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            There are two kinds of geniuses: the ‘ordinary’ and the ‘magicians’. An ordinary genius is a fellow whom you and I would be just as good as, if we were only many times better. There is no mystery as to how his mind works. Once we understand what they’ve done, we feel certain that we, too, could have done it. It is different with the magicians. Even after we understand what they have done it is completely dark.

            
                

            

            MARK KAC

            Genius: Feynman and Modern Physics

            BY JAMES GLEICK

         

         

      

   


   
      
         

            Introduction

            The central magic of science

         

         
            The universe is full of magical things patiently waiting for our wits to grow sharper.

            EDEN PHILLPOTTS1

            
                

            

            Nothing is too wonderful to be true.

            MICHAEL FARADAY

         

         About 3.6 million years ago, three hominins walked across a volcanic landscape and left footprints in the recently fallen ash. The impressions of those footprints, which are visible today at Laetoli in Tanzania, are intensely evocative. As the biologist Richard Dawkins remarked, ‘Who does not wonder what these individuals were to each other, whether they held hands or even talked, and what forgotten errand they shared in a Pliocene dawn?’2

         We will, of course, never know the answers to these questions, but we can hazard a guess at some of the things the three hominins, probably Australopithecus afarensis, saw and wondered about on that distant day, long before the dawn of our own species. Much of the natural world is chaotic and unpredictable, but some things are regular and reliable: the rising and setting of the Sun; the march of the seasons; the changing phases of the Moon; the gradual drift of star patterns across the night sky. Such natural rhythms would almost certainly have left a deep impression on even our earliest ancestors.

         There was no progress made in understanding these rhythms for tens of thousands of centuries after the footprints at Laetoli were made. Everything changed, however, with a critical invention in the Middle East around 3000 bc: writing provided the means to record events in the sky and to recognise ever more subtle patterns in the movement of the heavenly bodies. In Babylon in modern-day Iraq, it became possible to predict astronomical spectacles such as eclipses of the Moon and the Sun. And those who made such predictions and controlled the dissemination of such information were able to strike awe in the minds of the population. Even if they were not tempted to pass themselves off as gods, they gained immense power over the masses.

         That power, however, was nothing compared with the power of science. Science, which was born in the seventeenth century, found the ultimate reason for the world’s patterns – the general ‘laws’ that underpin the rhythms of nature. And those laws are portable. So, although Isaac Newton famously deduced his law of gravity from the fall of an apple and the motion of the Moon around the Earth, he was also able to apply it in another, entirely different domain to explain why there are two tides in the oceans every twenty-five hours.3

         Recognising a pattern in, for instance, eclipses permitted only the prediction of future eclipses. But science, by exploiting general-purpose laws, could predict the existence of phenomena that nobody had ever suspected. The first, and most striking, example of this was the prediction of an unknown planet by Urbain Le Verrier. When Neptune was found in 1846 – within a whisker of where in the night sky the French astronomer’s calculations revealed it should be – it created an international sensation and made Le Verrier a superstar. ‘Science has made gods of men,’ the French biologist Jean Rostand would later write.4

         The discovery of Neptune was a dramatic demonstration of the central magic of science: its ability to predict the existence of things previously undreamt of which, when people went out and looked for them, turned out to actually exist in the real universe. This ability is so magical that even the exponents of science can often scarcely believe it. Famously, Albert Einstein did not believe two predictions of his own theory of gravity: black holes and the Big Bang. And when it came to a third prediction – gravitational waves – he vacillated, predicting their existence in 1916 and unpredicting them a year later, before predicting them again in 1936. They would eventually be discovered on 14 September 2015.

         The central magic of science appears miraculous because nobody knows why it works. The predictions made by physicists arise from mathematical formulae, or ‘equations’, which are found to describe aspects of the universe. But nobody knows why such equations so perfectly describe the physical world or, to paraphrase the twentieth-century Austrian physicist Eugene Wigner, why mathematics is unreasonably effective in the natural sciences. Put simply, the universe has a mathematical twin that can be written on a piece of paper or scrawled across a whiteboard. But why it has such a twin is a huge mystery.

         The importance of the central magic of science is that it is at the crux of why physics works. Physicists naturally want to understand why the principal tool they use in their working lives is so effective, and understanding why it works will conceivably tell us something very profound about our universe and why it is constructed the way it is.

         In this book I will tell the stories of some of the people who have demonstrated the central magic of science. One striking thing is the difference in their approaches. The Scot James Clerk Maxwell was arguably the greatest physicist between Newton and Einstein. His thought processes were essentially like those of a normal human being, though of course a souped-up version; in his mind, he concocted mechanical models of phenomena such as electricity and magnetism using everyday objects like cogs and wheels. Only when he was satisfied that he had captured the essence of reality did he express his model in mathematical terms. In the case of electricity and magnetism, this yielded his famous ‘equations of electromagnetism’, which revealed that light is an ‘electromagnetic wave’ and predicted the existence of radio waves, making possible the ultra-connected world of the twenty-first century. The approach of the English physicist Paul Dirac, however, was very different: the hyper-literal ‘Mr Spock of physics’ simply plucked the formula which describes an electron travelling at close to the speed of light out of thin air. The ‘Dirac equation’, which predicted a hitherto unsuspected universe of ‘antimatter’ and is one of only two equations inscribed on the stone floor of Westminster Abbey, was the result of Dirac playing with equations on a piece of paper and insisting on mathematical consistency.

         The stories I tell here of Maxwell, Dirac and many others who demonstrated the central magic of science are as factual as I can make them. If the scientists are alive and it was possible to interview them, I did so; for those that are dead, I used the facts at my disposal and dramatised the events around them. For instance, my description of the day that Maxwell came to the stunning realisation that light is a wave of electricity and magnetism is pieced together from the available facts. On his return from a summer holiday at his Glenlair estate in Scotland, he did indeed go to the library at London’s King’s College to look in a reference book for the measured values of the permittivity and permeability of air, which had been obtained by Wilhelm Weber and Rudolf Kohlrausch. He did walk or catch the horse-drawn bus from his home in Kensington to the Strand and back each day, a route that took him along Piccadilly and past the Albemarle Street turn-off to the Royal Institution, where he would sometimes stop. And he and his wife did ride regularly in Hyde Park and Kensington Gardens, Katherine’s pony Charlie having been brought down to London by train from Glenlair.

         My hope is that, by dramatising such stories of scientific prediction and discovery, I will not only bring the events alive but also provide some idea of what the moment of discovery must be like and how exhilarating it must be to realise a profound truth about the world that no one has known before. For those interested in the history of science, I have provided copious references.

         This is the story of the magicians who, with pen and paper, not only predicted the existence of unknown worlds, black holes and subatomic particles but antimatter, invisible waves that course through the air, ripples in the fabric of space–time and many more things besides. This is the story of the central magic of science and how it made gods of men. 

         
            

            Notes

            1 A Shadow Passes by Eden Phillpotts (cited in The Strange Death of Fiona Griffiths by Harry Bingham).

            2 The Ancestor’s Tale: A Pilgrimage to the Dawn of Evolution by Richard Dawkins (Weidenfeld & Nicolson, London, 2005).

            3 The Ascent of Gravity: The Quest to Understand the Force that Explains Everything by Marcus Chown (Weidenfeld & Nicolson, London, 2017).

            4 Pensée d’un biologiste by Jean Rostand (1939).
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            Map of the invisible world

         

         
            The hypotheses which we accept ought to explain phenomena which we have observed. But they ought to do more than this: our hypotheses ought to foretell phenomena which have not yet been observed.

            WILLIAM WHEWELL1

            
                

            

            I grew up believing my sister was from the planet Neptune and had been sent down to Earth to kill me.

