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[T] he amount of eccentricity in a society has generally been proportional to the amount of genius, mental vigour, and moral courage which it contained. That so few now dare to be eccentric, marks the chief danger of the time.


JOHN STUART MILL, On Liberty, 1869




   





 We are nothing without the work of others our predecessors, others our teachers, others our contemporaries. Even when, in the measure of our inadequacy and our fullness, new insight and new order are created, we are still nothing without others. Yet we are more.


J. ROBERT OPPENHEIMER, Reith Lecture, 20 December 1953























Prologue







[A] good deal of unkindness and selfishness on the part of parents towards children is not generally followed by ill consequences to the parents themselves. They may cast a gloom over their children’s lives for many years.


SAMUEL BUTLER, The Way of All Flesh, 1903





All it took was a single glass of orange juice laced with hydrochloric acid. A few minutes later, it was clear that his digestive problems were due to a chronic deficiency of stomach acid. For months, he had been admitted to hospital every few weeks to be fed vitamins intravenously, but the doctors had no idea why his digestion was so poor. Now, following the orange-juice experiment, a laboratory test on the chemical contents of his stomach confirmed the conclusion that his stomach contained far too little acid. The simple prescription of a pill to be taken after every meal ended almost eight decades of digestive problems. As a result, Kurt Hofer, the friend who suggested the experiment and made the correct diagnosis, became the reluctant health guru to Paul Dirac, one of the most revered – and strangest – figures in the history of science.


Hofer and Dirac both worked at Florida State University but otherwise appeared to have little in common. Hofer – just over forty years of age – was a top-drawer cell biologist, a spirited raconteur who told all comers of his early family life among Austrian mountain farmers and his moment of cinematic glory as a well-paid extra in The Sound of Music. Hofer’s eyes glittered when he told his stories, his thickly accented voice swooped and surged for emphasis, his hands chopped and shaped the air as if it were dough. Even in this lively company, Dirac was unresponsive, speaking only when he had a pressing question to ask or, less often, a comment to make. One of his favourite phrases was: ‘There are always more people who prefer to speak than to listen.’1


Dirac was one of the pre-eminent pioneers of quantum mechanics, the modern theory of atoms, molecules and their constituents. Arguably the most revolutionary scientific breakthrough of the twentieth century, quantum mechanics uprooted centuries-old prejudices about the nature of reality and what can, in principle, be known for certain about the universe. The theory also proved to be of enormous utility: it underpins the whole of modern microelectronics and has answered many basic questions that had long defied straightforward answers, such as why electricity flows easily through wire but not through wood. Yet Dirac’s eyes glazed over during talk of the practical and philosophical consequences of quantum physics: he was concerned only with the search for the fundamental laws that describe the longest strands in the universe’s fabric. Convinced that these laws must be mathematically beautiful, he once–uncharacteristically– hazarded the unverifiable conjecture that ‘God is mathematician of a very high order.’2


The ambitions of Kurt Hofer were more modest than Dirac’s. Hofer had made his name in cancer and radiation research by carefully carrying out experiments and then trying to find theories to explain the results. This was the conventional, bottom-up technique of the English naturalist Charles Darwin, who saw his mind ‘as a machine for grinding general laws out of large collections of facts’.3 Dirac, a classic example of a top-down thinker, took the opposite approach, viewing his mind as a device for conjuring laws that explained experimental observations. In one of his greatest achievements, Dirac used this method to arrange what had seemed an unlikely marriage – between quantum mechanics and Einstein’s theory of relativity – in the form of an exquisitely beautiful equation to describe the electron. Soon afterwards, with no experimental clues to prompt him, he used his equation to predict the existence of antimatter, previously unknown particles with the same mass as the corresponding particles of matter but with the opposite charge. The success of this prediction is, by wide agreement, one of most outstanding triumphs of theoretical physics. Today, according to the cosmologists’ standard theory of the early universe – supported by a wealth of observational evidence – antimatter made up half the material generated at the beginning of the Big Bang; from this perspective, Dirac was the first person to glimpse the other half of the early universe, entirely through the power of reason.


Hofer liked to compare Dirac with Darwin: both English, both uncomfortable in the public eye, both responsible for changing the way scientists think about the universe. A decade before, Hofer was amazed when he heard that Dirac was to move from one of the world’s leading physics departments, at the University of Cambridge in England, to take up a position at Florida State University, whose physics department was ranked only eighty-third in the USA. When the possibility of his appointment was first mooted, there were murmurings among the professors that it was unwise to offer a post to an old man. The objections ended only after the Head of Department declared at a faculty meeting: ‘To have Dirac here would be like the English faculty recruiting Shakespeare.’4


