

[image: ]








[image: alt]



















THE UNIVERSE


WITHIN


From Quantum to Cosmos


NEIL TUROK







[image: ]




















 


 


 


 


 


To my parents






















AUTHOR’S NOTE





IN THIS BOOK, I try to connect our progress towards discovering the physical basis of reality with our own character as human beings.


This is not an academic text. I describe some of physics’ biggest ideas and how they were discovered, but I make no serious attempt to provide a balanced history or to properly apportion credit. Instead, I use my personal experience as a common thread, along with accounts of people, times, and places that seem special to me. The personalities are interesting, but I use them mainly as illustrations of what is possible and of how much more capable we are than we realize. I am not a philosopher, historian, or an art or literary critic, but I draw on each of these subjects to illustrate the circumstances and the consequences of our deepening knowledge. This is a vast subject, and I apologize for my limited perspective and for my many arbitrary choices.


My goal is to celebrate our ability to understand the universe, to recognize it as something that can draw us together, and to contemplate what it might mean for our future.


I have benefitted from the insights and mentorship of wonderful colleagues, too numerous to mention. I have been equally inspired by many non-scientists, people who through their lives exemplify what it means to be human. Our science and our humanity are two sides of the same coin. Together, they are the means for us to live up to the opportunity of our existence.



















ONE


MAGIC THAT WORKS







“Happy is the man who can recognize in the work of today a connected portion of the work of life, and an embodiment of the work of Eternity.”


— James Clerk Maxwell1





WHEN I WAS THREE years old, my father was jailed for resisting the apartheid regime in South Africa. Shortly afterward, my mother was also jailed, for six months. During that time, I stayed with my grandmother, who was a Christian Scientist. My parents weren’t religious, so this was a whole new world to me. I enjoyed the singing, and especially the Bible: I loved the idea of a book that held the answer to everything. But I didn’t want a big Bible; I wanted a little Bible that I could carry around in my pocket.


So I campaigned endlessly for my grandmother to buy me the smallest possible Bible. When she finally did, I took it everywhere. I couldn’t read yet, but that didn’t matter to me. What I most wanted, even at that early age, was to capture and hold the truth, with the certainty and love that it brings.


My father was charged with sabotage and was fortunate to be released after only three and a half years. Others who had been tried on lesser charges were given life terms. On my father’s release from prison, he was held under house arrest but escaped and fled north to East Africa. We followed him there and lived in Tanzania for several years before moving to London, England. There we joined a small community of exiles trying to survive in unfamiliar, damp, and gloomy surroundings. Nevertheless, my parents always held firm to their ideas. “One day,” they told my brothers and me, “there will be a great change, and South Africa will be free.”


It was hard for us to believe them. Throughout the 1970s and 1980s, as I was growing up in England, going to high school and then university, the situation back home seemed hopeless. The apartheid regime was popular with the all-white electorate, and it had powerful allies overseas. South Africa even developed and tested nuclear weapons. The tiny handful of organized dissidents were easily captured and imprisoned. Protests by school students in Soweto were ruthlessly crushed, and the police state took an iron grip.


But then, quite suddenly, everything changed.


The apartheid system was founded on a profoundly wrong premise — that black people are inferior to white people — and this brought its demise. Within the country, the aspirations of the black majority could no longer be contained. External protests also gathered impact as more and more countries boycotted South Africa. In 1993, with Nelson Mandela’s negotiated release from prison, the mood turned. The white minority accepted that apartheid was no longer sustainable, and that the future would have to involve universal suffrage and greater opportunities for all. The change in South Africa was wrought by a simple but undeniable idea: justice — the principle of fairness, equity, and human rights that protects us all. Justice is a cause shared across races, cultures, and religions; it is powerful enough to win many people’s lifetime commitment and, for some, commitment of their lives. If you had to point to the driver of change in South Africa, it would be this one simple notion that prevailed over all the privilege, wealth, and weaponry that the apartheid regime amassed.


My parents were right. A good idea can change the world.




*





TODAY, WE LIVE IN a worried world that seems short of good ideas. We are confronted by challenges that can feel overwhelming: financial instability, overconsumption and pollution, energy and resource shortages, climate change, and growing inequality. All of these problems were created by humans, and they are all solvable. Yet we seem to be locked in a culture of short-term thinking, of the quick fix and the fast buck. Whereas what each of these problems really needs for its solution is consistent, principled, far-sighted actions extending over many years.


We’re reaching the limits of existing technologies and natural resources. We are in danger of losing our sense of optimism. Can we find smarter ways to manage our planet? Can we make the discoveries that will open up a bright future? Who are we, after all? Are we just the product of a process of random mutation and natural selection, now reaching its terminus? Or are we potentially the initiators of a new evolutionary stage, in which life may rise to a whole new level?


In these chapters, I want to talk about our ability to make sense of reality and to conceive of the universe within our minds. This ability has been a continuous source of powerful ideas, describing everything from the tiniest subatomic particle up to the entire visible cosmos. It has spawned every modern technology, from cellphones to satellites. It is by far and away our most precious possession, and yet it is also completely free to share. If history is anything to go by, the Universe Within us will be the key to our future.


It is not accidental that revolutions take place when they do. The greatest advances have occurred as a result of growing contradictions in our picture of reality that could not be resolved by any small change. Instead, it was necessary to step back, to look at the bigger picture and find a different way of describing the world and understanding its potential. Every time this happened, a whole new paradigm emerged, taking us forward to frontiers we had never previously imagined. Physics has changed the world, and human society, again and again.


The human mind holds these ideas in the balance: how we live together, who we are, and how we place ourselves within reality. Our conceptions greatly exceed any immediate need. It is almost as if the evolutionary process has an anticipatory element to it. Why did we evolve the capacity to understand things so remote from our experience, when they are seemingly useless to our survival? And where will these abilities take us in the future?


How did we first imagine the Higgs boson, and build a microscope — the Large Hadron Collider, capable of resolving distances a billionth the size of an atom — to find it? How did we discover the laws governing the cosmos, and how did we build satellites and telescopes that can see ten trillion times farther than the edge of the solar system, to confirm those laws in detail? I believe society can draw great optimism from physics’ phenomenal success. Likewise, physics can and should draw a greater sense of purpose from understanding its own origins, history, and connections to the interests of society.


What is coming is likely to be even more significant than any past transformation. We have already seen how mobile communications and the World Wide Web are opening up global society, providing information and education on a scale vastly larger than ever before. And this is only the beginning of how our new technologies will change us. So far, our scientific progress has been founded on, but also limited by, our own physical nature. We are only able to comprehend the world in a classical picture. This has been an essential stepping stone in our development, but one that we need to move beyond. As our technological capabilities grow, they will drastically extend our abilities, our experience of the world, and, in time, who we are.


The internet is only a harbinger. Quantum technologies may change entirely the way in which we process information. In time, they may do much more, allowing us to gain a heightened awareness of reality and of the ways the physical world works. As the depth of our knowledge grows, our representations of the universe will achieve much higher fidelity. Our new knowledge will enable technologies that will vastly supercede current limits. They may change our very nature and bring us closer to realizing the full potential of our existence.


As we look ahead our goal should be to experience, to understand, and to be a part of the universe’s development. We are not merely its accidental byproducts; we are the leading edge of its evolution. Our ability to explain the world is fundamental to who we are, and to our future. Science and society’s mission should be one and the same.


Engraved on Karl Marx’s tombstone are these famous words: “The philosophers have only interpreted the world, in various ways. The point, however, is to change it.” Riffing on a quote attributed to Gandhi, I would say, “The point, however, is to be the change.”