            ZOOEY DESCHANEL

         

         Berlin, 23 September 1846

         They had been searching for almost an hour and had already slipped into an automatic rhythm. Johann Galle squinted through the giant brass refractor at the clear night sky, adjusted the controls of the telescope until a star appeared in the cross hairs and barked out its co-ordinates. His young assistant Heinrich d’Arrest was seated at a wooden table across the stone floor of the observatory dome. He ran his finger over a star map by the light of an oil lamp and shouted back, ‘Known star.’ Galle twiddled the brass knobs again, lining up another star. Then another. In the chilly night air, he was already getting a crick in his neck and was beginning to wonder whether they were wasting their time.

         The director of the Berlin Observatory, Johann Franz Encke, had certainly thought so that afternoon when Galle had appeared at his office door with his unusual request. But because Encke planned to be at home that night celebrating his fifty-fifth birthday rather than at the 22-centimetre refractor, he had given Galle permission to use the instrument.

         The exchange between Galle and Encke had been overheard by d’Arrest, an astronomy student who was lodging in one of the observatory’s outbuildings so he could gain more practical experience; he immediately begged Galle to let him help. And so here the pair of them were, on the crystal-clear night of 23 September 1846, scanning the skies with the great, clock-driven Fraunhofer telescope, one of the most advanced instruments of its kind in the world.

         They had started their search when the gaslights of Berlin sputtered off, plunging the city into blackness, and it was now approaching midnight. Galle manoeuvred the cross hairs to the next star and called out its co-ordinates. His mind wandered to thoughts of the warm bed he would soon be sharing with his wife and he began to think how ridiculous he would seem in the morning when he told Encke of their failure. He waited for a response from d’Arrest. And waited. What in the world, he wondered, was his assistant doing?

         The crash of a chair hitting the floor shocked Galle back to reality. Leaping back from the eyepiece, he saw his assistant silhouetted against the oil lamp, rushing towards him, flapping his star map like a demented bird. It was too dark to make out the expression on d’Arrest’s face, but Galle would remember his words for the rest of his life: ‘The star is not on the map! It is not on the map!’ 

         Paris, 18 September 1846

         The man who had suggested looking for a star that was not on any star chart, in a letter that had arrived at the Berlin Observatory on 23 September, was Urbain Le Verrier. An astronomer at the École Polytechnique in Paris, Le Verrier was interested not in observing celestial bodies from draughty telescope domes but in sitting at his desk and using Newton’s law of gravity to calculate the orbits of such bodies and compare them with existing observations. In the course of this work, he had become obsessed by a planet which seemed to break all the rules: Uranus.

         Uranus had been discovered by a musician from Hanover in Germany. In 1757, William Herschel, aged just nineteen, had moved with his sister Caroline to Bath in the west of England, a pretty spa town which had been developed by the Romans because of its hot springs. He found work as a church organist, but his real passion was astronomy, and in the garden of his house he built one of the best telescopes of his day. It was on 13 March 1781, while scanning the night sky with this instrument, that a fuzzy star popped into his eyepiece. At first Herschel thought it was a comet, but unlike a comet it did not have a gossamer tail. Not only that but, as it crept across the constellation of Gemini over the subsequent nights, it did not follow the highly elongated orbit of a comet but the near-circular orbit of a planet.

         Herschel had discovered the first new planet in the age of the telescope, the first world entirely unknown to ancient astronomers. Throughout all of recorded history, the number of planets had stood at six. Now, incredibly, there were seven. Herschel’s discovery created an international sensation and elevated him to the status of a scientific superstar. 

         Herschel’s greatest desire, as an immigrant, was to be accepted by his adopted country, and he therefore christened the new planet ‘George’, after King George III (actually, he named it ‘George’s star’). Not surprisingly, French astronomers objected to having a planet named after an English king and instead referred to it as ‘Herschel’. In an attempt to make the peace, the astronomer Johann Bode suggested it be named after Uranus, father of the Roman god Saturn, and the name stuck. (If it had not stuck, the planets, in increasing distance from the Sun, would have been Mercury, Venus, Earth, Mars, Jupiter, Saturn … and George.)

         Actually, Uranus had been seen almost a century earlier, in 1690, by the English astronomer John Flamsteed, but he had mistakenly believed it to be a star and catalogued it as 34 Tauri, the thirty-fourth star in the constellation of Taurus. Historical records of the planet’s position were able to supplement new observations of the planet; consequently, by the early nineteenth century, its orbit was known precisely enough that it could be compared with that predicted by Newton’s law of gravity. But the comparison threw up an anomaly.

         Whenever an orbit was predicted for Uranus, the planet would stray from it over the following months. No one seriously believed there was anything wrong with Newton’s law of gravity. Its successes had been so overwhelming and so comprehensive that it had a status akin to the word of God. Instead, the suspicion arose that Uranus was constantly veering from its calculated orbit because it was being tugged by the gravity of another world even further from the Sun. It was a tantalising possibility, and Le Verrier could not resist the challenge of pursuing it. Seated at his desk at the École Polytechnique in Paris, he set out to deduce, from the observed effect of the hypothetical planet on Uranus, exactly where in the night sky it must be.

         The Sun accounts for a whopping 99.8 per cent of the mass of the solar system, so, to a very good approximation, a planet can be assumed to be moving under the influence of the Sun alone. However, Newton’s law of gravity is a ‘universal’ law, which means there is a force of attraction between every chunk of matter and every other chunk of matter; consequently, a planet is influenced not only by the gravitational tug of the Sun, but of all the other planets as well. To be sure he was seeing the effect of an unknown planet in the outer solar system on Uranus, Le Verrier needed to first subtract the effect of the known planets, and especially of the two most massive ones: Jupiter and Saturn.

         The calculations were complex and time-consuming. Each one had to be checked and re-checked, since a single small error might be magnified and bring the whole mathematical edifice crashing down. But that was not the only problem Le Verrier faced: the gravitational pull of a lightweight planet close to Uranus would be indistinguishable from that of a massive planet far away. Therefore, in order to make any progress in pinning down the orbit of the hypothetical planet, Le Verrier had to guess its mass and distance from the Sun.* It was a gargantuan task that took up all of his working days and some of his nights as well. But, eventually, Le Verrier succeeded. He deduced not only an orbit for the hypothetical planet but, most importantly, where in the night sky a telescope should be pointed to look for it: between the constellations of Capricorn, the goat, and Aquarius, the water carrier. 

         Le Verrier was a confident man but, as his quill hovered above the dense formulae that covered the pages spread across his desk, he felt a buzz of nervous excitement. To know something that no one else in the world knew or understood was a most exhilarating feeling of power, but could he be wrong? Was he a god, or merely a fool? And how was it possible that the equations before him described reality? Before he could be overwhelmed by doubts, he pulled himself together. There was only one thing for him to do: inform the observational astronomers.

         Le Verrier took the location of the new planet to the director of the Paris Observatory, but François Arago made it clear that he did not think the search for a new planet was a priority. He had good reason. For a start, national observatories such as his in Paris existed principally to make charts of the locations of planets and stars for the purposes of navigation. This involved many people carrying out lengthy and painstaking observations, and Arago understandably did not want to use up their valuable time on a wild goose chase for a planet whose existence seemed to him to be the remotest of long shots. It probably did not help that Le Verrier was a man with a reputation for being arrogant and difficult to deal with.

         Capricorn and Aquarius would not be visible from the Northern Hemisphere much later than November, so it was imperative that any search for the new planet begin soon. For a while Le Verrier was patient, but when a start date from Arago was not forthcoming, his frustration grew. As it happened, he had already started trying other avenues and had sent a paper containing his predictions to the editor of the German journal Astronomische Nachrichten. In his accompanying letter to Heinrich Schumacher, he vented his frustration at not being able to get French astronomers to look for his planet. Schumacher was sympathetic and wrote back with a suggestion: why did Le Verrier not contact other astronomers with powerful telescopes? The two that came immediately to his mind were Friedrich Struve in Germany and Lord Rosse at Birr in Ireland, whose ‘Leviathan’, with its 72-inch mirror, was the biggest telescope in the world. Le Verrier would probably have contacted both of them had Schumacher’s suggestion not reminded him of a letter he had received the previous year from a young astronomer at the Berlin Observatory.

