having certain definite energies. Although atoms are often likened to little solar systems, there is a crucial difference. In the solar system any planet could be given a little more or less energy by moving it a little farther from or closer to the sun, but the states of an atom are discrete – we cannot change the energies of atoms except by certain definite amounts. Normally an atom or molecule is in the state of lowest energy. When an atom or molecule absorbs light, it jumps from a state of lower energy to one of higher energy (and vice versa when light is emitted). Taken together, these ideas of Einstein and Bohr tell us that light can be absorbed by an atom or molecule only if the wavelength of the light has one of certain definite values. These are the wavelengths that correspond to photon energies that are just equal to the difference in energy between the normal state of the atom or molecule and one of its states of higher energy. Otherwise energy would not be conserved when the photon is absorbed by the atom or molecule. Typical copper compounds are greenish blue because there is a particular state of the copper atom with an energy 2 volts higher than the energy of the normal state, and that is exceptionally easy for the atom to jump to by absorption of a photon with an energy of 2 volts.*1 Such a photon has a wavelength of 0.62 microns, corresponding to a reddish orange color, so the absorption of these photons leaves the remaining reflected light greenish blue. (This is not just an awkward way of restating that these compounds are greenish blue; we see the same pattern of atomic energies when we give energy to the copper atom in different ways, as, e.g., with a beam of electrons.) Chalk is white because the molecules of which it is composed do not happen to have any state that is particularly easy to jump to by absorbing photons of any color of visible light.
  


  
    Why? Why do atoms and molecules come in discrete states, each with a definite energy? Why are these energy values what they are? Why does light come in individual particles, each with an energy inversely proportional to the wavelength of the light? And why are some states of atoms or molecules particularly easy to jump to by absorption of photons? It was not possible to understand these properties of light or atoms or molecules until the development in the mid-1920s of a new framework for physics known as quantum mechanics. The particles in an atom or molecule are described in quantum mechanics by what is called a wave function. A wave function behaves somewhat like a wave of light or sound, but its magnitude (actually its magnitude squared) gives the probability of finding the particles at any given location. Just as air in an organ pipe can vibrate only in certain definite modes of vibration, each with its own wavelength, so also the wave function for the particles in an atom or molecule can appear only in certain modes or quantum states, each with its own energy. When the equations of quantum mechanics are applied to the copper atom, it is found that one of the electrons in a high-energy outer orbit of the atom is loosely bound and can easily be boosted by absorption of visible light up to the next highest orbit. Quantum-mechanical calculations show that the energies of the atom in these two states differ by 2 volts, equal to the energy of a photon of reddish orange light.*2 On the other hand the molecules of calcium carbonate in a piece of chalk do not happen to have any similarly loose electrons that could absorb photons of any particular wavelength. As to photons, their properties are explained by applying the principles of quantum mechanics in a similar way to light itself. It turns out that light, like atoms, can exist only in certain quantum states of definite energy. For instance, reddish orange light with a wavelength of 0.62 microns can exist only in states with energies equal to zero, or 2 volts, or 4 volts, or 6 volts, and so on, which we interpret as states containing zero or one or two or three or more photons, each photon with an energy of just 2 volts.
  