Around 1978, Hofer and his wife Ridy began to pay visits to the Diracs on most Friday afternoons, to wind down for a couple of hours after the week’s work. The Hofers set off from their home near the campus in Tallahassee at about 4.30 p.m. and took the two-minute walk to 223 Chapel Drive, where the Diracs lived in a modest, single-storey house, a few paces from the quiet residential street. At the front of the house was a flat, English-style lawn, planted with a few shrubs and a Pindo palm tree. The Hofers were always welcomed warmly by Dirac’s smartly dressed wife Manci, who laughed and joked as she dispensed sherry, nuts and the latest faculty gossip. Dirac was painfully spare and round-shouldered, dressed casually in an open-necked shirt and an old pair of trousers, content to sit and listen to the conversation around him, pausing occasionally to sip his glass of water or ginger ale. The chatter ranged widely from family matters to local politics at the university, and from the earnest utterances of Mrs Thatcher on the steps of Downing Street to the most recent sermon from Jimmy Carter in the White House garden. Although Dirac was benign and receptive during these conversations, he was so reserved that Hofer often found himself trying to elicit a response from him – a nod or a shake of the head, a few words, anything to make the conversation less one-sided. Just occasionally, Dirac would be moved to contribute a few words about one of his private enthusiasms – Chopin’s waltzes, Mickey Mouse and any television special featuring Cher, the brassy chanteuse.


During the first two years or so of these visits, Dirac showed no sign of wanting to talk about himself or of having any deep feelings, so Hofer was ill prepared when, one Friday evening in the spring of 1980, Dirac’s vacuum-packed emotions burst into the open. ‘I remember it well. It was pretty much like all my other visits except that I was alone,’ Hofer says. ‘My wife decided not to come as she was tired, heavily pregnant with our first child.’ At the beginning of the visit, Dirac behaved normally and looked alert and ready to absorb the conversations around him. After the customary pleasantries, the Diracs took Hofer by surprise when they ushered him through the formal front room – where they always talked during their Friday chats – to the less formal family room at the rear of the house, adjoining the kitchen and overlooking the garden. The Diracs’ pre-war taste was reflected in the decor of this room, dominated by the wood of the floorboards, the panelling on all four walls, and the huge 1920s sideboard covered with framed photographs of Dirac in his prime. A mock-Baroque chandelier hung from the ceiling and, on most of the walls, there were paintings with no trace of modernity.


As usual, Manci and Hofer chatted convivially while the frail Dirac sat motionless in his favourite old chair, occasionally looking through the glass sliding doors to the garden. For the first half an hour or so of the conversation, he was, as usual, mute but came vibrantly to life when Manci happened to mention his distant French ancestors. Dirac corrected one of Manci’s historical facts and began to speak about his family origins and his childhood in Bristol, talking fluently in his quiet, clear voice. Like a well-rehearsed actor, he spoke confidently, in carefully articulated sentences, without pausing or correcting himself. ‘I was startled – for some reason, he had decided to take me into his confidence,’ Hofer says. ‘I’d never seen him talk so eloquently in private.’


Dirac described his roots in the rural villages of Bordeaux, in western France, and how his family migrated to the Swiss canton of Valais at the end of the eighteenth century. It was in Monthey, one of the region’s industrial towns, that his father was born. As soon as Dirac began to talk about his father, he became agitated, and he turned away from his wife and Hofer, adjusting his pose so that he was staring straight into the fireplace. Hofer was now looking directly at the profile of the top half of Dirac’s body: his hunched shoulders, his high forehead, his straight and upward-pointing nose, his white smudge of a moustache. The air conditioning and television were switched off, so the room was silent except for the occasional rumblings of traffic, the barking of neighbourhood dogs, the rattling of the lid on the simmering casserole in the kitchen. After spelling out his ancestry with the precision of a genealogist, Dirac reached the part of his story where his father arrived in Bristol, married Dirac’s mother and started a family. His language remained simple and direct, but, as he began to talk about his childhood, his voice tightened. Hofer, watching Dirac’s silhouette sharpen with the fading of the early evening light, was transfixed.


‘I never knew love or affection when I was a child,’ Dirac said, the normally neutral tone of his voice perceptibly tinged with sorrow. One of his main regrets was that he, his brother and younger sister had no social life but spent most of their time indoors: ‘we never had any visitors’. The family was dominated, Dirac recalled, by his father, a tyrant who bullied his wife, day in, day out, and insisted that their three children speak to him in his native French, never in English. At mealtimes, the family split into two: his mother and siblings would eat in the kitchen and speak in English, while Dirac sat in the dining room with his father, speaking only in French. This made every meal an ordeal for Dirac: he had no talent for languages, and his father was an unforgiving teacher. Whenever Dirac made a slip – a mispronunciation, a wrongly gendered noun, a botched subjunctive – his father made it a rule to refuse his next request. This caused the young Dirac terrible distress. Even at that time, he had digestive problems and often felt sick when he was eating, but his father would refuse him permission to leave the table if he had made a linguistic error. Dirac would then have no option but to sit still and vomit. This did not happen just occasionally, but over and over again, for years.