         The appeal of Johann Galle was that he was a low-ranking assistant astronomer. Le Verrier expected that Johann Encke, director of the Berlin Observatory, would be as reluctant to search for a new planet as his Parisian counterpart, but Galle might be hungry to make his name. Le Verrier might have more success, he reasoned, by bypassing Encke and contacting the younger astronomer directly. Would Galle take him seriously, or would Le Verrier be disappointed yet again? There was only one way to find out.

         The only problem was that the French astronomer had ignored a letter from Galle a year earlier, together with a thesis which had been included with it. This was embarrassing now that he needed a favour from him. However, a bit of flattery might get around that, so before he made his request that Galle embark on a search for his planet, Le Verrier penned some pointed and belated praise, congratulating Galle on the ‘perfect clarity’ and ‘complete rigour’ of his thesis. Then, on 18 September 1846, he sent his letter, which contained a rough estimate of the location of the new planet, to Berlin. 

         Berlin, 24 September 1846

         As the clock ticked towards dawn, three men were gathered at the Fraunhofer telescope in the dome of the Berlin Observatory. D’Arrest, who had run all the way to Encke’s home, had returned with the observatory director, who was a little unsteady on his feet after his birthday celebrations. The trio, struggling to stay calm, took turns at the eyepiece until they were absolutely sure. The object seen by Galle and d’Arrest was definitely not on the star map. And the reason was patently clear: it was not a star. Stars, because of their distance from Earth, appear as pinpricks of light no matter how powerful the magnification of a telescope. But this object was no dimensionless pinprick. It was a tiny shimmering disc. They had found it! They had found Le Verrier’s planet!

         Galle could scarcely believe the events of the last half-day. He had knifed open what looked like a perfectly ordinary letter from France, not for an instant suspecting that it would change his life forever. He recognised Le Verrier’s name immediately and could easily have exacted his revenge on the Frenchman for ignoring him by losing his letter among the papers on his desk. But the favour Le Verrier had requested piqued his interest.

         The letter contained a prediction of the existence and location of a new planet. Galle knew that such a prediction was ridiculous, yet something caused him not to dismiss it out of hand. ‘I would like to find a persistent observer’, wrote Le Verrier, ‘who would be willing to devote some time to an examination of a part of the sky in which there may be a planet to discover.’ Galle decided to be that persistent observer.

         If the truth be admitted, Galle had never expected to find anything. It did not seem possible. How could a man sitting at a desk in Paris ‘see’ the universe with the aid of mathematics? It was about as likely as a blindfolded astronomer discovering a comet with the Fraunhofer telescope. But – miracle of miracles – there it was: Le Verrier’s planet, looming out of the inky depths of space, exactly where the man had predicted it would be.

         The new world had been trailing around the Sun in the frigid darkness beyond the orbit of Uranus since the birth of the solar system. And until an hour ago no human being had known of its existence. For the moment, they were the only three people on Earth who had seen it, and it had no name. Soon, however, everyone in the world would know it as Neptune.

         Paris, 29 September 1846

         In Paris, a few days later, Le Verrier tore open a letter from Berlin, dated 24 September 1846. ‘Sir,’ he read. ‘The planet whose position you have pointed out actually exists.’

         Galle had found his planet! Le Verrier was dizzy with euphoria, but also relief. He had believed in the new planet – of course he had – but he had also not believed in it. He was human, after all. He had staked his reputation on a piece of arcane mathematics, which the Creator may or may not have decided to respect. He had sounded confident when he made his prediction, but he alone knew how much of that was bravado.

         On 1 October, Le Verrier replied to Galle. He thanked the German astronomer profusely for being the only one to take seriously his request, writing, ‘We are, thanks to you, definitely in the possession of a new world.’

         The discovery of Uranus had been a sensation: twice as far from the Sun as Saturn, it had overnight doubled the size of the solar system. But the discovery of Neptune was a sensation of an entirely different order. Whereas Herschel had stumbled on Uranus by accident, the existence of Neptune, its location and even its appearance had been predicted by Le Verrier, with nothing more than a pen and paper.

         ‘Without leaving his study, without even looking at the sky,’ wrote French astronomer Camille Flammarion, ‘Le Verrier had found the unknown planet solely by mathematical calculation, and, as it were, touched it with the tip of his pen!’2

         Discovering something in the real world from a desk, as Flammarion recognised, was truly something new under the sun. ‘The entire annals of Observation probably do not elsewhere exhibit so extraordinary a verification of any theoretical conjecture adventured on by the human spirit!’ wrote the Scottish astronomer John Pringle Nichol.3

         But the discovery of Neptune was a triumph not only for Le Verrier; it was also a triumph for Isaac Newton and the universal theory of gravity he had devised almost two centuries earlier. Newton’s law explained not only what we could see but predicted what we could not.

         Le Verrier had demonstrated in spectacular fashion the central magic of science – its astonishing ability to predict things never before suspected which turn out to exist in the real world. It stretched credulity that mathematical equations scrawled across a page could so perfectly capture reality, but miraculously, they did. Using abstract formulae, Le Verrier had uncloaked a real body in the real world, and nobody in the history of the world had done anything like it. Le Verrier was the first of the magicians.

         
            *

         

         The discovery of Neptune triggered a heated priority dispute between France and England because an English mathematician had also used the anomalous motion of Uranus to predict the location of the new planet. John Couch Adams was an autistic mathematical genius from Cornwall in England. In 1841, while a student at the University of Cambridge, he set out to deduce where in the night sky the new planet must be in order to have the observed effect on Uranus. His calculations took four years, but in 1845, he took his result to Sir George Biddell Airy, Astronomer Royal and director of the Royal Observatory at Greenwich. Unfortunately, like Le Verrier in France, he was fobbed off. When Airy did eventually take notice of Adams, rather than publicising his prediction and authorising a search with one of the Greenwich telescopes, he chose to pass the information to George Challis, who had succeeded him as director of the Cambridge Observatory.

         Challis could immediately see that Adams’ prediction was not a precise location but an extended patch of the sky where the hypothetical planet might be found. A comprehensive search would take almost one hundred sweeps with the Cambridge transit telescope, each of which would last several hours. Estimating that the whole process would take around 300 hours of observing time, Challis held off for a while. When he eventually started the search, he recorded Neptune – twice, in fact – while failing to recognise it. By then it was too late and Galle in Berlin had already found the new planet.

         The episode was a great embarrassment for Airy and Challis, since they had received a prediction of the new planet’s location from Adams before Galle received a similar one from Le Verrier. Things were made worse by the fact that they had kept Adams’ prediction a secret, perhaps to make sure that, if it was discovered, Cambridge would have the glory. However, the fact that none of Adams’ calculations had ever been published made the French suspicious that there had ever been an English prediction.

         The international dispute over Neptune was prolonged and bitter, but to the credit of Adams and Le Verrier, neither of them took any part in it. Perhaps because they appreciated each other’s mathematical wizardry and had faced similar obstacles in getting mere mortals to take them seriously, as soon as they met in England they became firm, lifelong friends. Nowadays, as often as not, the discovery of Neptune is attributed jointly to Adams and Le Verrier.

         
            *

         

         After his triumphant prediction of the existence of Neptune, Le Verrier’s star rose in the scientific firmament and in 1854 he became director of the Paris Observatory. But nothing he achieved came close to matching the exhilaration he had felt at magically unveiling an unknown world at the edge of the solar system. He had been courted by kings and revered as a god by scientists. Fame and adulation had intoxicated him, and craving that feeling again, he turned his attention from the outer to the inner solar system.

         Le Verrier’s goal was to understand thoroughly the orbits of the inner planets: Mercury, Venus, Earth and Mars. If he could do that, then perhaps, just perhaps, a Uranus-type anomaly would show up that would lead to a headline-grabbing discovery. Remarkably, such an anomaly did indeed exist, and it concerned the innermost planet. Even when the gravitational tug of the other planets on Mercury was taken into consideration, it still did not move as expected.