* * *





I HAVE BEEN FORTUNATE to spend some of my life in Africa, the cradle of humanity. One of my most memorable experiences was visiting the Ngorongoro Crater, the Serengeti, and the Olduvai Gorge, which early human ancestors inhabited nearly two million years ago. There is an abundance of wild animals — lions, hyenas, elephants, water buffalo. Even the baboons are dangerous: a large male weighs nearly a hundred pounds and has enormous incisors. Nevertheless, they are all afraid of humans. If you are camping there and a big baboon tries to steal your food, all you have to do is raise your arm with a stone in your hand, and it will scurry away.


As puny as human beings are, our ancestors acquired dominance over the rest of the animal kingdom. With their new modes of behaviour, standing up and throwing stones, using tools, making fires, and building settlements, they outsmarted and out-psyched all the other creatures. I have seen elephants and water buffalo move away at merely the scent of a lone Maasai approaching, strolling unconcernedly through the bush with his hand-held spear, as if he were the king of it all. Our mastery of nature began with our ancestors in Africa, and they deserve our utmost respect.


From the invention of tools and then agriculture, the next great leap forward in technology may have been the development of mathematics: counting, geometry, and other ways of understanding regularities in the world around us. Many of the oldest mathematical artifacts are African. The oldest is a baboon’s leg bone, from a cave in Swaziland, dated to 35,000 B.C. It has twenty-nine notches on it, perhaps marking the days of a lunar cycle. The second oldest is another baboon’s leg bone found in the eastern Congo and dating from around 20,000 B.C. It is covered in marks grouped in a manner suggestive of simple arithmetic. The oldest known astronomical observatory is a stone circle at Nabta Playa, in southern Egypt near the border with Sudan, built around 4000 B.C. Then, of course, there are the great pyramids built in Egypt, from around 3000 B.C. onwards. Mathematics allowed people to reliably model the world, to make plans, and to predict outcomes.


As far as we know (no written records survive), the idea that mathematics could reveal powerful truths about the universe originated with Pythagoras and his followers in ancient Greece in the sixth century B.C. They invented the word “mathematics” (the Pythagoreans were called the mathematici) and the notion of a mathematical “proof”: a set of logical arguments so compelling as to make the result unquestionable. The Pythagorean theorem — that the area of a square drawn on the long side of a right-angled triangle equals the combined area of the squares drawn on the two shorter sides — is the most famous such proof. (However, the fact it proves was known much earlier: for example, it is referred to on tablets used for surveyors’ calculations dating from around 1800 B.C. in ancient Babylon, near modern Baghdad.)


The Pythagoreans formed a religious cult, based near Croton, in southern Italy, with a focus on mathematics’ mystical power. One of their accomplishments was to understand the mathematical nature of music. Dividing a plucked string into halves produced an octave, into thirds a fifth above that octave, and into quarters another fourth above that. If mathematics could so neatly account for musical harmonies, they reasoned, it might explain many other aspects of order in the universe. Building on earlier ideas of Anaximander, who some consider to have been the first scientist and was, perhaps, Pythagoras’s teacher, the Pythagoreans attempted to “construct the whole heavens out of numbers.”2 This insight, two millennia before Newton, was to become the foundation for all of physics.


The Pythagoreans apparently gave good advice to Croton’s rulers — for example, on introducing a constitution — which helped the town’s economy prosper. But they were also perceived as elitist and obsessively secretive. In the words of one historian, “Their assumption of superiority and esoteric knowledge must at times have been hard to bear.”3 This probably contributed to the Pythagoreans’ tragic downfall, in which, according to some versions, Pythagoras was killed. The Pythagoreans’ untimely demise was an early signal of the dangers of the separation of scientists from everyday society.


The division has reappeared, again and again. For example, in medieval Europe, the university bachelor’s curriculum was dominated by Latin, logic, and rhetoric (the trivium), the skills which were needed for diplomacy, government, and public presentation. Those who continued to their master’s would take arithmetic, music, geometry, and astronomy (the quadrivium). The separation between non-scientists and scientists was inevitable, as human knowledge expanded and expertise became more and more specialized. It led to a division between the sciences and the arts and humanities, which the English physicist and author C. P. Snow famously referred to as the “Two Cultures.” This seems to me unfortunate. Isn’t science also an art? And shouldn’t scientists also have humanity?


I recall being upset as a young scientist by the words of one of my heroes, the great U.S. physicist Richard Feynman, who recounted how he overcame his worries about working on the nuclear bomb: “[The Hungarian-American mathematician John] von Neumann gave me an interesting idea: that you don’t have to be responsible for the world that you’re in. So I have developed a very powerful sense of social irresponsibility as a result of von Neumann’s advice. It’s made me a very happy man ever since. But it was von Neumann who put the seed in that grew into my active irresponsibility!”4 At the time, Feynman’s cop-out seemed incompatible with what I knew of his persona. His humanity shone through in his writing, his teaching, and all his interactions. Only later, I realized he was in denial. Feynman loved his physics; he just couldn’t face thinking about the far more difficult questions of the uses to which it might be put.




*





THE DISCONNECTION BETWEEN SCIENCE and society is harmful, especially when you consider that science is, in general, open-minded, tolerant, and democratic. In its opposition to dogma and its willingness to live with uncertainty, science is in many ways a model for society. Many scientists are energized by the sense that their work is of wider interest and might contribute to progress. Back in the eighteenth century, the Scottish philosopher David Hume wrote these wise words: “It seems, then, as nature has pointed out a mixed kind of life as most suitable to the human race…Indulge your passion for science, says she, but let your science be human, and such as may have a direct reference to action and to society.”5 Equally, he argued, society in its aesthetic and moral concerns can benefit from science: “Accuracy is in every case advantageous to beauty, and just reasoning to gentle sentiment.”6


Hume had entered Edinburgh University as a lad of twelve — starting so young was not uncommon at the time — during the period known as the Scottish Enlightenment. His independence of mind is nicely illustrated in a letter he wrote at the end of his time at Edinburgh: “There is nothing to be learnt from a Professor, which is not to be met with in Books.”7 Nevertheless, it was at university that he discovered his passion for philosophy. He spent the eight years following his graduation writing his philosophical masterpiece, A Treatise of Human Nature, the first volume of which would later appear as An Enquiry Concerning Human Understanding.


Hume’s Enquiry reads, even today, as a breath of fresh air. His modesty, his originality, his accessible style are models of the art of gentle persuasion. His powers of reason worked wonders as he calmly overturned two millennia of doctrinaire thinking.


Hume’s revolutionary views, though far-reaching, were based on the simple suggestion that our existence, our feelings, and our experience are the foundation for all our ideas. Imagination is powerful, but it is no substitute for our natural impressions and instincts: “The most lively thought is still inferior to the dullest sensation,”8 and again, “It is impossible for us to think of any thing, which we have not antecedently felt, either by our external or internal senses.” Even mathematical abstractions like number or shape are, Hume argued, ultimately based upon our experience of interacting with natural phenomena.9


Hume believed our perceptions and feelings — our external and internal experiences — to be the foundation for our knowledge. It was a profoundly democratic idea, that knowledge is based on capacities which everyone shares. While recognizing the power of mathematics, Hume warned against reasoning too far removed from the real world: “If we reason a priori, anything may appear able to produce anything. The falling of a pebble may, for aught we know, extinguish the sun; or the wish of a man control the planets in their orbits. It is only experience, which teaches us the nature of cause and effect, and enables us to infer the existence of one object from that of another.”10 In his constant emphasis on experience, Hume helped to bring science back to earth, to connect it to our humanity, to who we are and what we can do.