Hofer was aghast, scarcely able to believe his ears. ‘I felt extremely embarrassed, like I was witnessing a friend pouring out his most terrible secrets to his psychiatrist,’ he recalls. ‘Here he was, a man famous for equability and his almost pathological reticence, openly talking of the demons that had haunted him for nearly seventy years. And he was as angry as if these awful events had happened yesterday.’


Manci barely stirred, except once to bring food and alcohol and to slow down the preparations for dinner. She knew that on the very rare occasions her husband chose to tell his story, it was best to keep well out of his way and to let him get it off his chest. As the evening turned colder, she brought him a blanket and draped it over his legs, covering him from his lap down to his ankles. Hofer braced himself as Dirac resumed and explained why he was so quiet, so ill at ease with normal conversation: ‘Since I found that I couldn’t express myself in French, it was better for me to stay silent.’





Dirac then moved on to talk about other members of his family: ‘I was not the only one to suffer,’ he said, still agitated. For thirty-seven years, his mother was locked in a disastrous marriage to a man who treated her like a doormat. But it was Dirac’s brother who felt the brunt of their father’s insensitivity: ‘It was a tragedy. My father bullied him and frustrated his ambitions at every turn.’ In what appeared to be a change of tack, Dirac mentioned that his father always appreciated the importance of a good education and that he was respected by his colleagues as a conscientious, hard worker. But this was only a brief respite. Seconds later, Dirac was struggling to control his rage when he spelt out the conclusion he eventually reached about the extent of his debt to his father: ‘I owe him absolutely nothing.’ That final rasp made Hofer flinch; he could not help but grimace. Dirac hardly ever spoke an unkind word about anyone, but here he was, denouncing his own father with a vehemence most people reserve for the cruellest abusers.


Dirac stopped talking abruptly, just after nightfall. His monologue had lasted over two hours. Hofer knew that any words from him would be inappropriate, so he said his subdued goodbyes and walked home, numb and drained. Soon to be a father himself, he reflected on his own youth as part of a close and loving family: ‘I simply could not conceive of any childhood as dreadful as Dirac’s.’5 Time tends to embellish, distort and even create childhood memories: could it be that Dirac – usually as literal-minded as a computer – was exaggerating? Hofer could not help asking himself, over and again: ‘Why was Paul so bitter, so obsessed with his father?’


Later that night, after talking with his wife Ridy about Dirac’s account of his young life, Hofer made up his mind to find out more about it. ‘I thought he might open up again during our later get-togethers.’ But Dirac never mentioned the subject again.




Notes


1 A version of the ‘more people who prefer to speak than to listen’ remark, one of Dirac’s favourites, is cited by Eugene Wigner in Mehra (1973: 819).


2 Dirac made the ‘God is a mathematician’ remark in his Scientific American article in May 1963.


3 The quote from Darwin is taken from Part VII of his autobiography. The words were written on 1 May 1881.


4 The author of the quote relating to Shakespeare was the late Joe Lannutti, a leading member of the Physics Department at Florida State University when Dirac arrived. The source of the quote is Peggy Lannutti, interview 25 February 2004. Lannutti also tells the story in J. Lannutti (1987) ‘Eulogy of Paul A. M. Dirac’ in Taylor (1987: 44–5).


5 This account is taken from interviews with Kurt Hofer on 21 February 2004 and 25 February 2006, and many subsequent e-mails. The account was checked in detail via e-mails on 22 September 2007. Hofer’s recollections are consistent in every detail with the account given by Dirac in Salaman and Salaman (1986), in his interview, AHQP, 1 April 1962 (pp. 5–6), and in the account he gave of his early life to his friends Leopold Halpern and Nandor Balázs. I spoke to these former colleagues of Dirac on 18 February 2003 and 24 July 2002, respectively. Dirac’s wife gives her recollections of his experiences at the dining table in her letter to Rudolf Peierls, 8 July 1986, Peierls archive, additional papers, D23 (BOD).
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English home life to-day is neither honorable, virtuous, wholesome, sweet, clean, nor in any creditable way distinctively English. It is in many respects conspicuously the reverse […].