         Le Verrier became convinced that there was a planet orbiting even closer to the Sun than Mercury and, by February 1860, it had a name. Planets are named after ancient gods, and the lord of the forge on Mount Olympus, home of the Greek gods, was Vulcan. It seemed an appropriate name, since the new world could never escape the fires of the Sun.

         For almost half a century, astronomers searched for Vulcan, but gradually it fell out of favour and all sightings of it turned out to be mirages. The anomalous motion of Mercury remained, and nobody suspected what it was really telling us: that, incredibly, impossibly, Newton was wrong about gravity. Nobody, that was, until Albert Einstein, who in 1915 devised a better theory of gravity – the general theory of relativity – to supplant Newton’s.

         But although Vulcan had been a dead end, Neptune very definitely had not been. Le Verrier had shown how it was possible to use Newton’s law of gravity to predict what we could not see – to make a map of the invisible world.

         
            *

         

         In the first decades of the twentieth century, there was a suggestion that the orbit of Neptune, just like that of Uranus, was being perturbed. It turned out to be untrue. Nevertheless, it triggered a search for a ‘Planet X’, even more distant from the Sun. This culminated on 18 February 1930 in the discovery of Pluto, the only planet to be named by a child – eleven-year-old Venetia Burney from Oxford.4

         Pluto, which is smaller even than Earth’s moon, turned out to be far too tiny to affect Neptune. In fact, at the end of the twentieth century, it was revealed to be one of tens of thousands of similar bodies circling the Sun beyond the orbit of Neptune. It was the discovery of this ‘Kuiper Belt’ of icy builder’s rubble left over from the formation of the solar system 4.55 billion years ago that led the International Astronomical Union to demote Pluto in August 2006 from a planet to a ‘dwarf planet’.

         But Newton’s law of gravity may not yet have exhausted its ability to reveal the invisible in our solar system. At the beginning of 2016, two astronomers at the California Institute of Technology in Pasadena pointed out that at least half a dozen Kuiper Belt Objects are moving oddly. Mike Brown and Konstantin Batygin claim that their motion is due to them being tugged by an unknown planet orbiting the Sun at the periphery of the solar system.5 But rather than a celestial tiddler like Pluto, this planet would have about ten times the mass of the Earth.

         Brown and Batygin claim ‘Planet 9’ orbits on average about twenty times as far from the Sun as Neptune. Since planets shine only due to reflected sunlight, it would be extremely faint and hard to find, but many astronomers are keen to be the new Johann Galle and searches for Planet 9 are already underway.

         The real success of the technique pioneered by Adams and Le Verrier, however, has been in detecting the anomalous motion of stars caused by the gravitational tug of their invisible planets. In 1995, 51 Pegasi b was the first planet to be discovered around a normal star other than the Sun; now more than four thousand ‘exoplanets’ are known and the total is rising at an ever-quickening rate.

         But arguably the most important invisible thing revealed by Newton’s law of gravity is ‘dark matter’. Although its existence was first suspected in the 1930s by Swiss–American Fritz Zwicky and Dutchman Jan Oort, it took the work of two astronomers at the Department of Terrestrial Magnetism of the Carnegie Institution of Washington to confirm its existence. In the late 1970s and 1980s, Vera Rubin and Kent Ford found that stars in the outer regions of spiral galaxies are orbiting the centres far too fast. Like children on a speeded-up merry-go-round, they should be flung into intergalactic space.

         Astronomers have explained this anomaly by suggesting that there is much more matter in spiral galaxies than we see in the form of stars, and that it is the extra gravity provided by this invisible dark matter that holds on to the outermost stars. Across the universe, dark matter outweighs the visible stars and galaxies by a factor of about six. Nobody knows what it is made of, although the best bets are undiscovered subatomic particles or Jupiter-mass black holes left over from the Big Bang. If you can figure out the identity of the dark matter, there is a Nobel Prize waiting for you in Stockholm.

         
            Notes

            1 Philosophy of the Inductive Sciences, Volume 2 by William Whewell (1847, p. 62).

            2 Astronomy for Amateurs (1915) by Camille Flammarion (Kessinger Publishing, Whitefish, 2008, p. 171).

            3 The Planet Neptune: An Exposition and History by John Pringle Nichol (Kessinger Publishing, Whitefish, 2010, p. 90).

            4 Venetia Burney talking at eighty-five about how, aged eleven, she came to name Pluto: https://www.nasa.gov/mp3/141071main_the_girl_who_named_pluto.mp3.

            5 ‘Evidence for a Distant Giant Planet in the Solar System’ by Konstantin Batygin and Mike Brown (Astronomical Journal, vol. 151, 20 January 2016, p. 22).

         

         
            * In guessing the distance of the hypothetical planet from the Sun, Le Verrier was aided by the Titius–Bode law, although no scientific reason is known why the planets should follow such a rule. See http://demonstrations.wolfram.com/TitiusBodeLaw/.
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            Voices in the sky

         

         
            This velocity is so nearly that of light, that it seems we have strong reasons to conclude that light itself (including radiant heat, and other radiations if any) is an electromagnetic disturbance in the form of waves propagated through the electromagnetic field according to electromagnetic laws.

            JAMES CLERK MAXWELL

            
                

            

            From a long view of the history of mankind – seen from, say, ten thousand years from now – there can be little doubt that the most significant event of the nineteenth century will be judged as Maxwell’s discovery of the laws of electrodynamics.

            RICHARD FEYNMAN1

         

         Karlsruhe, Germany, 13 November 1887

         Today was the day. He was sure of it. Heinrich Hertz bolted down his breakfast, kissed his wife Elisabeth and his baby daughter Johanna goodbye, and hurried through the streets of Karlsruhe to the university campus. On reaching his laboratory, he pulled down the blinds and switched on the ‘oscillator’ circuit that he and his assistant, Julius Amman, had been building these past few days. The current surged through the 20,000-volt induction coil and he heard a faint crackle but could see nothing. Only when his eyes adjusted to the gloom was he sure that a spark was stuttering in the 7.5-millimetre air gap he had left in the circuit. Satisfied that his ‘transmitter’ was working as intended, he turned to his ‘receiver’.

         A metre and a half away along the bench, Hertz had propped up a vertical loop of copper wire, which also contained a tiny air gap. He adjusted the gap with a screw to make it as small as possible and squinted at it in the laboratory gloom. Nothing.

         He returned to his transmitter. Because the frequency of his oscillator circuit was so high, the spark was leaping back and forth across the air gap too rapidly for him to detect any motion with the naked eye. On each side of the gap there was a 1.5-metre length of conducting wire, terminated by a thirty-centimetre-diameter zinc ball. By moving the zinc balls along the wires, Hertz could change the ‘capacitance’ of the circuit and, with it, the frequency of the leaping spark. He did this several times while peering closely at his receiver, which he had ‘tuned’ so that, if it felt a vibration at a particular frequency, it would oscillate in sympathy. Still nothing.

         He moved the zinc balls along the wires by only a few millimetres at a time and worked like this all morning, steady, patient and unhurried. It was a joy to at last have his own laboratory, a luxury he had only dreamt of while at the University of Berlin, where until 1885 he had been the assistant of Hermann von Helmholtz, Germany’s most famous scientist. He was also perversely grateful for the economic recession which had recently engulfed the country; although it had left the department he headed bereft of students, the side effect was that he could devote himself to his research.

         Hertz made yet another adjustment and stood stroking his neat beard while the thought went through his mind: was this really going to work? But a subtle change in the sound in the laboratory stopped him in mid-stroke. Frowning, he crouched next to his receiver.

         There was a spark in the air gap! The gap was only a few hundredths of a millimetre wide and the spark was easier to hear than it was to see, but there was no doubt about it. It was definitely there.

         He switched off the oscillator and the spark at the receiver died. He switched it on again and it reappeared. Something invisible was travelling through the air from his transmitter to his receiver! Although he could not prove it yet, he was sure he knew what it was. It had been predicted fifteen years earlier by a brilliant Scottish physicist who had died tragically young.