  
    Why? Why are the quantum-mechanical equations that govern the particles in atoms what they are? Why does matter consist of these particles, the electrons and the atomic nuclei? For that matter, why is there such a thing as light? Most of these things were rather mysterious in the 1920s and 1930s when quantum mechanics was first applied to atoms and light and have only become reasonably well understood in the last fifteen years or so, with the success of what is called the standard model of elementary particles and forces. A key precondition for this new understanding was the reconciliation in the 1940s of quantum mechanics with the other great revolution in twentieth-century physics, Einstein’s theory of relativity. The principles of relativity and quantum mechanics are almost incompatible with each other and can coexist only in a limited class of theories. In the nonrelativistic quantum mechanics of the 1920s we could imagine almost any kind of force among electrons and nuclei, but as we shall see, this is not so in a relativistic theory: forces between particles can arise only from the exchange of other particles. Furthermore, all these particles are bundles of the energy, or quanta, of various sorts of fields. A field like an electric or magnetic field is a sort of stress in space, something like the various sorts of stress that are possible within a solid body, but a field is a stress in space itself. There is one type of field for each species of elementary particle; there is an electron field in the standard model, whose quanta are electrons; there is an electromagnetic field (consisting of electric and magnetic fields), whose quanta are the photons; there is no field for atomic nuclei, or for the particles (known as protons and neutrons) of which the nuclei are composed, but there are fields for various types of particles called quarks, out of which the proton and neutron are composed; and there are a few other fields I need not go into now. The equations of a field theory like the standard model deal not with particles but with fields; the particles appear as manifestations of these fields. The reason that ordinary matter is composed of electrons, protons, and neutrons is simply that all the other massive particles are violently unstable. The standard model qualifies as an explanation because it is not merely what computer hackers call a kludge, an assortment of odds and ends thrown together in whatever way works. Rather, the structure of the standard model is largely fixed once one specifies the menu of fields that it should contain and the general principles (like the principles of relativity and quantum mechanics) that govern their interactions.
  


  
    Why? Why does the world consist of just these fields: the fields of the quarks, electron, photon, and so on? Why do they have the properties assumed in the standard model? And for that matter, why does nature obey the principles of relativity and quantum mechanics? Sorry – these questions are still unanswered. Commenting on the present status of physics, the Princeton theorist David Gross gave a list of open questions: ‘Now that we understand how it works, we are beginning to ask why are there quarks and leptons, why is the pattern of matter replicated in three generations of quarks and leptons, why are all forces due to local gauge symmetries? Why, why, why?’ It is the hope of answering these questions and going beyond our present standard model that makes work in the physics of elementary particles so exciting.
  


  
    The word ‘why’ is notoriously slippery. The philosopher Ernest Nagel lists ten examples of questions in which ‘why’ is used in ten different senses, such as ‘Why does ice float on water?’ ‘Why did Cassius plot the death of Caesar?’ and ‘Why do human beings have lungs?’ Other examples in which ‘why’ is used in yet other senses come immediately to mind, such as, Why was I born? It should be clear that my use here of the word ‘why’ is something like its use in the question, ‘Why does ice float on water?’ and is not intended to suggest any sense of conscious purpose.
  


  
    Even so it is a tricky business to say exactly what one is doing when one answers such a question. Fortunately, it is not really necessary. Scientific explanation is a mode of behavior that gives us pleasure, like love or art. The best way to understand the nature of scientific explanation is to experience the peculiar zing that you get when someone (preferably yourself) has succeeded in actually explaining something. I do not mean that scientific explanation can be pursued without any constraints, any more than can love or art. In all three cases there is a standard of truth that needs to be respected, though of course truth takes different meanings in science or love or art. I also do not mean to say that it is not of any interest to try to formulate some general description of how science is done, only that this is not really necessary in the work of science, any more than it is in love or art.
  


  
    As I have been describing it, scientific explanation clearly has to do with the deduction of one truth from another. But there is more to explanation than deduction, and also less. Merely deducing one statement from another does not necessarily constitute an explanation, as we see clearly in those cases where either statement can be deduced from the other. Einstein inferred the existence of photons in 1905 from the successful theory of heat radiation that had been proposed five years earlier by Max Planck; seventeen years later Satyendra Nath Bose showed that Planck’s theory could be deduced from Einstein’s theory of photons. Explanation, unlike deduction, carries a unique sense of direction. We have an overwhelming sense that the photon theory of light is more fundamental than any statement about heat radiation and is therefore the explanation of the properties of heat radiation. And in the same way, although Newton derived his famous laws of motion in part from the earlier laws of Kepler that describe the motion of planets in the solar system, we say that Newton’s laws explain Kepler’s, not the other way around.
  