GEORGE BERNARD SHAW, Preface to Getting Married, 1908





As Kurt Hofer had seen, the elderly Paul Dirac was fixated on his father Charles. But most of Dirac’s acquaintances knew nothing of this: at home, he allowed no photographs of his father to be displayed, and he kept his father’s papers locked in his desk. Dirac examined them from time to time and talked with distant relatives about his father’s origins, apparently still trying to understand the man he believed had blighted his life.1


Dirac knew that his father had endured a childhood no less miserable than his own. By the time Charles Dirac was twenty, in 1888, he had done three stints of national service in the Swiss army, dropped out of university in Geneva and left home, without telling his family where he was heading.2 He became an itinerant teacher of modern languages – the subject he had studied at university – and held posts in Zurich, Munich and Paris, before he fetched up two years later in London. English was one language that he did not speak well, so it is not clear why he chose to live in Britain; perhaps it was because it was the world’s wealthiest economy, with plenty of teaching jobs at relatively high salaries.


Six years later, Charles Dirac had acquired a sheaf of complimentary references. One, written by the headmaster of a school in Stafford, stated that Monsieur Dirac ‘is possessed of very great patience combined with firmness […] I believe he is much liked both by his colleagues and pupils.’ His employer in Paris had praised ‘his capacity to analyze and generalize, which enabled him to point out my mistakes and help me to ascertain scientifically why they were mistakes’. Charles settled in Bristol, a city famous for the high quality of its schools, and he became Head of Modern Languages at the rapidly expanding Merchant Venturers’ School on 8 September 1896, contracted to teach thirty-four hours a week for an annual salary of one hundred and eighty pounds.3 He stood out among the teachers because of his conscientiousness, his thick Swiss-French accent and his appearance: a short, stocky, slow-moving man with a drooping moustache, a receding hairline and a face dominated by a huge forehead.


Mellowest of British industrial cities, Bristol was known for the friendliness of its people, its mild and wet climate and the hilly roads that wend their way down to the moorings on the river Avon, eight miles from the coast. Bristol was then a thriving manufacturing centre, producing Fry’s chocolate, Wills’s cigarettes, Douglas motorcycles and many other commodities. Together, these industries had eclipsed the declining trade in shipping, which had been the city’s main source of wealth for centuries, some of it based on the slave trade.4 Most of the city’s wealthiest maritime figures were members of the Merchant Venturers’ Society, a secretive group of industrialists with a strong philanthropic tradition. It was the generosity of the Society that had made possible the founding of Charles’s school together with the high standard of its workshop and laboratory facilities.5


During a visit to the Central Library a few months after his arrival in Bristol, Charles met Florence Holten, the guileless nineteen-year-old librarian who would become his wife. Though no beauty, she was attractive and possessed features that she would later pass on to her most famous child: her oval face was framed by dark, curly hair, and a firm nose darted out from between her dark eyes. Born into a family of Cornish Methodists, she was brought up to believe that Sunday should be a day of rest, that gambling was sinful and that the theatre was decadent and best avoided.6 She had been named after the nurse Florence Nightingale, whom her father Richard met during the Crimean War, where he served as a young soldier before becoming a seaman.7 He was often away for months at a time, leaving behind his wife and six children, of whom Flo was second eldest.8


Flo Holten and Charles Dirac were an odd couple. She was twelve years younger than him, a daydreamer uninterested in pursuing a career, whereas Charles was strong-minded and industrious, devoted to his job. The couple had been raised in different, scarcely compatible religions. She was from a family of devout Methodists and so had been raised to frown on alcohol, whereas Charles had been brought up in a Roman Catholic home and liked a glass of wine with his meals. Catholicism had been the cause of riots in Bristol and other English cities, so Charles may at first have kept his religious beliefs to himself. If he did disclose them, his relationship with the young Flo would have raised eyebrows in her circle.9


Despite the possible sectarian tensions, by August 1897 Charles and Flo were engaged, though Flo was feeling sore. Charles had chosen to ‘break the spell’ of their relationship to visit his mother Walla, a dressmaker in Geneva, leaving his fiancée to sulk in Bristol’s incessant rain. His father had died the year before. He had been a highly strung junior schoolteacher and later a stationmaster at Monthey station in south-west Switzerland but was dismissed for repeatedly being drunk on duty, leaving him plenty of time to pursue his interest in writing romantic poetry.10 The Swiss stretch of the Rhône valley had been home to the Dirac family since the eighteenth century, when – according to family lore – they moved from the Bordeaux area in western France. The names of many of the towns in this region and its vicinity end in -ac, such as Cognac, Cadillac and the little-known village, about ten kilometres south of the Angoulême, called Dirac.11 Charles believed his family had originated there, but there is no evidence for this among the family records, now stored in the town hall of Saint Maurice (near Monthey), where the colourful Dirac coat of arms – featuring a red leopard with a three-leaf clover in its right paw, below three downward-pointing pine cones – is one of many painted on the walls.12


Uneven postal delays caused Charles’s letters from Switzerland to arrive out of order, infuriating Flo, who wished that ‘letters went by electricity like tram cars’; a century would elapse before long-distance lovers benefited from the type of communication she was vaguely envisioning – electronic mail.13 Lonely and disconsolate, she repeatedly read Charles’s notes and, when her family was not looking over her shoulder, replied with newsy letters of how they could not resist teasing her about her pining for ‘my own boy’. Struggling to put her longing into words, she sent him a poem full of ardour; in return, he sent a posy of Alpine flowers which she hung round his photograph.