Hume’s skepticism and frankness brought him into conflict with the Church. Hume’s Dialogues Concerning Natural Religion (echoing Galileo’s Dialogue Concerning the Two Chief World Systems) is framed as a debate between three protagonists in an ancient Greek setting, Dialogues addresses the validity of beliefs, such as the existence of a creator, the immortality of the soul, and the moral benefits of religion. It does so in a subtle and respectful way, encouraging open discourse without belittling the protagonists. Nevertheless, even as they recognized the book as a landmark, Hume’s friends persuaded him that it would be dangerous to publish. The book only appeared in print three years after his death, anonymously and with no publisher credited.


Hume took a unified approach to natural and moral philosophy — which he called “the science of man.” He expressed a balanced view of the advantages and limitations of both: “The chief obstacle, therefore, to our improvement in the moral or metaphysical sciences is the obscurity of the ideas, and the ambiguity of the terms. The principal difficulty in the mathematics is the length of inferences and compass of thought, requisite to the forming of any conclusion. And perhaps, our progress in natural philosophy is chiefly retarded by the want of proper experiments and phaenomena, which are often discovered by chance, and cannot always be found, when requisite, even by the most diligent and prudent enquiry.”11 In this last point, he had great foresight. In the nineteenth century, experiments and observations drove an age of discovery. Even in the twentieth century, Einstein was influenced by Hume and expressed his core beliefs in the same language.12


What Hume put forward continues to resonate today. Our ability to do science is rooted in our relationship with the universe, our nature as living beings. Our feelings and instincts are far more profound than our ideas. Our ideas allow us to imagine many things, but they can be unreliable, misguided, or misleading. It is the real world that keeps us honest.


Science is about discovering things: about the universe and about ourselves. We are looking for answers, for explanations that will open new doors. What is the meaning of life in the universe, or the purpose of our existence? Scientists typically refrain from any discussion of these notions, saying they are beyond science’s realm. But to me, such questions are profoundly important. Why do we decide to do the things we do? Are we, as some scientists would say, merely biological machines, driven by the need to replicate our selfish genes? If we can, as I believe, be much more than this, from where can we draw our wisdom?


Hume’s philosophy of knowledge was closely connected to his notions of ethics and of society. Our strength as scientists rests on our character and honesty as human beings, the same traits that make us good citizens. And all of these capabilities arise from our connection with the universe.




* * *





AS A CHILD, I spent many hours watching ants, amazed at how these tiny creatures determinedly followed paths away from or back to their nests, and wondering how they coped with unexpected changes, like a stick across their path, being soaked in rain, or being blown off course. Like us, they must be constantly extracting the essential information they need from their surroundings, updating their mental models of the world, weighing their options, and taking decisions.


Our brains seem to work this way. We each have an internal model of the world, which we are constantly comparing against our perceptions. This internal model is a selective representation designed to capture reality’s most essential elements, the ones that are most important for us, and predict their behaviour. In receiving data from our senses, what we notice are the surprises — the discrepancies between our experiences and the predictions of our internal model, which force us to correct it. Science is the extension of this instinctive ability, allowing us to create explanatory knowledge at ever deeper and more far-reaching levels.


Mathematics is one of our most valuable tools, and perhaps the most valuable tool, in this reduction of nature down to its key elements. It is founded on mental abstractions like number, shape, and dimension, which are distillations of the properties of objects in the real world. It complements our natural instincts and intuition in magical, unexpected ways. For example, when perspective and shadowing, which are entirely geometrical concepts, were first employed by artists in medieval Italy, paintings suddenly leaped from the flat two-dimensional world of medieval icons to the infinitely richer three-dimensional world of Renaissance art.


Leonardo da Vinci mastered these techniques, combining art and science in equal measure. Most famous for his paintings — some of the finest ever made — he also made a great number of drawings, of imaginary machines and inventions, of plants and animals, and of cadavers dissected illegally to reveal the inner workings of the human body.


Leonardo never published his writings, but he did keep personal notes that survived, although in complete disorder. Written in mirror-image cursive, from right to left, they open with this rejection of authority: “I am fully aware that the fact of my not being a man of letters may cause certain presumptuous persons to think that they may with reason blame me, alleging that I am a man without learning. Foolish folk!…they do not know that my subjects require for their exposition experience rather that the words of others.”13


He was not at all against theory, however — on the contrary, he states: “Let no man who is not a Mathematician read the elements of my work.”14 And elsewhere: “The Book of the science of Mechanics must precede the Book of useful inventions.”15 Like the ancient Greeks, he was strongly asserting the power of reason.


As an artist, Leonardo was understandably obsessed with light, perspective, and shadow. In his notebooks he explained how light is received, with the eye at the apex of a “pyramid” (or cone) of converging straight rays. Likewise, he discussed in detail how shadows are produced by the obstruction of light. Many of his mathematical ideas may be traced back to those of Alhazen (Ibn al-Haytham, 965–1040), one of the most famous Islamic scientists, who worked in both Egypt and Iraq at the end of the first millennium and whose Book of Optics (Kitab al-Manazir), written in 1021, was published in Italy in the fourteenth century.


Leonardo’s careful use of geometry and scientific employment of perspective and shadow, as well as his deep appreciation of anatomy, allowed him to create stunning works of art which not only captured the real world but playfully represented imaginary landscapes (as in the background of the Mona Lisa) or historical scenes (like The Last Supper). To see the effect of these advances, one has only to look at the way art was transformed. Before the Renaissance, paintings were little more than cartoon representations of the world; after it, realistic representations became normal.


Mathematics can take us far beyond our natural instinct for understanding the world. A mathematical model is a representation of reality, which we improve by an iterative process of trial and error, adaptation and refinement. Our models evolve, much as life does, and as they develop they change and are steadily improved. They are never final. As Einstein said, “As far as the laws of mathematics refer to reality, they are not certain: and as far as they are certain, they do not refer to reality.”16 Stated differently, being creatures of limited capability living in a very complex world, the best we can do is to focus on and understand nature’s underlying regularities.


From the motion of the planets, to the structure of atoms and molecules, to the expansion of the cosmos, many of the world’s most basic properties are accurately predictable from beautifully simple mathematical rules. Italian mathematician Galileo Galilei is reported to have said, “Mathematics is the language with which God wrote the universe.”17 It is an especially powerful language, a set of logical rules that allow no contradiction.


As an example, the circumference of a circle is its diameter times a number called π (pi). π is a peculiar number, first estimated by the Babylonians as about 3, shown by Greek scientist Archimedes (287–212 B.C.) to be between [image: ] and [image: ] then approximated by a Chinese mathematician, Zu Chongzhi (A.D. 429–500), as [image: ] But the point is, it doesn’t matter which circle you choose, π always comes out the same — 3.14159…, with digits that go on and on and never repeat themselves. Well, all right, you say, π is a useful little rule. And handily enough, it turns up again in the volume of a sphere, any sphere of any size, anywhere in the universe — from a basketball to a planet. In physics, it turns up everywhere: in the formula for the period of a pendulum, or the force between two electric charges, or the power in a shockwave. And that’s only the beginning.


We do not understand why mathematics works to describe the world, but it does.18 One of its most remarkable features is that it transcends culture or history or religion. Whether you are Mexican or Nigerian, Catholic or Muslim, speak French or Arabic or Japanese, whether you lived two millennia ago or will live two millennia in the future, a circle is round and two plus two is four.