  
    Talk of more fundamental truths makes philosophers nervous. We can say that the more fundamental truths are those that are in some sense more comprehensive, but about this, too, it is difficult to be precise. But scientists would be in a bad way if they had to limit themselves to notions that had been satisfactorily formulated by philosophers. No working physicist doubts that Newton’s laws are more fundamental than Kepler’s or that Einstein’s theory of photons is more fundamental than Planck’s theory of heat radiation.
  


  
    A scientific explanation can also be something less than a deduction, for we may say that a fact is explained by some principle even though we cannot deduce it from that principle. Using the rules of quantum mechanics we can deduce various properties of the simpler atoms and molecules and even estimate the energy levels of complicated molecules like the calcium-carbonate molecules in chalk. The Berkeley chemist Henry Shaefer reports that ‘when state-of-the-art theoretical methods are intelligently applied to many problems involving molecules as large as naphthalene, the results may be treated in the same way that one treats reliable experiments.’ But no one actually solves the equations of quantum mechanics to deduce the detailed wave function or the precise energy of really complicated molecules, such as proteins. Nevertheless, we have no doubt that the rules of quantum mechanics ‘explain’ the properties of such molecules. This is partly because we can use quantum mechanics to deduce the detailed properties of simpler systems like hydrogen molecules and also because we have mathematical rules available that would allow us to calculate all the properties of any molecule to any desired precision if we had a large enough computer and enough computer time.
  


  
    We may even say that something is explained even where we have no assurance that we will ever be able to deduce it. Right now we do not know how to use our standard model of elementary particles to calculate the detailed properties of atomic nuclei, and we are not certain that we will ever know how to do these calculations, even with unlimited computer power at our disposal. (This is because the forces in nuclei are too strong to allow the sort of calculational techniques that work for atoms or molecules.) Nevertheless, we have no doubt that the properties of atomic nuclei are what they are because of the known principles of the standard model. This ‘because’ does not have to do with our ability actually to deduce anything but reflects our view of the order of nature.
  


  
    Ludwig Wittgenstein, denying even the possibility of explaining any fact on the basis of any other fact, warned that ‘at the basis of the whole modern view of the world lies the illusion that the so-called laws of nature are the explanations of natural phenomena.’ Such warnings leave me cold. To tell a physicist that the laws of nature are not explanations of natural phenomena is like telling a tiger stalking prey that all flesh is grass. The fact that we scientists do not know how to state in a way that philosophers would approve what it is that we are doing in searching for scientific explanations does not mean that we are not doing something worthwhile. We could use help from professional philosophers in understanding what it is that we are doing, but with or without their help we shall keep at it.
  


  
    We could follow a similar chain of ‘why’s’ for each physical property of chalk – its brittleness, its density, its resistance to the flow of electricity. But let’s try to enter the labyrinth of explanation through a different door – by considering the chemistry of chalk. As Huxley said, chalk is mostly carbonate of lime or, in modern terms, calcium carbonate. Huxley did not say so, but he probably knew that this chemical consists of the elements calcium, carbon, and oxygen, in the fixed proportions (by weight) 40%, 12%, and 48%, respectively.
  


  
    Why? Why do we find a chemical compound of calcium, carbon, and oxygen with just these proportions, but not many others, with many other proportions? The answer was worked out by chemists in the nineteenth century in terms of a theory of atoms, actually before there was any direct experimental evidence of the existence of atoms. The weights of the calcium, carbon, and oxygen atoms are in the ratios 40:12:16, and a calcium-carbonate molecule consists of one atom of calcium, one atom of carbon, and three atoms of oxygen, so the weights of calcium, carbon, and oxygen in calcium carbonate are in the ratios 40:12:48.
  