         London, October 1862

         When he left King’s College, James Clerk Maxwell felt like dancing on air. The autumn rain had stopped and the sun had come out, and he stopped opposite St Mary le Strand Church, utterly transfixed by the light sparkling on the surface of a puddle in the road. An hour ago, it had been only a suspicion in his mind. But now, having consulted a reference book in the library and plugged some numbers into his theory, it was a fact. He knew something that nobody in the history of the world had known before: he knew what light was.

         The shout of a man on a hay wagon snapped him out of his reverie just in time to avoid his foot being crushed under a heavy cartwheel. He set off down the Strand, dodging the costermongers, flower sellers and vagrants. Although his usual habit was to walk the four miles from his home in Kensington to King’s each morning and catch the horse-drawn bus home, today, because of his desire to get to the library as quickly as possible, he had caught the bus in and was walking back.

         He passed through Trafalgar Square, walked along Pall Mall East, turned up Haymarket and eventually came to the broad thoroughfare of Piccadilly. He had intended to go straight home – he had promised his wife, Katherine, they would go riding in Hyde Park – but as he came to Albemarle Street, he felt a compulsion to turn down it. Leaving the hubbub of the busy street behind him, he headed towards the building with a neo-classical façade and giant Corinthian pilasters at the end of the road.

         The Royal Institution was where Michael Faraday had carried out his groundbreaking experiments on electricity and magnetism, and where the great man had instituted his Christmas Lectures for children and adults in 1825. Maxwell himself had also lectured there many times since his move to London from Aberdeen in 1860. During one triumphant lecture in May the previous year, he had even projected onto a big screen an image of a tartan ribbon – the world’s first colour ‘photograph’.2

         Faraday was forty years Maxwell’s senior and an old man of seventy-one. Four years earlier, with his health failing, he had retired to Hampton Court, on the river to the west of London. He still made occasional visits to the Institution, and Maxwell had hoped that he might be fortunate enough to catch his friend there and share his discovery, but he was not in luck. With the permission of the Institution’s doorman, Maxwell went downstairs to the basement. In Faraday’s abandoned magnetic laboratory, he surveyed the coils and batteries and bottles of chemicals gathering dust. Without the experiments Faraday had carried out here, Maxwell knew that his remarkable discovery would have been impossible. 

         
            *

         

         Faraday’s beginnings could not have been more different from Maxwell’s. Maxwell was heir to the 1,500-acre country estate of Glenlair in the Vale of Urr, near Dumfries in southern Scotland; it was from there that he had returned to London by train a day ago. Faraday, by contrast, was the son of a poor blacksmith.* At fourteen, he had been apprenticed to a bookbinder in Marylebone, just off Oxford Street, the route along which until only a few decades earlier condemned prisoners had been taken by cart from Newgate Prison to the gallows at Tyburn.

         George Ribeau, a Huguenot refugee, had encouraged his apprentice to read the books that he was binding, many of which were scientific. In a bid to educate himself further, Faraday had attended weekly lectures at the City Philosophical Society, which were given by the society’s founder, the silversmith John Tatum, at his home in nearby Dorset Street. Inspired by the idea that he should believe only things he could demonstrate himself, Faraday started his own scientific experiments with what equipment he could afford on his meagre wages. He also made beautifully illustrated notes of Tatum’s lectures. These proved of crucial importance in getting him his life-changing break when Ribeau showed them to a client in his shop at 48 Blandford Street.

         George Dance, an architect and artist, asked whether he could show Faraday’s notes to his father, a member of the Royal Institution. The next day, he returned to the shop with a ticket to a series of lectures by Humphry Davy. Like the golden ticket in Roald Dahl’s Charlie and the Chocolate Factory, the gift would turn out to be a passport to a better life for Faraday – though not immediately. 

         Davy was the most famous British scientist of his day, a man who had invented the miners’ safety lamp, discovered numerous new elements and who lectured with the showbiz razzmatazz of a music hall star.3 Half his audience were women, who reportedly swooned at his dashing presence. Faraday could barely contain his excitement when the evening of the first lecture came and he found himself among a chattering high-society crowd queuing beneath the flickering braziers of the Royal Institution.

         In 1812, with his apprenticeship with Ribeau nearing its end, the twenty-one-year-old Faraday took up a professional post, resigned to a future of bookbinding drudgery. But he had a piece of good fortune when Davy was temporarily blinded by an explosion in his laboratory and Dance Senior suggested that Faraday might help him; for a few euphoric days, he became his hero’s assistant.

         Afterwards, Faraday was afraid that he might never experience the scientific life again. However, he had an idea, and, using the skills he had acquired during his apprenticeship, he bound the notes he had taken during the Royal Institution lectures and sent them to Davy. It was a long shot, but on Christmas Eve he received a reply, promising him an interview in the New Year. The interview happened, but Faraday was plunged back into gloom when Davy said he had no vacancy.4 Then, one day, there was a miracle. A carriage drew up outside the Faradays’ house and a footman got down with a letter from Davy. He had fired his bottlewasher for fighting. The job, if he wanted it, was Faraday’s. 

         Davy was by this time the greatest scientist in Europe. His native country had knighted him, and France so revered him that it had awarded him the Napoleon Prize, even though it was at war with Britain. But Davy’s greatest success would turn out to be Michael Faraday.

         Both Davy and Faraday, who eventually became his assistant, were fascinated by electricity. Davy had pioneered the field of ‘electrochemistry’, the technique by which he had isolated nine chemical elements, including potassium, sodium, calcium, barium, strontium and magnesium.

         At the beginning of the nineteenth century, electricity was at the forefront of science and the popular imagination. It seemed so mysterious and unearthly that some even considered it satanic. Luigi Galvani’s discovery in around 1781 that electricity could twitch the leg of a dead frog had inspired the precocious eighteen-year-old Mary Shelley to write Frankenstein in 1818.5 But the most significant development of the time was Alessandro Volta’s invention of the battery in 1799; by generating a continuous current, it made possible the scientific study of electricity.6

         However, it was the news of a sensational discovery in Denmark that caused Davy and Faraday to drop everything. On 21 April 1820, Hans Christian Ørsted was lecturing at the University of Copenhagen when he noticed that a compass needle was deflected from magnetic north whenever he switched the electric current in a nearby wire on or off. The needle was deflected exactly as it would have been had it been close to a magnet; the unavoidable conclusion was that a current-carrying wire was a magnet. Might this discovery even explain why some materials such as iron were magnetic? Might electric currents be circulating deep inside those materials? No one had guessed it before, but there was a connection between electricity and magnetism.

         On 4 September 1821, Faraday used the effect discovered by Ørsted in an ingenious way.7 In his basement magnetic laboratory, he arranged a current-carrying wire so that it was continually deflected by a fixed magnet and so circled endlessly. It was not a very practical arrangement – it involved a bath of conducting mercury, which was highly toxic – but it proved the principle of the electric motor. Actually, Faraday had created the world’s first electric motor the day before, using a fixed wire and an endlessly circling magnet rather than a fixed magnet and an endlessly circling wire.

         Maxwell would have loved to have witnessed that magnet circling under the influence of a mysterious but invisible force while horse-drawn carriages rumbled past on Albemarle Street. It must have seemed as if some impossible wonder from the distant future had fallen into nineteenth-century London through a crack in time. Faraday had been with his fourteen-year-old nephew George, and the pair of them had been so euphoric at the sight of the endlessly circling magnet that they had danced around the laboratory table, before heading off to a circus to celebrate.

         The obvious question was: If electricity could create magnetism, could magnetism create electricity? It took Faraday until the summer of 1831 to find the answer, by which time Davy had died and he had succeeded him as Director of the Royal Institution.

         Shortly after Ørsted’s discovery that a current-carrying wire behaves like a magnet, the French scientist André-Marie Ampère, ‘the Newton of Electricity’, had found it was possible to boost the effect by creating a cylindrical spiral out of wire.8 The more turns of wire in such a ‘solenoid’, the more powerful its magnetic effect. The proviso was that neighbouring sections of wire should not touch each other so that electricity leaked between them, which required interposing ‘insulating’ materials that did not conduct electricity.