The reliable, seemingly timeless character of mathematical knowledge has allowed us to build our societies. We count, plan, and draw diagrams. From water and electrical supplies; to architecture, the internet, and road-building; to financial, insurance, and market projections; and even to electronic music, mathematics is the invisible plumbing of modern society. We normally take it for granted, and we don’t notice it until the pipes burst. However, mathematical models are only as good as their assumptions. When those assumptions are faulty or corrupted by wishful thinking or greed, as they were in the recent financial crisis, our whole world fails with them.




*





PHYSICISTS, ON THE OTHER hand, are interested in discovering the basic laws that govern the universe. Theoretical physics is the application of mathematics to the fundamental description of reality. It is the gold standard of mathematical science, and our most powerful internal model of the world.


Again we return to late sixteenth- and early seventeenth-century Renaissance Italy, where Galileo Galilei took the first steps towards founding the field of physics. He realized that mathematics, when used in conjunction with careful experiments and accurate measurements, could provide a powerful description of the real world. Mathematics allows us to form conceptions of the world far beyond our everyday experience, to delve deeply into our models of reality, and to search for contradictions in our descriptions, which often suggest new phenomena. But in the end, the only true test of the correctness or falsity of our ideas is, as Galileo first fully appreciated, experiment and observation.


So, through a combination of logical reasoning, observation, and painstaking experiment, Galileo developed physics as a new, universal discipline. His experiments with soot-blackened balls rolling on inclined planes, and his observations of the moons of Jupiter and the phases of Venus, provided the vital clues to ruling out the ancient Ptolemaic picture, in which the Earth lay at the centre of the universe, and establishing instead a Copernican universe with the sun at the centre of the solar system. That was the first step on the path to a Newtonian universe.


Galileo was a prodigious inventor: of a geometrical compass, a water clock, a new type of thermometer, telescopes, and microscopes, all the instruments that allowed him to accurately observe and measure the world. He risked his life in pursuit of his ideas. His notion of universal mathematical laws of motion, which could be uncovered by reason, was very threatening to religious authority. When his observations supported the Copernican, heliocentric picture of the solar system and directly contradicted the views of the Catholic Church, he was tried by the Inquisition and was forced to recant and then to live under house arrest for the rest of his life. He used the period of his imprisonment to write his final masterpiece, Two New Sciences, which laid the ground for Newton’s theory of mechanics. These achievements inspired Albert Einstein to call Galileo “the father of modern physics — indeed of modern science.”19


The combination of mathematical theory and real experience, pioneered by Galileo, drove the development of every modern technology, from electronics to construction engineering, from lasers to space travel. And it opened up the universe to our understanding, from far below the size of an atom right up to the entire visible cosmos. To be sure, there are still great gaps in our knowledge. But when we look at how rapidly and how far physics has come since Galileo, who can say what its future limits are?




* * *





MY OWN ATTRACTION TO maths and physics began when I was about seven years old. Upon my father’s release from prison in 1966, he realized he was in serious danger of rearrest. So he escaped across the border with Botswana and made his way overland to Kenya. After a considerable delay, my mother, my two older brothers, and I were granted permission to join him, under the condition that we never return to South Africa. However, as a refugee, my father had no passport and could not obtain employment. Neighbouring Tanzania, under President Julius Kambarage Nyerere, was far more strongly committed to supporting the struggle against apartheid. So, after a brief stay in Nairobi, we were granted asylum in Tanzania and moved to Dar es Salaam, the country’s largest city.


I was sent to a government school, where I had a wonderful Scottish teacher named Margaret Carnie. She encouraged me to undertake many scientific activities, like making maps of the school, building electric motors, and playing around with equations. She was passionate about teaching, extraordinarily supportive and not at all prescriptive, and she gave me a lot of freedom. Most of all, she believed in me.


When I was ten, we moved to London, England, just in time to see the Apollo 11 lunar landing and watch Neil Armstrong step onto the moon. Who could ever forget the picture of Earth as a gorgeous blue marble floating above the moon’s horizon? We were swept up in the moment and filled with optimism for the future.


It was the end of the sixties, and space was suddenly the coolest thing around. It’s hard to convey the sense of the excitement, how the space program bound together people from all walks of life and every political opinion. It symbolized a certain spirit — ambitious and aglow with the crazy idea of using technology to fling a climbing rope up to the cosmos.


Equally as enthralling as the moon landing was the drama of Apollo 13, only one year later. Imagine you’re 320,000 kilometres from home, out in the void of deep space, and you hear a loud bang. “Houston, we have a problem…” One of two main oxygen tanks had exploded, leaking precious oxygen into space over the next two hours. The three astronauts crowded into the only lifeboat they had: the little lunar explorer capsule, which had nowhere near the fuel they needed to get back to Earth. The drama was incredible. There were daily bulletins on TV. All over the world, people were biting their nails. How could the astronauts possibly survive?


NASA’s engineers came up with a fantastic solution. They used the moon’s gravity to pull them towards it, then slingshot the little pod around its dark side and back to Earth. A few days later, there the astronauts were, their hot little tin can dive-bombing into the Pacific, where they were fished out and then, incredibly, waving to us from the TV, gaunt, unshaven, but alive. Everyone survived. It was pure magic.


The trajectory for this manoeuvre was computed using the equations discovered by the founder of the field we now call theoretical physics, and also one of the most capable mathematicians of all time: Isaac Newton.


Newton, like Galileo, was an outsider. He came from an ordinary background but possessed an extraordinary mind. He was deeply religious but highly secretive about his beliefs. And understandably so, since, for example, he passionately rejected the idea of the Holy Trinity while spending the duration of his scientific career at Trinity College in Cambridge. Newton seems also to have been motivated to a large degree by mysticism — he wrote far more on interpretations of the Bible and on the occult than he ever did on science. The famous economist John Maynard Keynes studied Newton’s private papers, a box of which he had acquired at auction, and came to this conclusion: “Newton was not the first of the age of reason. He was the last of the magicians, the last of the Babylonians and Sumerians, the last great mind which looked out on the visible and intellectual world with the same eyes as those who began to build our intellectual inheritance rather less than 10,000 years ago.”20


Newton spent most of his early scientific years on alchemy, researching transmutation (turning base elements into gold) and trying to find the elixir of life. None of these efforts were successful; he seems to have succeeded only in poisoning himself with mercury. This poisoning may have contributed to a nervous breakdown he is believed to have suffered around the age of fifty-one, after which he largely gave up doing serious science.


Newton’s mathematical researches were his magic that worked. He searched for mathematical formulae that would describe the motion of objects on Earth and the planets in space. He found spectacularly simple and successful answers. In the late sixteenth century, a series of very accurate measurements of the motions of celestial bodies were made by the astronomer Tycho Brahe from the world’s greatest observatory of the time, Uraniborg in Denmark. Brahe’s protégé, German mathematician and astronomer Johannes Kepler, had successfully modelled the data with some ingenious empirical rules. It fell to Newton to develop Galileo’s insights into a complete mathematical theory.




*





BEFORE GALILEO, COPERNICUS HAD pioneered the idea that the Earth was not the centre of the universe. The prevailing wisdom, tracing back to Aristotle and Ptolemy, held that the sun, moon, and planets moved around the Earth carried on a great interlocking system of celestial spheres, which could be carefully arranged to fit the observations. Aristotle claimed that it was just in the Earth’s nature not to move. Earthly bodies followed earthly laws, and celestial bodies obeyed celestial laws.