Almost two years later, Flo and Charles were married ‘according to the rites and ceremonies of the Wesleyan Methodists’ in Portland Street Chapel, one of the oldest and grandest of Bristol’s Methodist churches. The couple moved into Charles’s residence in 42 Cotham Road – probably in rented rooms – a short walk from Flo’s family home in Bishopston, in the north of the city. Following custom and practice, Flo stopped doing paid work and stayed at home to do the housework and read about the first skirmishes of Britain’s latest imperial venture, the Boer War in South Africa. Soon, she had other things on her mind: the Diracs’ first son Felix was born on the first Easter Sunday of the new century.14 Nine months later, the country mourned the passing of an era when Queen Victoria, having reigned for an unprecedented sixty-three years, died in the arms of her grandson, Kaiser Wilhelm II. Soon after a period of national grief, mitigated only by relief at the ending of the war, the family prepared for a new beginning of its own. In July 1902, they moved into a slot in one of the new terraces on Monk Road, to a roomier, two-storey home that Charles named after his native town of Monthey. The Diracs would soon need extra space as Flo was again pregnant, with only a few weeks to go before the birth.15




 





On Friday, 8 August 1902, Bristol’s eyes were on London, where King Edward VII was to be crowned on the following day. Thousands took the train from Bristol to the capital to see the coronation procession, but the celebrations were a sideshow in the Dirac household. On that Friday morning, Flo gave birth at home to a healthy six-pound boy, Paul Adrien Maurice Dirac. He was, as his mother later recalled, a ‘rather small’, brown-eyed baby, who slept contentedly for hours in his pram in the patch of the front garden.16 His mother worried that he ate less food than most children, but the family doctor reassured her that Paul ‘was OK, perfectly proportioned’.17 His parents nicknamed him ‘Tiny’.


When Felix and Paul were young, they resembled each other, each a quiet, round-faced cherub with a thick bonnet of black, curly hair. Flo dressed them stylishly in thick woollen waistcoats topped with stiff, white-lace Eton collars that reached out to their shoulders, like the wings of a huge butterfly. From family letters and Flo’s later testimony, it appears that the boys were close and liked to be with their father, whose top priority was to encourage them to learn. With the virtual absence of visitors and opportunities to mix outside their immediate family, Paul and Felix probably did not appreciate they were being brought up in a singularly unusual environment, a hothouse of private education overseen by a father who would speak to them only in French and a mother who would talk only in English. According to one witness, the young Paul Dirac believed that men and women spoke different languages.18


But Paul and Felix were let off the leash occasionally. Their mother sometimes took them to the Bristol Downs so that they could play on the vast expanse of grassy parkland stretching from the cliffs of the Avon Gorge to the edges of the city’s suburbs.19 From their favourite spot on the Downs, the Dirac boys had an excellent view of the Clifton Suspension Bridge, one of the most famous creations of Isambard Kingdom Brunel, the charismatic engineer who also left Bristol with its Floating Harbour and Temple Meads railway station, two of the city’s finest monuments.


In the summer, the family would take a bus trip to the beach at nearby Portishead, where the boys learned to swim. Like most families of their modest means, the Diracs rarely took vacations, but, in 1905, they went to Geneva to visit Charles’s mother, who had an apartment a stone’s throw from the lake and ten minutes’ stroll from the railway station.20 The brothers spent hours by the lakeside statue of the philosopher Jean-Jacques Rousseau, playing together and watching the artificial geyser shoot its jet of water ninety metres towards the sky. When the seventy-year-old Dirac told this story, one of his earliest memories, he liked to point out that his first trip to Switzerland took place at the same time as Einstein was having his most successful spurt of creativity in Berne, only a short train journey from Geneva. That year, Einstein wrote four papers that changed the way people think about space, time, energy, light and matter, laying the foundations of quantum theory and relativity. Twenty-three years later, Dirac would be the first to combine the theories successfully.