  
    Why? Why do the atoms of various elements have the weights that we observe, and why do molecules consist of just certain numbers of atoms of each type? The numbers of atoms of each type in molecules like calcium carbonate were already known in the nineteenth century to be a matter of the electric charges that the atoms in the molecule exchange with each other. In 1897 it was discovered by J. J. Thomson that these electric charges are carried by negatively charged particles called electrons, particles that are much lighter than whole atoms and that flow through wires in ordinary electric currents. One element is distinguished from another solely by the number of electrons in the atom: one for hydrogen, six for carbon, eight for oxygen, twenty for calcium, and so on. When the rules of quantum mechanics are applied to the atoms of which chalk is composed, it is found that calcium and carbon atoms readily give up two and four electrons, respectively, and that oxygen atoms easily pick up two electrons. Thus the three atoms of oxygen in each molecule of calcium carbonate can pick up the six electrons contributed by one atom of calcium and one atom of carbon; there are just enough electrons to go around. It is the electric force produced by this transfer of electrons that holds the molecule together. What about the atomic weights? We have known since the work of Rutherford in 1911 that almost all of the mass or weight of the atom is contained in a small positively charged nucleus around which the electrons revolve. After some confusion, it was finally realized in the 1930s that atomic nuclei consist of two kinds of particles with nearly the same mass: protons, with positive electric charge equal in magnitude to the electron’s negative charge, and neutrons, with no charge at all. The hydrogen nucleus is just one proton. The number of protons must equal the number of electrons in order to keep the atom electrically neutral, and neutrons are needed because the strong attraction between protons and neutrons is essential in holding the nucleus together. Neutrons and protons have nearly the same weight and electrons weigh much less, so to a very good approximation the weight of an atom is simply proportional to the total number of protons and neutrons in its nucleus: one (a proton) for hydrogen, twelve for carbon, sixteen for oxygen, and forty for calcium, corresponding to the atomic weights known but not yet understood in Huxley’s time.
  


  
    Why? Why is there a neutron and a proton, one neutral and one charged, both with about the same mass, and much heavier than the electron? Why do they attract each other with such a strong force that they form atomic nuclei about a hundred thousand times smaller than the atoms themselves? We find the explanation again in the details of our present standard model of elementary particles. The lightest quarks are called the u and d (for ‘up’ and ‘down’) and have charges +2/3 and -1/3, respectively (in units where the electron’s charge is taken as –1); protons consist of two u’s and a d, and hence have charge 2/3 + 2/3 – 1/3 = +1; neutrons consist of one u and two d’s and hence have charge 2/3 – 1/3 – 1/3 = 0. The proton and neutron masses are nearly equal because these masses arise mostly from strong forces that hold the quarks together, and these forces are the same for u and d quarks. The electron is much lighter because it does not feel these strong forces. All these quarks and electrons are bundles of the energy of various fields, and their properties follow from the properties of these fields.
  


  
    So here we are again at the standard model. Indeed, any questions about the physical and chemical properties of calcium carbonate lead us in much the same way through a chain of why’s down to the same point of convergence: to our present quantum-mechanical theory of elementary particles, the standard model. But physics and chemistry are easy. How about something tougher, like biology?
  


  
    Our piece of chalk is not a perfect crystal of calcium carbonate, but it is also not a disorganized mess of individual molecules like a gas. Rather, as Huxley explained in his talk in Norwich, chalk is composed of the skeletons of tiny animals who absorbed calcium salts and carbon dioxide from ancient seas and used these chemicals as raw materials to build little shells of calcium carbonate around their soft bodies. It takes no imagination to see why this was to their advantage – the sea is not a safe place for unprotected morsels of protein. But this does not in itself explain why plants and animals develop organs like calcium carbonate shells that help them survive; needing is not the same as getting. The key was provided by the work of Darwin and Wallace that Huxley did so much to popularize and defend. Living things display inheritable variations – some helpful and some not – but it is the organisms that happen to carry helpful variations that tend to survive and pass these characteristics on to their offspring. But why are there variations, and why are they inheritable? This was finally explained in the 1950s in terms of the structure of a very large molecule, DNA, that serves as a template for assembling proteins out of amino acids. The DNA molecule forms a double helix that stores genetic information in a code based on the sequence of chemical units along the two strands of the helix. Genetic information is propagated when the double helix splits and each of its two strands assembles a copy of itself; inheritable variations occur when some accident disturbs the chemical units making up the strands of the helix.
  


  
    Once down to the level of chemistry, the rest is relatively easy. True, DNA is too complicated to allow us to use the equations of quantum mechanics to work out its structure. But
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