Newton’s point of view was quite different: his law of gravitation was the first step on a path towards “unification,” a single, neat set of mathematical laws describing all of physical reality. It was the most far-reaching idea, that exactly the same laws should apply everywhere — on Earth, in the solar system, right across the cosmos. Newton’s law of gravitation states that the gravitational force of attraction between two objects depends only on their masses and how far apart they are. The more massive the object, the more strongly it attracts and is attracted. The farther apart two objects are, the weaker the force of attraction between them.


In order to work out the consequences of this law of gravity, Newton had to develop a theory of forces and motion. It required a whole new type of mathematics, called “calculus.” Calculus is the study of continuous processes, such as the motion of an object whose position is given as a function of time. The velocity measures the rate of change of the object’s position, and the acceleration tells you the rate of change of the velocity. Both are calculated over infinitesimally small times, so calculus implicitly rests on a notion of infinitely small quantities. Once he had developed it, Newton’s theory had applications well beyond gravity or the solar system. It predicts how any collection of objects will move when any set of forces acts upon it.


In describing the motion of objects, Newton’s starting point was an idealization. How would an object behave if it were released in empty space, with nothing else around it? To be specific, picture a hockey puck floating all alone in an absolute void that stretches to infinity. Let’s ignore gravity, or any other forces. What would you expect the puck to do? If it was all alone, and there was nothing nearby to measure its position from, how could you tell if it was moving?


Now imagine a second hockey puck, also floating freely in the void. Picture two tiny people, each of them standing on one of the pucks and seeing the other puck some way off. What do they see? And how will each puck move?


Newton’s answer was simple. According to the view from either puck, the other puck will move in a straight line and at a constant speed, forever. If you imagine more and more pucks, with none more special than any other, then according to every puck’s viewpoint, every other puck will move in the same way. This was Newton’s first law of motion: in the absence of forces, the velocity of any object remains constant.


Let us come back down to earth, to a perfectly smooth, slippery ice rink. The world’s greatest Zamboni has just gone over it. Imagine a puck sliding along the ice in a perfectly straight line. But now you skate alongside it and push it with your stick. Push on its side and the trajectory will curve; push behind it and you can speed it up. Newton’s second law describes both effects in one equation: force equals mass times acceleration.


Finally, when you push on anything — the puck, another person, or the side of the rink — it pushes back at you equally hard. This is described by Newton’s third law, which says that for every force there is always an equal and opposite force.


Newton’s three laws are simple but incredibly powerful. They describe everything known about motion prior to the twentieth century. In combination with his law of gravitation, they explain how the force due to the sun’s gravity pulls the planets inwards — just as a string pulls on a whirling stone — and bends the motion of the planets into orbit around it. According to Newton’s third law, just as the string pulls in the stone or the sun pulls the Earth around it, the stone pulls the string out and the Earth pulls back on the sun, causing the sun’s position to wobble back and forth slightly as the Earth goes around it. The same effect is now used to search for planets in orbit around other stars: the slight wobble in a distant star’s position causes a tiny modulation in the colour of the light we receive, which can be detected. More familiar is the effect of the moon’s gravitational pull on the water in Earth’s oceans, which is responsible for the tides.


Implicit within these laws was the idea, dating back to Galileo, that it is only the relative positions and motions of objects that really matter. Galileo pointed out that a person travelling in the hold of a ship, which is sailing steadily along, simply cannot tell from watching anything inside the ship — for example, a fly buzzing around — whether the ship is moving. Today we experience the same thing when we sit in an aircraft moving at 1,000 kilometres per hour and yet everything feels just as if we are at home in our living room.


In our ice-rink world, we can see the same effect. Imagine two pucks that happen to be sliding along the ice exactly parallel to each other and moving at the same speed. From either puck’s point of view, the other is not moving. However, from a third puck’s point of view, both would be moving in straight lines at the same velocity. In this ice-rink world, all that really matters are the relative positions and motions of the objects. Because Newton’s laws never mention a velocity, the point of view of any puck moving at any constant velocity is equally valid. All such observers agree on forces and accelerations, and they would all agree that Newton’s laws are valid.


The idea that the same laws of motion apply for any observer moving at a constant velocity was very important. It explained how it can be that we are moving rapidly through space around the sun without feeling any effect. Our orbital speed is huge — around 30 kilometres per second — but, as Galileo realized, it is imperceptible to us because everything around us on the surface of the Earth is travelling right alongside us, with exactly the same enormous velocity. Today we know that the sun is moving, at an even more fantastical speed of 250 kilometres per second, around our galaxy, and that our galaxy, the Milky Way, is moving at a yet greater speed of 600 kilometres per second through the universe. We are actually space travellers, but because Newton’s laws do not care about our velocity, we don’t feel a thing!


Newton’s law of gravity describes with exquisite precision the invisible, inexorable tie that binds the seat of your pants to your chair, holds the Earth and the planets in orbit around the sun, holds the stars in their spherical shape and keeps them in their galaxies. At the same time, it explains how Earth’s gravity affects everything from baseballs to satellites. That exactly the same laws should apply in the unearthly and hitherto divine realm of the stars as in the imperfect human world around us was a conceptual and indeed a spiritual break with the past. As Stephen Hawking has said, Newton unified the heavens and the Earth.


Newton’s laws are as useful as ever. They are still the first rules that every engineer learns. They govern how vehicles move, on Earth or in space. They allow us to build everything from machines and bridges to planes and pipelines — not just by crafting, eyeballing, and adjusting, but by design. Although Newton discovered his laws by thinking about the motion of planets, they enabled the development of a vast number of technologies here on Earth, from bridge building to the steam engine. His notion of force was the key to all of it. It explained how we, through controlling and governing forces, could harness nature to our purposes.


More than three centuries after he published his findings in Mathematical Principles of Natural Philosophy, known as the Principia, Newton’s universal laws of motion and gravitation are still the foundation for much of engineering and architecture. His discoveries underpinned the Industrial Revolution that transformed the organization of human society.


The universe that Newton’s laws describe is sometimes called the “classical” or “clockwork” universe. If you know the exact position and velocity of every object at one time, then in principle Newton’s laws predict exactly where every object was or will be at any time in the past or future, no matter how remote. This classical universe is completely deterministic, and it is straightforward and intuitive. But as we shall see, in this respect it is utterly misleading. Before we get to that part of the story, we must discuss another outsider who, two hundred years later, would make a discovery even greater than Newton’s.




* * *





THE STORY OF THE discovery of the nature of light begins, appropriately enough, with the great flowering of intellectual thought known as the Scottish Enlightenment. At the turn of the eighteenth century, after a dark and brutal period of domination by the monarchy and the Catholic Church, England was preoccupied with building the British Empire in Africa, the Americas, and Asia, giving Scotland the space to establish a unique identity. Scotland emerged with a powerful national spirit, determined to set its own course and to create a model society. Scotland’s parliament founded a unique public school system with five hundred schools, which, by the end of the eighteenth century, had made their country more literate and numerate than any other in the world. Four universities were founded — in Glasgow, St. Andrews, Edinburgh, and Aberdeen — and they were far more affordable than Oxford or Cambridge, the only universities in England. The Scottish universities became centres of public education as well as academic study.