         Faraday turned to a solenoid in his attempt to use magnetism to create electricity. Iron was known to greatly enhance the magnetism of a solenoid, so he used it in the form of a ring that was fifteen centimetres in diameter. Around either side of the ring he wound a tight spiral of wire. Between each turn of the coil and its neighbour he interposed lengths of string, and he used sheets of cloth to insulate each layer from the next and from the iron ring. Although the two solenoids were physically unconnected, Faraday expected that when an electric current went through the first coil, turning it into a magnet, its magnetic tendrils would reach through the air to the second solenoid.

         Faraday flipped a switch, sending an electric current through the first solenoid; to his delight, a current appeared fleetingly in the second coil. He then switched off the current in the first solenoid and a current appeared in the second coil – this time, bafflingly, flowing in the opposite direction. It was an epoch-making discovery: he had succeeded in making electricity from magnetism.

         Faraday later found an easier way to achieve the same end, by simply inserting a bar magnet into the coil of a solenoid. When he pushed it in, a current flowed one way, and when he pulled it out, it flowed the other way. Faraday did not know it, but his discovery of ‘electromagnetic induction’ would change the world, leading to the development of ‘dynamos’ capable of the large-scale generation of electrical power. 

         That electricity and magnetism were connected was now beyond any doubt, but the fundamental questions remained. What was electricity? And what was magnetism? Although these mysteries continued to tantalise Faraday, his groundbreaking experiments had given him a feel for how electricity and magnetism worked, which led him to entertain a radical – in fact, heretical – idea.

         When Faraday held a piece of iron close to a magnet, he could feel the magnetic force of attraction reaching out to grab it and concluded that there must be something invisible but real in the air in the space around it. And when he rubbed a piece of amber with fur, ‘charging’ it with ‘static’ electricity, it grabbed tiny scraps of paper, leading him to believe that there was something invisible but real in the air around the electric charge.

         In Faraday’s mind, a magnet set up a magnetic force ‘field’ around it, and it was this that acted on a piece of metal. Similarly, an electrically charged body set up an electric force field in the space around it, and it was this that acted on the scraps of paper. Faraday imagined he could almost see the fields, like a wind or swirling fog, permeating empty space.

         In perceiving the world in this way he was completely alone. At the time, everybody thought that electric currents were the important thing, but Faraday was sure that the fields were key. To his mind, a conductor was merely a guide for an electric field, which existed in the space around the wire and was the principal carrier of energy. An electric current was merely a secondary effect, a flow of electric ‘charge’ urged on by the electric field where it happened to intersect the conductor.

         The field idea revealed the pleasing symmetry in the discoveries of Ørsted and Faraday. Ørsted’s discovery that a current-carrying wire was a magnet showed that a changing electric field creates a magnetic field, and Faraday’s discovery of electromagnetic induction showed that a changing magnetic field generates an electric field.

         The reason Faraday’s idea of the field was shocking and heretical was because of the success of Isaac Newton. The greatest scientist in history had been spectacularly successful in explaining another fundamental force – the force of gravity – as acting instantaneously across space. According to Newton’s ‘universal theory of gravity’, the gravitational effect of the Sun acts directly on the Earth, and there is no medium through which the force is transmitted. This idea of ‘instantaneous action at a distance’ is, of course, ludicrous. Newton himself said as much; it was just a piece of pragmatism that enabled him to obtain a workable theory. Unfortunately, the physicists who came after him were so in thrall to his theory of gravity that they overlooked his reservations and became wedded to the idea of forces that acted instantaneously at a distance.

         It did not matter in the slightest that Newton would have been open to Faraday’s ideas, because the rest of the scientific profession believed that he would not have been. Faraday was ridiculed, and his humiliation was all the greater because he was self-taught from a humble background and knew next to no mathematics, the lingua franca of university-educated physicists.

         The irony is that it was Faraday’s lack of mathematical knowledge that freed him from the straitjacket of Newtonian – or, at least, supposed Newtonian – thinking and enabled him to ‘see’ the electric and magnetic fields that pervade space, and with the intuition he gained from this worldview to design experiments that no one else would have thought of. 

         Maxwell, pretty much alone among nineteenth-century mathematical physicists, recognised the importance of Faraday and his work. Like him, he had developed a fascination with the conundrum of electricity and magnetism that bordered on obsession. In February 1854, embarking on a research career after completing his graduate studies at Trinity College, Cambridge, the twenty-three-year-old Maxwell had written to the physicist William Thomson to ask his advice on what he should read in order to get his head around the bewildering array of electrical and magnetic phenomena.

         Thomson, who would later become Lord Kelvin, was beginning his involvement in the ambitious scheme to lay a telegraph cable under the Atlantic between Britain and America – the Apollo Program of its day – but nevertheless found time to recommend Faraday’s Experimental Researches in Electricity. The three-volume treatise was a masterful summary of everything that was known about the subject, much of which had been discovered by Faraday himself. In poring over its clear-cut descriptions of electrical and magnetic phenomena, Maxwell felt he was seeing into the mind of the man who had made them. Faraday was an experimenter with a crystal-clear vision who accepted nothing until he could demonstrate it himself. Maxwell was so impressed that he decided not to read any work on electricity by those who approached the subject through an analysis of forces acting at a distance until he was utterly familiar with Faraday’s work.

         Maxwell was particularly taken by Faraday’s idea of electric and magnetic fields. In one simple demonstration Faraday had sprinkled iron filings around a bar magnet, the pattern revealed suggesting to him that there were ‘lines’ of magnetic force in the air around the magnet. When he had publicised this idea, it had caused other scientists to fall off their chairs with laughter, but by repeating the simple experiment Maxwell could see the truth in what Faraday had claimed.

         The challenge was clear to Maxwell: to find a way of expressing Faraday’s visual ideas in the language of mathematics. As a first step, he set out to concoct a ‘toy model’ that mimicked Faraday’s results and with which he could make sense of them. It was not an easy task. He began with the idea that the magnetic and electric fields behaved like a fluid, governed by the mathematical laws of fluid flow and with the speed and direction of the flow at any point representing the density and direction of the lines of force. In February 1857, with some trepidation, he sent Faraday a preliminary paper on his progress entitled ‘On Faraday’s Lines of Force’. Although he had a strong feeling that Faraday was a kindred soul, he could not be sure that the older man would feel the same way about him.

         He need not have worried. For Faraday, who had been humiliated by his scientific peers, reading the letter from a Cambridge-educated physicist who took his work seriously was one of the great moments of his life. He wrote back to Maxwell, ‘I was at first almost frightened when I saw the mathematical force made to bear upon the subject, and then wondered to see that the subject stood it so well.’

         Emboldened, Faraday asked Maxwell’s opinion of his speculative idea that there might be gravitational lines of force as well as magnetic ones – something he knew was so outlandish that it was likely to be laughed at by other physicists. Maxwell took the idea seriously and sent a long and thoughtful reply, to which Faraday responded, ‘Your letter is the first intercommunication on the subject with one of your mode and habit of thinking. It will do me much good, and I shall read and meditate again and again … I hang on to your words because they are to me weighty and … give me a great comfort.’

         The four decades between Faraday and Maxwell precluded them from ever becoming the closest of friends, but they revered each other and shared a powerful bond: both had dared to challenge the scientific establishment, and neither could have achieved the fame he did without the other. Like Faraday, Maxwell knew what it felt like to be humiliated. His mother had died when he was only eight and he had been brought up in isolation by his father at Glenlair. On arrival for his first day at the prestigious Edinburgh Academy, the other pupils made fun of his country bumpkin accent, his social awkwardness and his homemade shoes and tunic, and christened him ‘Dafty’.

         Maxwell struggled for many years to explain Faraday’s results. Although he started out with the idea that magnetic and electric fields behave like a fluid, he later devised a superior model. It addressed one of the most curious aspects of magnetism, which flew in the face of the Newtonians who believed a force of any kind between two bodies always acted along the line joining them. Magnetic force, as Ørsted had discovered, was circular. His compass needle, suspended beside a vertical current-carrying wire, pointed not at the wire but at right angles to it, and it continued to do so if the compass was moved around the wire. The magnetic force seemed to swirl around the wire like an invisible tornado. In fact, it was precisely this tornado that Faraday had exploited in his creation of the world’s first electric motor.