 





There exist two vivid snapshots of life in the Dirac household in the summer of 1907, shortly before Paul started school, a year after the birth of his sister Betty. The first is the correspondence between Charles Dirac and his family when he was in Trinity College, Cambridge, attending the International Esperanto Congress. Earlier in the year, Charles had qualified to teach the language, which he championed in Bristol for the rest of his life.21 When Charles was away, his family showered him with loving notes. Flo’s affectionate gusto was almost as intense as it had been in the heat of their passion, ten years before. Up to her ears in the chaos of having to look after the three children – taking them for walks, feeding the pet mice, cooking Paul his favourite jam tarts – she had the undivided attention of her boys: ‘It is very quiet without you, the boys are sticking to me for a change.’ She assured her husband that his family at home ‘all had a nice dinner, mutton, peas, junkets [a sweet dessert]’. The boys missed Charles terribly, Flo told him, just as she did: ‘I shall miss you in the bye-bye [i.e. bed] tonight.’22 Flo enclosed in her letters to Charles notes from Felix and from Paul, who wrote in stick-letter capitals of the welfare of the mice and, most importantly, his love for him: ‘Tiny hopes Daddie has not forgotten little Tiny’ and ‘I love you very much. Come home soon to your own Tiny Dirac xxxxx.’ Charles replied with a postcard, written mainly in English but with a little French, promising to bring home some Esperanto chocolate and concluding, ‘I would not go out if I did not have to.’


Nothing in this loving correspondence bears any sign of the terrible home life that Dirac described to Kurt Hofer. Charles’s use of English words appears to be inconsistent with the French-only linguistic regime that Paul claimed his father practised, and his father’s tone bears no sign of the heartlessness that Paul remembered.


It is clear that Charles was as keen as any other father to keep a photographic record of his children. At about this time, he purchased a camera – probably one of the fashionable Kodak box Brownies – to take pictures of his children, many of them showing Felix, Paul and Betty reading avidly. Charles also wanted a portrait of his family to be taken by a professional and for the result to be printed on postcards for family and friends. The photograph, the only surviving image of the entire family, was taken on 3 September and gives us the second impression of the Diracs in 1907.23 Flo looks demure and serious, her long hair tied up at the back, baby Betty on her lap. Felix is leaning towards her, smiling broadly and looking directly into the camera like Paul, whose left arm rests on his father’s right leg, apparently seeking reassurance. Charles leans forward to the camera, eagerly, his alert eyes shining. He steals the picture.


This photograph of a happy family is subverted by Dirac’s later memories of trauma and unhappiness. In one stinging memory, his parents bawled at each other in the kitchen while he and his siblings stood in the garden, frightened and uncomprehending. He once remarked in an interview that his parents ‘usually ate separately’, though twenty years later friends wrote that he told them he ‘never’ saw his parents have a meal together – apparently a rare example of his being caught exaggerating.24 The rift between his parents was, according to Dirac, responsible for his dining-table ordeals. Three times every day, the tinkling of cutlery, the clatter of saucepans on the gas stove, the waft of cooking smells through the house presaged the ritual that he loathed. In none of the surviving accounts of the dining arrangements did he explain why he alone sat with his father, while his brother and sister ate with their mother in the kitchen. The only partial explanation that Dirac ever gave was that he could not sit in the kitchen because there were insufficient chairs.25 But this says nothing about the mystery of why Charles singled out him, not Felix or Betty, for special treatment.


The dining ritual was particularly harrowing on winter mornings, Dirac remembered. He would sit at the table with his father in the silent room, warmed by the burning coal in the fireplace and lit by a few oil lamps. Charles would be dressed in his three-piece suit, ready to cycle to the Merchant Venturers’ School, always anxious not to be late for Assembly. His wife, scrambling and disorganised in the kitchen, made his anxieties worse by serving breakfast – usually large portions of piping-hot porridge – much too late for comfort. While he was waiting for his breakfast, Charles gave his first French lesson of the day to his younger son. Quite apart from Dirac’s hatred of these arrangements, he grew to dislike eating mainly because his parents insisted, even when his appetite had been sated and he felt sick, that he must eat every morsel of food on his plate.26


For the young Dirac, this was normality. In his early thirties, he wrote to a close friend of the sourness of his home life: ‘I did not know of anyone who liked someone else – I thought it did not happen outside novels.’27 In another letter, he wrote: ‘I found it to be the best policy as a child […] to make my happiness depend only on myself and not on other people.’28 According to Dirac, his best defence against the unpleasantness and hostility he perceived all around him was to retreat into the bunker of his imagination.




 





Dirac first experienced the company of children outside his family shortly after his fifth birthday, when he started at the small and intimate Bishop Road Junior School.29 This was his first opportunity to socialise, to get a sense of other children’s lives, of other domestic customs and practices. But he apparently made no attempt to talk to other children: he remained silent and continued to live in his own private world.


The school was round the corner from his home, so close that he could hear its bell ringing at the start of the day. Despite the daily hurry of the breakfast routine, he and his brother always arrived on time.30 Dirac’s class typically consisted of about fifty children crammed into a room about twenty-five feet square, the pupils sitting in rows of identical wooden desks, learning in an atmosphere that was, by today’s standards, extremely disciplined and competitive.31 At the end of their time at school, children had to compete for scholarships that would help to pay for their senior education. Success meant that the child’s parents would have to pay little or nothing; failure often meant that the child would be sent out to work.