Edinburgh became the leading literary centre in Europe and home to luminaries such as David Hume and the political philosopher Adam Smith. According to Arthur Herman, author of How the Scots Invented the Modern World, it “was a place where all ideas were created equal, where brains rather than social rank took pride of place, and where serious issues could be debated…Edinburgh was like a giant think tank or artists’ colony, except that unlike most modern think tanks, this one was not cut off from everyday life. It was in the thick of it.”21


Scottish academia likewise followed a distinct course, emphasizing foundational principles and encouraging students to think for themselves, explore, and invent. There was a lively debate, for example, over the meaning of basic concepts in algebra and geometry, and their relation to the real world.22


This focus on the fundamentals was remarkably fruitful. As just one instance, English mathematician and Presbyterian minister Reverend Thomas Bayes, whose famous “Bayes theorem” was forgotten for two hundred years but now forms the basis for much of modern data analysis, attended Edinburgh University at the same time as Hume. Fast on the heels of Scotland’s academic flowering came the great Scottish engineers, such as James Watt, inventor of the steam engine, and Robert Stevenson, who built the Bell Rock Lighthouse, off the coast of Angus, Scotland.


As the Western world entered the nineteenth century, the Industrial Revolution permeated and remade every aspect of life. The power of steam engines revolutionized the economy. Distances shrank with trains, steamships, and other conveyances; people moved en masse into cities to work in factories that made everything from textiles to pots and pans and that in so doing redefined notions of both work and economic value. A new breed of “natural philosophers” — mainly gentleman hobbyists — set out to understand the world in ways that had never before been possible. The effect of the Scottish Enlightenment was felt at the highest levels of science. Having spawned philosophers, writers, engineers, and inventors, Scotland now produced great mathematicians and physicists. One particular young genius would expose nature’s inner workings to a degree that outshone even Newton.


Newton’s physics explains a great many things, from the ebb and flow of the tides, caused by the moon’s gravitational attraction, to the orbits of planets, the flow of fluids, the trajectories of cannonballs, and the stability of bridges — everything involving motion, forces, and gravity. However, Newtonian physics could never predict or explain the transmission or reception of radio waves, the telephone, electricity, motors, dynamos, or light bulbs. The understanding of all this, and a great deal more, we owe to the experimental work of Michael Faraday, born in 1791, and its theoretical elaboration by James Clerk Maxwell, born four decades later.


One can see the pair, Faraday and Maxwell, as the experimental yin and the theoretical yang of physics. Together, they typify the golden age of Victorian science. The well-born, well-educated Maxwell (he was heir to a small Scottish estate) fits a definite type: a gentleman scientist who, largely freed from the pressures of earning a living, pursued science as an ardent, passionate hobbyist.


James Clerk Maxwell was a bright and curious child, born in southern Scotland. Having the run of his family’s estate in Glenlair, he was interested in everything natural and man-made. “What’s the go o’ that?” he asked, again and again, picking up insects or plants or following the course of a stream or a bell-wire in the house. Joining a private school — the Edinburgh Academy — at age ten, he was known as “Dafty” and bullied, in part for his strange clothes, designed by his father who, though a lawyer by profession, was scientifically minded. By fourteen, with his father’s encouragement, Maxwell had become a keen mathematician, preparing a paper describing a new way to draw ovals, which was read to the Royal Society of Edinburgh by a local professor.


The Scottish educational system was particularly strong in mathematics. Rather than learning mathematics by rote as what one professor contemptuously termed a “mechanical knack,” students worked through the fundamentals from first principles and axioms. When James Clerk Maxwell found his first great friend, Peter Guthrie Tait, as a schoolkid, they amused themselves by trading “props,” or “propositions” — questions they’d make up to try to outwit one another. It became their bond, and decades later, when they were both eminent physicists, Maxwell continued to send his old friend questions that stumped him and whose answers helped him piece together the puzzle of electromagnetism.


Maxwell, Tait, and William Thomson — later Lord Kelvin — who was educated at Glasgow University, formed a Scottish triumvirate, with all three becoming leading physicists of their time. Tait and Thomson co-authored the Treatise on Natural Philosophy, the most important physics textbook of the nineteenth century. Tait founded the mathematical theory of knots and Lord Kelvin made major contributions to many fields, including the theory of heat, where his name is now attached to the absolute scale of temperature. Alexander Graham Bell, another great Scottish inventor, followed Maxwell to university in Edinburgh before emigrating to Canada and developing the telephone.


After three years at Edinburgh University, Maxwell moved to Cambridge. One of his professors at Edinburgh commented in his recommendation letter, “He is not a little uncouth in manners, but withal one of the most original young men I have ever met with and with an extraordinary aptitude for physical enquiries.”23 Whereas the education at Edinburgh had been free-thinking and broad, Cambridge was far more competitive and intense, and much of his time was spent cramming for exams. After coming second in the university in his final exams, Maxwell was appointed as a Trinity College Fellow at the age of twenty-three. This gave him time to investigate a variety of phenomena, from fish-eye lenses to the flight of falling pieces of paper, and even the ability of cats to right themselves if dropped. He also demonstrated, using coloured spinning tops, that white light is a mixture of red, green, and blue.


Just a year later, in 1856, Maxwell moved to Aberdeen to take up a chair of natural philosophy. He spent five years there before moving to King’s College, London. During this period he contributed to many different fields, applying in each case a deft combination of physical insight and mathematical skill. He showed that Saturn’s rings were composed of particles, a theory confirmed by the Voyager flybys of the 1980s. He developed models of elasticity and discovered relations in the theory of heat, both of which are still used by engineers. Later on in his career, he worked out the statistical properties of molecules in a gas and he demonstrated the first-ever colour slide. But the feat that unquestionably trumps them all began in 1854, when he tried to clean up a bunch of messy equations having to do with electricity and magnetism.24


Michael Faraday, by contrast, was the son of a South London blacksmith and left school at thirteen to become a bookbinder’s apprentice. He had no formal scientific education and no mathematics, but he had a deep curiosity about the world, an alertness to it, and marvellous physical intuition.


On reading an article on electricity in an encyclopedia he was binding, Faraday was captivated. One of the bookbinder’s customers, perceiving the lad’s evident intelligence and thirst for knowledge, gave him tickets to lectures by Sir Humphrey Davy, one of the great scientists of the day, at the Royal Institution. Having attended the lectures, Faraday copied out his copious notes, which amounted to a virtual transcription of the lectures, and presented them, beautifully bound, to the great man. This led to a job, first as a bottle washer in Davy’s lab and, soon enough, as his right-hand man. Eventually he succeeded Davy as the director of the Royal Institution. Despite its walls of inequity and injustice, the Victorian age sometimes let in chinks of light, such as its workingmen’s colleges and public lectures bringing science to the general populace.


As a mature scientist, Faraday was indefatigable and responsible for a staggering range of discoveries. But what fascinated him above all was electricity and magnetism, and he was by no means alone in this. Although electricity had been observed for millennia in certain shocking fish and in lightning, by the nineteenth century its magical properties were beginning to be widely appreciated, though they were not understood. Its spark and sizzle were lifelike — it galvanized the age, you might say. Mary Shelley’s Frankenstein; or, The Modern Prometheus was inspired by electrical experiments, often carried out in public, on living and dead creatures in early nineteenth-century London. Its title compared the modern scientist to the ancient Greek hero Prometheus, a lesser god who became a champion of mankind. He stole fire from the king of the gods, Zeus, and gave it to man. Shelley’s book was a cautionary tale: for his crime, Prometheus was condemned by Zeus to be chained to a rock and have his liver eaten out by an eagle every day, only for it to grow back every night.