         In his new ‘toy’ model, Maxwell imagined that all space, whether empty or occupied by matter, was packed with tiny toothed cogs that were able to spin. A cog in direct contact with a magnet rotated, which turned the cog next to it, which turned the next cog, and so on. In this way, a circular force was communicated through space from a magnet to a piece of metal in its vicinity.

         But invisible cogs were only the starting point for Maxwell’s mechanical model. He also envisioned tiny beads that could move like ball bearings along the channels between the cogs and which represented electric currents. He continually tweaked his model to mimic more features of the real world. For instance, in an attempt to reproduce the fact that the magnetic strength of a material depends on the material, he made the ease with which the cogs inside matter turn depend on the type of matter they occupied. Finally, he made the cogs springy so that they could transmit internal forces across their bodies without losing energy. He made this last change at Glenlair in the summer before he and Katherine returned to London, and the moment he made it, he realised something hugely significant: the medium of cogs and beads he had concocted had exactly the properties necessary for the propagation of a wave.

         In the case of a wave on a pond, a disturbance caused by a raindrop creates a temporary hummock of water. The existence of a restoring force – gravity – causes the hummock to collapse back down to the level of the pond. But because the water has mass, or inertia, it overshoots, so the hummock becomes a depression and the whole process repeats. But water is a continuous medium, so it does not simply oscillate up and down at one location. The disturbance is communicated to the next body of water, though with a delay, which in turn is communicated to the next body, with a further delay. In this way, a wave-like disturbance propagates outwards in concentric circles across the face of the pond.

         Maxwell’s medium of cogs and beads exhibited both inertia and a restoring force. Consequently, if it were jiggled, a ripple-like disturbance would propagate through it just like a wave on a pond. There was one proviso: if the medium were conducting, a wave could not be sustained for any distance because the currents it generated would quickly sap the wave of energy. Instead, a wave could be supported only in a non-conducting medium in which only the most fleeting of currents could be made to flow.† Such ‘dielectric’ materials included water, air and the vacuum of empty space.

         Maxwell realised that such a wave would consist of an electric field oscillating at right angles to a magnetic field, with both perpendicular to its direction of travel. As the electric field decayed in strength, the change automatically generated a magnetic field. And as the magnetic field decayed, the change automatically generated an electric field. The process would happen over and over again, and once set in motion would continue forever in a self-sustaining wave of electricity and magnetism.

         According to Maxwell’s theory, the velocity of such an ‘electromagnetic wave’ depended on two parameters: the magnetic ‘permeability’ of the medium and its electrical ‘permittivity’. The first was a measure of how well a medium boosted a magnetic field – its restoring force – and the second a measure of how much it hindered an electric field – its inertia. Maxwell knew that both quantities had been measured experimentally for a vacuum, but stuck at Glenlair over the summer he did not have the reference book that contained the relevant results. The book was in the library at King’s College, which was why on this morning in October 1862 he had not waited for his cook to serve breakfast before running to catch the horse-drawn bus from Kensington High Street. 

         The London traffic had been terrible. It was the reason why a revolutionary underground transport system – the Metropolitan Railway – was being built between Paddington and Farringdon. Maxwell was not sure what he thought of the smoke and soot of steam trains operating below ground, but London was a city the like of which had never existed before and the underground railway was not the only massive engineering project underway in the metropolis: Joseph Bazalgette, chief engineer of London’s Metropolitan Board of Works, was building a gargantuan system of underground sewers.

         Finally, the bus reached its destination and Maxwell disembarked near Waterloo Bridge. Dodging the pedestrians on the Strand, he hurried past Somerset House and arrived at King’s College. In the library, he quickly identified the reference book and found the data he needed from the experiments of Wilhelm Weber and Rudolf Kohlrausch. Plugging the numbers into his theory, he came up with a velocity for an electromagnetic wave in a vacuum. It was 193,088 miles per second.

         Laboratory measurements made by the French physicist Hippolyte Fizeau in the late 1840s had given a figure for the speed of light as 193,118 miles per second; it was too close to be a coincidence. So not only was there a connection between electricity and magnetism, there was also a connection between electricity, magnetism and light! It was an extraordinary discovery that Maxwell had not foreseen when he had embarked on his work, but, incredibly, his calculations proved that light was a ripple in the electric and magnetic fields – a wave of electromagnetism.

         One other person in the world had in fact guessed that there was a connection between electricity, magnetism and light: Faraday. In late September 1845, he had passed light from an oil lamp through a piece of lead borosilicate glass which he had placed between the north and south poles of a powerful electromagnet. When he turned on the power, he immediately observed a change in the light’s ‘polarisation’.‡ ‘I have succeeded’, he wrote jubilantly in his notebook, ‘in magnetising a ray of light.’

         ‘Faraday rotation’ was incontrovertible evidence that light responded to magnetism, which suggested that light itself was in some way magnetic. And because magnetism was connected to electricity, it made sense that light must also be in some way electric. ‘I happen to have discovered a direct relation between magnetism and light, also electricity and light, and the field it opens is so large and I think rich,’ Faraday wrote prophetically.9

         Alone in Faraday’s basement laboratory, Maxwell smiled to himself as he imagined his fellow scientist’s reaction to the news that he had proved the connection. To reach the proof he had stood on the shoulders of giants, and none towered higher than Faraday. Back on the street, he hardly noticed the crowds on Piccadilly. As he passed Green Park, he thought about the implications of his discovery. He entered Hyde Park and headed towards the Serpentine. He had promised Katherine he would be home in time to go to the stables in Bathurst Mews. They rode most afternoons, he on a hired horse, she on her bay pony Charlie, which had made the long train journey down from Glenlair. The plan was to circle Kensington Gardens and Hyde Park; it was not a patch on their favourite ride from Glenlair to Old Bridge of Urr, but it was the best they could do in smoky central London. 

         He owed so much to Katherine. Although he had nursed her through much ill health, she in turn had nursed him through smallpox, which had almost killed him shortly before their move to London. She was his soulmate and scientific helper. Together, they carried out experiments in the attic of their London house, the eight-foot-long, coffin-shaped light box with which they ‘painted’ with sunlight horrifying their neighbours and giving them the reputation of mad eccentrics. For the thirty-two-year-old Maxwell, the sojourn in London was proving to be the most productive episode of his career.

         Maxwell hurried along the footpath beside the enormous expanse of the Serpentine, created in the 1720s by King George II as a memorial to his beloved wife, Queen Caroline. To the south of the kilometre-long lake lay the site of the 1851 Great Exhibition, one of the wonders of the century. Among the visitors to the great glass-and-iron pavilion, so enormous it had enclosed some of the park’s tallest trees, had been Charles Darwin, Charlotte Brontë, Charles Dickens and Alfred Tennyson. It had been disassembled bit by bit and reassembled at the Penge Place Estate in Sydenham, South London. To the southwest of its former site was ‘Albertopolis’, the district nicknamed in honour of the royal consort Prince Albert, who had died the previous December and whose plan it was that the Great Exhibition would leave a lasting cultural legacy in the form of museums and institutions. Maxwell had on numerous occasions visited the newly opened South Kensington Museum.10

         A ferry was chugging across the Serpentine; swans, ducks and seagulls bobbed around it, but Maxwell paid them no attention. He was captivated instead by a rapidly fading rainbow in the sky. Ever since Piccadilly, a single thought had occupied him: his cog-and-bead model set no restriction on how fast or how slow the electromagnetic field might be jiggled, which could mean only that the colours of the rainbow represented a tiny range of possible frequencies. Beyond this visible ‘spectrum’, stretching away in both directions, there must exist undulations of the electromagnetic fields that were both more sluggish and more rapid than those of visible light. By convention, the rainbow contained seven colours, but in addition to these, he now realised, there must be other ‘colours’, invisible to the naked eye. Millions upon millions of them. It was an extraordinary, mind-expanding thought.