Paul and Felix were recognisably brothers, but Felix had a rounder face, was a few inches taller and was more heavily built.32 He was placid and well behaved, though given to lapses of concentration, as his headmaster pointed out when he wrote across his school report: ‘The boy appears to me to be a perpetual dreamer. He must wake up!’ Felix appears to have taken the advice, as he soon improved and did well in most subjects, especially drawing.33


From Dirac’s later descriptions of his early life, we might expect him to have been an unhappy child, but there are no signs of this in the extant descriptions of him at the time. Twenty-seven years later, when his mother wrote a short poem about him for her own amusement, she described him as ‘a cheerful little schoolboy’, and added that he was ‘contented’ and ‘happy’.34 In official reports written when he was eight, teachers at Bishop Road do not comment on his demeanour, saying only that he was ‘well behaved’, ‘an intelligent boy’ and ‘a very steady worker’. But there are indications that Dirac was not performing to his potential. A few teachers allude to this, most notably the Headmaster, who, on seeing that Dirac had only just managed to be ranked in the top third of the class, wrote on his report in November 1910, ‘I expected to find you higher.’35


Among the boys Dirac did not get to know at Bishop Road School was Cary Grant, then known as Archie Leach and living in poverty about half a mile from Monk Road. In the classrooms and playground of the Bishop Road School, Dirac acquired the distinctively warm Bristol accent, which sounds slightly hickish to other native English speakers, evocative of farmers in the south-west of the country. Like other young natives of Bristol, Dirac and Grant added an L to the pronunciation of most words that end in the letter A, a practice that is now dying out, though many English people still recognise Bristol as the only city in Britain to be able to turn ideas into ideals, areas into aerials.36 Cary Grant shed this accent when he emigrated to the United States, but Dirac kept it all his life. He spoke with a gentle intonation and an unassuming directness that would surprise the many people who expected him to talk like the plummy-voiced English intellectual of popular caricature.


Like his brother, Dirac’s ranking in the class gradually improved. He was good though not exceptional at arithmetic, and he did well in most subjects that did not involve his meagre practical skills. Soon after his eighth birthday, his teacher described him as ‘An intelligent boy, but must try hard with his handwork’, drawing attention to his poor marks for handwriting (45 per cent) and drawing (48 per cent). His disappointed teacher commented that he should have done better than thirteenth in the class. Two years later, Dirac was consistently at or near the top of his class, his overall grade occasionally lowered by his relatively weak performance in history and brushwork.37 At home, he pursued his extra-curricular hobby of astronomy, standing in his back garden at night to check the positions of the visible planets and constellations and, occasionally, to follow the track of a meteor hurtling across the sky.38


The school did not teach science but did give classes in freehand drawing and also technical drawing, a subject that provided Dirac with one of the foundations for his unique way of thinking about science. His mother later drew attention to his ‘most beautiful hands’, suggesting that his long and bony fingers equipped him well to be an artist.39 Technical drawing, used by engineers to render three-dimensional objects on a flat piece of paper, is now taught at very few English junior schools, and rarely at senior level. Yet, in the early twentieth century, it was a compulsory subject for half the pupils: for a few lessons each week, the class would split into two: the girls studied needlework, while the boys were taught technical drawing. In these classes, Dirac learned to make idealised visualisations of various manufactured products by showing them from three orthogonal points of view, making no allowance for the distortions of perspective.40


Britain was among the slowest of the wealthier European countries to introduce technical drawing into its schools and did so only in the wake of the Great Exhibition in 1851. Although the Exhibition was a great popular success, the most perceptive of its 6.2 million visitors saw evidence that mass technical education in Britain would have to improve substantially if the country were to retain its economic hegemony against growing competition from the USA and Germany. The Government agreed, enabling the Great Exhibition’s prime mover Sir Henry ‘King’ Cole to change the technical curriculum of English schools so that boys were taught technical drawing and given an appreciation of the beauty of manufactured objects as well as natural forms.41 There was, however, a backlash to this practical notion of beauty in the form of the Aesthetic Movement, which flourished in England from the mid-1850s. The movement’s leader in France was the flamboyant poet and critic Théophile Gautier, a weight-lifting habitué of the Louvre’s Greek galleries.42 His phrase ‘Art for art’s sake’ became the motto of the English aesthetes, including Oscar Wilde, who shared Gautier’s belief that formal, aesthetic beauty is the sole purpose of a work of art. This view would later be distantly echoed in Dirac’s philosophy of science.