Faraday came to know electricity better than anyone, and his work was far ahead of its time. He showed that chemical bonds are electrical, discovering the laws of electrolysis and electrical deposition of one metal onto another. Faraday had a genius for discovering new phenomena using simple experiments. He investigated the magnetic properties of bismuth, iodine, plaster of Paris, even blood and liver. He blew soap bubbles filled with various gases — oxygen, nitrogen, hydrogen — through a magnetized region. He found that an oxygen-filled bubble got stuck in the magnetized region because oxygen is paramagnetic. (The explanation had to wait another ninety years, for the invention of quantum mechanics.)


Faraday also demonstrated the process of electromagnetic induction: how you can seemingly pull electricity out of a magnet by moving a wire past it. Faraday employed this in his invention of dynamos and transformers, now used to generate and distribute electricity all over the world. He even discovered superionic conduction, the basic mechanism of modern fuel cells.25


Faraday also showed that when a metal container is electrically charged, the charge moves onto the outer surface. He sat in a square cage, twelve feet on a side, while his assistant charged it to 150,000 volts. Sparks flew wildly everywhere. His hair flared out in a halo, but he was unharmed — the charge was all on the outside. The next time you fly through a lightning storm in a plane, thank Michael Faraday for showing that it would be safe!


Faraday did much, much more besides, but for our story, the most vital contribution he made was to formulate, for the very first time, a strange, slippery concept that is central to modern physics: a field. Instead of electric charges attracting or repelling one another from a distance, Faraday believed there must be an intermediary that carried the influence of one charge to another.


Faraday was not mathematical, and he could develop the idea only through slow and difficult experiments. It would fall to theory to make the next breakthrough. The eccentric young Maxwell built Faraday’s intuition into the most beautiful and powerful mathematical framework in physics, and in so doing solved one of the greatest enigmas of all time.




*





THE SIMPLEST FACT ABOUT electricity is that like charges repel and unlike charges attract. You can easily see this by taking a roll of brown plastic packing tape and sticking two long strips, sticky side down, side by side on a tabletop. Holding the end of one strip with your left hand and the other with your right hand, rip both strips off the table at once and allow them to hang vertically downwards. If you bring your hands together gently, the two strips will swing away from each other because of the electrical force of repulsion between them.


The opposite effect is seen with a small tweak of the experiment. Instead of laying the strips on the table separately, put one strip down first and lay the other directly on top of it. Now pull them off the table together, as a double strip. Neutralize the double strip by running your fingers gently down the tape (this has the effect of cancelling any net electric charge). And now, using both hands, rip the two strips apart from one end. Because there was no charge on the pair of strips to begin with, if one strip gains a charge, the other must have lost some. So if one is positive, the other must be negative. Bring the two strips together, one hanging down from each hand, and you will find they draw together.


Magnets, too, have ends that attract and repel: a positive end called the north pole and a negative end called the south pole. Two north poles or two south poles repel but a north and a south pole attract. The name comes about because Earth itself is a giant magnet, which causes the north pole of any magnet — like the needle of a compass — to point in a direction close to that of the Earth’s north pole.


Faraday had come to picture electric and magnetic forces as operating through “lines of force.” He had a real bee in his bonnet about these lines. He believed that forces could not be “felt at a distance,” as Newton had described in the case of gravity. Newton’s picture would mean that if you jiggled the sun up and down, then Earth, 93 million miles away from it, would have to jiggle in perfect synchrony. And other objects would have to jiggle, all the way to infinity.


For Faraday, the idea that forces were transmitted right across space instantaneously between two objects was ridiculous. Instead, he thought, there must be something that actually carries the forces through the space that separates them. Whatever that something is, it must surround a mass or a charge or a magnet at all times, even when there isn’t an object for it to push. Faraday’s brilliant insight was in fact the first glimpse of the concept of a “force field.”


You are familiar with the north–south and east–west grid lines on a street map. Visualize, if you can, such a grid spreading through three-dimensional space, with its grid lines going north–south, east–west, and up–down, and with every grid line separated by the same distance from its neighbouring parallel lines. The grid is a convenient way of measuring length, width, and depth. Where any three grid lines cross, we have a grid point, labelled by its coordinate on each of the grid lines passing through it. We can make our grid finer and finer by making the spacing between the parallel lines as small as we like. For physicists, this picture of a grid is the way we convert our mental picture of space — as a three-dimensional entity — into numbers, so that each different point of space is associated with three numbers.26


To picture a force field, imagine attaching a little arrow to every grid point. Each arrow can point in any direction. The arrows represent the force field; the length and direction of an arrow indicate the strength and direction of the field at that point in space. Any charged particle placed in this force field will feel a force. For example, an electron feels a force given by its electric charge times the electric field.


When Maxwell was only twenty-five years old and working as a College Fellow in Cambridge, he wrote to Faraday, then one of the most famous scientists of the day and director of the Royal Institution. Maxwell enclosed a paper he had just written titled “On Faraday’s Lines of Force,” giving a mathematical description of the effects that Faraday had reported in his experiments. Faraday, who had never studied mathematics, later noted, “I was at first almost frightened, when I saw such mathematical force made to bear upon the subject.”27 Yet Maxwell wrote modestly in his paper, “By the method which I adopt, I hope to render it evident that I am not attempting to establish any physical theory of a science in which I have hardly made a single experiment, and that the limit of my design is to shew how, by a strict application of the ideas and methods of Faraday, the connection of very different orders of phenomena which he has discovered may be placed before the mathematical mind.”28 Their interaction and mutual respect illustrate beautifully the interplay between theory and experiment in its ideal form.


Faraday, encouraged by Maxwell’s work, returned to his laboratory at the Royal Institution in London with renewed vigour. His goal now was to show that electric and magnetic fields take time to move through space. Already sixty-six years old and exhausted after many years of arduous experimentation, he did not succeed (it took three more decades before German physicist Heinrich Hertz finally did). It was time for Maxwell’s “mathematical mind” to come to the rescue.


By the time Maxwell moved to King’s College, London, in 1861, he was ready to begin making sense of electricity and magnetism in earnest. His goal was to describe mathematically the laws governing the “lines of force” envisaged by Faraday. In several stages, Maxwell built this intuition into a full-fledged theory of “fields,” a concept that would dominate fundamental physics in the twentieth century.


Electric charges spew out electric fields, magnets spew out magnetic fields, and masses spew out gravitational fields so that all three kinds of fields are present everywhere in the universe. In modern terms, we represent electric and magnetic fields as a sea of little arrows filling space. The trick in describing all the equations of electricity and magnetism is to figure out how the arrows located at each point in space influence their neighbours. The rules are complicated, and Maxwell had to work them all out for the first time. Newton had invented calculus as the mathematics for describing motion. Maxwell had to extend this idea to describe how force fields change in space and in time. Using a grid of points in space, like the one we described, Maxwell developed the theory of partial differential equations to describe force fields. The mathematics he invented is used throughout science to describe fluids, the flow of air, or even the propagation of disease.


The way in which Maxwell found his equations for the electric and magnetic fields was at first sight surprising. He envisaged a machine whose moving parts represented the fields. In his first attempt, the lines of force of the electric field were represented by “tubes” carrying a fluid out of positive electric charges and into negative electric charges. But gradually the model became more sophisticated, and the fluid-filled “tubes” were replaced by microscopic “rollers” and “spinning wheels” representing both electric and magnetic fields, turning the whole of space into a gargantuan factory.