         For a moment, standing on the path by the Serpentine amid squabbling seagulls, he was overwhelmed by a Faradayesque vision of reality. All about him, stretching to the very fringes of the known universe, was the electromagnetic field, like a vast invisible ocean of energy in constant upheaval, its multitudinous vibrations filling the air all around him. And he was the first person in the history of the human race to realise this.

         As the English biologist Francis Crick would one day observe, ‘It is not easy to convey, unless one has experienced it, the dramatic feeling of sudden enlightenment that floods the mind when the right idea finally clicks into place. One immediately sees how many previously puzzling facts are neatly explained by the new hypothesis. One could kick oneself for not having the idea earlier, it now seems so obvious. Yet before, everything was in a fog.’11

         Maxwell’s mind was racing. Might it be possible to artificially vibrate the electromagnetic fields? Was it conceivable that, by means of some yet-to-be-invented technology, invisible electromagnetic waves might be created? He could see no reason why not. But it was now late afternoon and he could not afford to daydream any longer. Quickening his pace, he hurried along the bank of the Serpentine and crossed the road into Kensington Gardens. Ahead of him, in the vestibule of 8 Palace Gardens,12 Katherine would already be dressed for her ride and waiting for him impatiently.

         Karlsruhe, 12 December 1887

         Heinrich Hertz knew something was leaping across the space between his transmitter and his receiver. According to Maxwell’s theory, if electromagnetic waves were spreading outwards from the stuttering spark of his transmitter like a disturbance from a stone tossed into a pond, they should induce an electric current in the conducting loop of his receiver, which in turn should cause a fresh spark to jump across the gap in the loop. He could not yet be absolutely sure that was happening, but he had an idea.

         It was not quick to implement; it took almost a month and the help of his assistant, Julius Amman. But now, fastened securely to the sandstone front wall of the laboratory, between its two doors, was a large sheet of conducting zinc, four metres high and two metres wide. Hertz’s idea was to transmit a signal towards the zinc wall and attempt to pick up a reflection with his receiver.

         It was an old idea. If a wave is reflected and propagates back through itself, the outgoing and incoming waves ‘interfere’ with each other. Where the peaks of one coincide with the peaks of the other, the two waves reinforce; and where the peaks of one coincide with the troughs of the other, they cancel each other out. The result is a wave that exhibits places where its amplitude is permanently large, alternating with places where it is zero. Such a ‘standing wave’ – most easily seen on a vigorously shaken washing line – appears frozen in space.

         Hertz moved his receiver slowly towards the wall, which was twelve metres from his transmitter, and as he did so, he was amazed. The spark grew and disappeared, every three metres; it was the unmistakable signature of a standing wave, and exactly what he had expected. He and Amman had engineered the transmitter so that the stuttering spark in the gap caused an electric current to slosh back and forth along the three-metre conductor. The electric field associated with that current, changing fifty million times a second, radiated an electromagnetic wave with a three-metre separation between its peaks and troughs.

         There was absolutely no doubt about it. Hertz had generated and detected Maxwell’s invisible electromagnetic waves. They had a wavelength of six metres – the distance over which they repeated their up-and-down motion. The world would never be the same again.

         
            *

         

         Maxwell never had the satisfaction of seeing his prediction confirmed. He died tragically young at forty-seven of stomach cancer, which had killed his mother at the same age, after an excruciating operation without anaesthetic. But before he died, he advanced his theory of electromagnetism by one more critical step.

         Most other scientists had been utterly baffled by his intricate mechanical model with cogs and beads, though Maxwell never expected anyone to take it seriously – to him it had only ever been a model of nature, not the way nature actually was. And in 1873, he knocked away the theoretical scaffolding and expressed his theory in nothing more than mathematical equations that described the behaviour of the electric and magnetic fields.

         Maxwell’s four equations of electromagnetism are so famous that today they are even emblazoned on T-shirts, often accompanied by the slogan ‘Let there be light!’ But Maxwell actually formulated a total of twenty equations to describe electricity and magnetism, and he wrote them not in terms of electric and magnetic fields but magnetic and electric ‘potentials’. It was the English electrical engineer and physicist Oliver Heaviside who, in 1885, reduced them to the condensed form that has since become synonymous with Maxwell’s name. (Though ironically, it is Maxwell’s original formulation which has proved most useful in the developments of twentieth-century physics.) It took only a simple manipulation of Maxwell’s equations to obtain a ‘wave equation’ that described an electromagnetic wave.

         Even as a small boy, Maxwell had demonstrated intense curiosity. He’d incessantly ask the adults around him, ‘What’s the go o’ that?’ and, when they provided answers that did not satisfy him, ‘What’s the particular go o’ that?’ With his equations of electromagnetism, he had found the ‘go’ of electricity and magnetism. 

         One can only imagine what it must have felt like to have at last conquered electricity, magnetism and light. As Einstein would one day put it on conquering space, time and gravity, ‘The years of searching in the dark for the truth that one feels but cannot express, the intense desire and the alternations of confidence and misgiving until one breaks through to clarity and understanding, are only known to him who has experienced them himself.’

         Maxwell’s equations are remarkable in many ways. First and foremost, they mark a seismic shift in our view of the universe. Since the time of Newton, physicists had used analogies from the everyday world to model the fundamental physical world, which is what Maxwell was seeking to do with his cogs and beads. But in throwing away this scaffolding, Maxwell had understood something profound about the universe: that reality is made of things – electric and magnetic fields – with no parallel in the everyday world of familiar objects. Their essence is captured only by mathematics, the underlying language of nature. In the twentieth century, this truth would be increasingly recognised by physicists as it dawned on them that gravity is the curvature of four-dimensional space–time, and that atoms and their constituents are describable only by abstract waves of probability. ‘One scientific epoch ended and another began with James Clerk Maxwell,’ said Einstein.

         But Maxwell’s theory of electromagnetism marks not only a profound change in our view of ultimate reality; it also contains the seeds of several scientific revolutions. The fact that a furnace should in theory contain an infinite number of electromagnetic vibrations – an utterly nonsensical conclusion – caused German physicist Max Planck to propose in 1900 that there must be an energy cut-off and that electromagnetic energy comes only in discrete chunks or ‘quanta’, the most energetic of which are too costly to be made in a furnace. This marked the birth of ‘quantum theory’, the modern description of atoms and their constituents.

         Maxwell’s theory also contains the seed of relativity. The fact that the speed of light appears in the theory as an absolute, with no reference to the motion of its source or of anyone observing it, led Albert Einstein to propose in 1905 that the speed of light is the rock on which the universe is built, while space and time are but shifting sand. In fact, the ‘special’ theory of relativity reveals that space and time are aspects of the same thing: the seamless entity of ‘space–time’.

         Special relativity provides further insight into Maxwell’s theory by resolving a paradox that is at its heart. A magnetic field arises whenever an electric charge such as an electron is moving, thus changing its electric field.§ But what if you were able to shrink yourself down to the size of such a mote of matter and catch up with it? Since you would now be stationary with respect to the particle, you would see an electric field, but no magnetic field. How can a magnetic field exist for one person but not for another? There is only way out of the paradox, according to Einstein: by recognising that electric and magnetic fields, like space and time, are not fundamental things; the fundamental things are the electromagnetic field and space–time. How much electric field, magnetic field, space and time you see individually depends on how fast you are moving. 

         Arguably the most important aspect of Maxwell’s theory of electromagnetism, however, is the concept of the field – invented by Faraday but given mathematical expression by Maxwell.

         Faraday recognised that the electromagnetic field was a new kind of entity which differed from matter and could transmit effects from place to place. He intuited that electricity and magnetism are best understood via the field rather than via charged bodies and currents. When a current flows in a wire, the most important aspect of the phenomenon is not the current itself but the fields of electric and magnetic force that extend through space in its vicinity. This elevation of the field to a position of pre-eminence was Faraday’s greatest and most prescient achievement. He had anticipated the future of physics.
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