With guidance from William Thomson (Lord Kelvin), Maxwell laid out all the different phenomena and all the laws of electricity and magnetism known at the time — a veritable alphabet of laws: Ampère’s, Biot-Savart’s, Coulomb’s, Faraday’s, Franklin’s, Gauss’s, Kirchhoff’s, Lenz’s, Ohm’s laws and more, built up over the course of the previous century. His goal was to fit all the pieces together into a single consistent mechanical framework.


Maxwell was able to incorporate each of the known laws of electricity and magnetism into his conceptual mechanism — except one. Benjamin Franklin had proposed that an electric charge could be neither created nor destroyed. Maxwell formulated Franklin’s law mathematically, showing how the electric charge in a region of space is changed by the flow of electric current into or out of the region. Carl Friedrich Gauss had described how electric charges give rise to electric fields, and André-Marie Ampère had described how electric currents create magnetic fields. But when Maxwell put the three laws together, he found a contradiction: they were incompatible! The only way he could restore consistency was to change Ampère’s law by adding a new term, according to which a changing electric field would also cause a magnetic field. This was, he realized, similar to the way in which a changing magnetic field generated an electric field, as Michael Faraday had demonstrated.


But wait: a changing electric field can now create a changing magnetic field which, by Faraday’s law, can create a changing electric field. So electric and magnetic fields can create one another, without any electric charges or currents or magnets being present. When Maxwell analyzed his equations carefully, he found that magnetic and electric fields can travel across space together, like an undulating pattern moving across the grass in a meadow. This electromagnetic wave was just the kind of effect Faraday had been anticipating.


While summering in his ancestral home of Glenlair, in 1861, Maxwell made his discovery. Using the best experimental measurements to date, he worked out the speed at which the electromagnetic waves would travel. In a letter to Faraday he wrote, “The result is 193,088 miles per second (deduced from electrical and magnetic experiments). [French physicist Hippolyte] Fizeau has determined the velocity of light = 193,118 miles per second by direct experiment.” And then, with lovely understatement, he added, “This coincidence is not merely numerical.”29


Maxwell, using purely mathematical arguments, had not only predicted the speed of light, he had explained light’s nature. Simply by piecing together known facts and insisting on mathematical consistency, he had revealed one of the most basic properties of the universe.


Once he had reached his conclusion, Maxwell swiftly set about scrapping his mechanical model. Now that he had the right equations, he no longer needed the visual machinery. The equations were the theory: one needed nothing more and nothing less.


Whenever I teach electromagnetism, Maxwell’s discovery is the highlight of the course. There is a moment of sheer magic when the students suddenly see how all the pieces fit together and light has seemingly popped out of nowhere. “If you are ever in doubt,” I tell them, “remember this moment. Perseverance leads to enlightenment!” And the truth is more beautiful than your wildest dreams.




*





IT WOULD BE HARD to overstate the importance of Maxwell’s discovery in unifying electricity, magnetism, and light. All at once, this provided a simple, precise description of a vast array of phenomena: the spark from a brass knob on a cold morning; the signals that traverse our nerves or make our muscles move; lightning strikes and candlelight; the swing of a compass needle and the spin of an electric turbine.


The direct impact on technology would soon be felt in radio, television, and radar. But the long-term effect on basic physics was even greater. Maxwell’s breakthrough opened the door to twentieth-century physics: to relativity, quantum theory, and particle physics, our most fundamental descriptions of reality.


One of the theory’s most important predictions was that electromagnetic waves could have any wavelength, from zero to infinity. Just a tiny portion of this spectrum — from two-fifths to three-quarters of a micron (a millionth of a metre) — explains all of visible light: red, yellow, green, blue, violet. Maxwell’s discovery widened the rainbow, predicting the existence of electromagnetic waves with wavelengths ranging from a thousandth the size of an atomic nucleus (the gamma rays produced in the Large Hadron Collider) to thousands of kilometres (the ultra-low-frequency waves used for communication with submarines). In between are X-rays, used for medical imaging; infrared waves, used for night vision; microwaves, used for cooking; and radio waves, used for everything from cellphones to telescopes probing neutron stars and black holes. Maxwell’s equations describe every single one of these waves in exactly the same way. They are just stretched-out or shrunken-down versions of one another.


Maxwell’s theory did much more. Slowly the realization dawned that it contradicted the two most hallowed frameworks in physics: Newton’s theory of forces, motion, and gravity, and the equally firmly established theory of heat. As Maxwell’s equations were studied, it was noticed by the Dutch physicist Hendrik Lorentz that they possessed a symmetry connecting space and time, which would open the door to Einstein’s unification of space, time, mass, energy, and gravity, and plant the seed for the study of the entire evolving cosmos.


Likewise, Maxwell’s theory opened the door to quantum theory. In trying to reconcile Maxwell’s description of electromagnetic radiation with the theory of heat, Max Planck and then Albert Einstein discovered an inconsistency so drastic that, in time, it would overturn the entire classical picture of the world. Maxwell’s theory emerged from this collision in a new form: as a quantum field theory. In taking this form, it set the pattern for all of twentieth-century physics.


We are still struggling with the implications of the quantum revolution. Our intuition is based on the classical picture of the world, a picture founded upon Newton’s and Maxwell’s discoveries, in which particles and fields have a definite existence and move around in space according to absolutely deterministic laws. But, as I will describe in the next chapter, that picture is gone, and a more mysterious, quantum conception of reality has emerged, incorporating a greater degree of possibility and giving us a greater role.




* * *





I HAVE TITLED THIS work The Universe Within because I want to celebrate with you our progress towards understanding nature at its most basic level. In subsequent chapters we will follow the journey physics has taken, from the quantum world to the cosmos to the unification of all known physics in a single equation. It is a story of fun, yearning, determination, and, most of all, humility and awe before nature.


Science is all about people. They may work in labs and scribble strange formulae, but they are driven by the same natural curiosity we are all born with: to explore and discover our world and what we can do. Some people are blessed with unusual mathematical abilities or physical insight; others make great discoveries through sheer persistence, careful planning, or just good luck. Science is, above all, a human activity. It is all about making the most of the marvellous gift of life.


When Usain Bolt smashed the world sprint records in Beijing in 2008, and again in Berlin in 2009, we all celebrated. Wasn’t it fantastic to see seemingly impossible limits breached? In the same way, we should celebrate the even more remarkable achievements of Maxwell and Einstein and their modern counterparts. The world needs more people who are capable of making great discoveries, and they can come from anywhere. They are examples of our human nature and spirit, and we should all draw inspiration from their success.


Much of science is complicated and technical. Many of its ideas are difficult, but scientists can and must become much better at explaining what they are doing, and why. And society needs to appreciate far better how science brought us here, and where it might take us.


Reconnecting science to society has a deeper purpose than developing the next marketable technology. It is about the kind of society we want to create, a society in which there is optimism, confidence, and purpose. Scientists need to know why they are doing science, and society needs to know why it supports them.


The technologies we rely on today are all based on past discoveries. We need new breakthroughs and we need to find more intelligent ways of using the knowledge we already possess. The billions of young minds on our planet need to be carefully nurtured and encouraged. Each one is a potential Faraday, Maxwell, or Mandela, capable of transforming the world.


A new world is now beckoning. As I’ll describe in the next chapter, quantum physics has revealed that the behaviour of the universe, and the way in which we are involved with it, is stranger than anyone could have expected. On the horizon are technologies and understanding beyond anything we have experienced so far. We are being challenged to rise to the next level of existence, the next stage in the evolution of ourselves and of the universe. Witnessing all the changes wrought by classical physics, we can only imagine what our quantum future holds — and what we will do with it.
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