Sir Henry Cole’s reforms endured: the guidelines set out by him and his associates were being used in Bishop Road School when Dirac began his formal schooling. In 1909, the educationist F. H. Hayward summarised the prevailing philosophy that underlies the contemporary teaching of art: ‘drawing aims at truth of conception and expression, love of beauty, facility in invention, and training in dexterity […] nature study and science lessons cannot proceed far without it.’43 Hayward urged that students should practise their drawing skills by trying to represent accurately both natural and manufactured objects, including flowers, insects, tables, garden sheds and penknives. In autumn 1912, Dirac was asked to draw a penknife, and he did it competently enough – like all his other drawings, it includes not a line of embellishment.44


The school took pains to teach its pupils how to write legibly, according to textbook rules that Dirac and his brother apparently studied closely.45 They developed a similar style of handwriting – consistent with the rules set out in the books they studied – neat, easy to read and virtually devoid of flourishes, except for the unusual forming of D, with a characteristic curl at the top left. Dirac did not change this calligraphy one iota for the rest of his life.


In the early summer of 1911, school inspectors noted that ‘the boys who are particularly bright and responsive are being carefully trained in habits of self-reliance and industry.’ Nearly three years later, when Dirac was in his final year at the school, the inspectors visited Bishop Road again and wrote warmly of this ‘progressive’ school and the practical education it offered: ‘a keen, vigorous and thoughtful head [teacher]. Staff [are] earnest, painstaking […] Drawing is well taught and handwork is resourceful, the boys make a number of useful models and are allowed considerable freedom in their choice while the work is so taken as to train them in habits of self reliance, observation and careful calculation and measurement.’46


Bishop Road School wanted to give its pupils the skills they needed to get good jobs. But, for Dirac, the most important consequence of this practical approach was that it helped to shape his thinking about how the universe works. As he was sitting at his desk in his tiny Bristol classroom, producing an image of a simple wooden object, he had to think geometrically about the relationships between the points and lines that lie in a flat plane. In his mathematics classes, he also learnt about this type of Euclidean geometry, named after the ancient Greek mathematician who reputedly discovered it. So, Dirac studied geometry using both visual images and abstract mathematical symbols. Within a decade, he would transfer this geometric approach from concrete technological applications to the abstractions of theoretical physics – from an idealised, visual representation of a wooden fountain-pen stand to an idealised, mathematical description of the atom.




 





Later in life, Dirac would say that he never had a childhood. He knew nothing of the rites of passage of most other young boys – long weekend afternoons spent stealing eggs from birds’ nests, scrumping from nearby orchards, dashing out in front of trams. In many ways, as a child he seems to have behaved much as Newton had done. ‘A sober, silent, thinking lad […] never was known scarce to play with the boys abroad’ was how one of Newton’s friends described him: the description applies equally well to Dirac as an infant.47


Dirac was not interested in sport, with the exception of ice-skating, which he learned with Betty and Felix at the nearby Coliseum rink, the talk of Bristol when it opened in 1910.48 Decades later, his mother recalled that he would sit quietly, reading books that he had placed neatly around him and learning long poems that he would recite to his family.49 She shed some light on his sheltered childhood when she spoke to reporters in 1933: ‘[his father’s] motto has always been to work, work, work, and if the boy had showed any other tendencies, then they would have been stifled. But that was not necessary. The boy was not interested in anything else.’50 There is little doubt that Charles Dirac impressed his sedulous work ethic on his younger son, who later wrote admiringly of his father’s conscientiousness:




One day while cycling [to school, my father fell off his bike], trying to avoid  a child who ran out in front of him, and broke his arm. He was very conscientious,  so he continued to the school and continued with his teaching, in spite of the broken arm. Eventually, the head master found out about it and sent him home, and told him not to come back until he was better.51





Paul was also aware that his father was exceptionally careful with money. In April 1913, Charles took the biggest financial decision of his life by purchasing a more expensive and more spacious home. The family moved from the cramped terrace of Monk Road to a neat semi-detached residence a few minutes’ walk away in a slightly more salubrious part of Bristol, at 6 Julius Road. The Diracs now had a home befitting Charles’s status in the community, with separate rooms for their two boys so that Dirac now had a place to escape, a private place where he could work alone. The family still kept themselves to themselves, inviting no visitors into their home, apart from Flo’s family, her guests – all female – at a monthly afternoon tea party and the steady stream of pupils who took private language lessons from her husband.52


Like many parents, Charles entered all his children for scholarship exams.53 When Felix was nine years old, he failed one of these exams, leading his father to demand an explanation from his teachers; Betty also failed the exam a few years later. Paul had no such problems: he passed every scholarship exam with flying colours and, thus, unlike Felix and Betty, ensured he was educated at minimal expense to his parents.




 





Dirac could see new technology making its imprint on Bristol. The city centre was a patchwork of centuries-old buildings and brand-new ones, many of them emblazoned with advertisements for new services and products.54 Open-topped motor cars vied for space on the roads with horse-drawn carriages, bone-shaking bicycles and the trams that made their jerky way round the city. When a programme of road construction began, in the early years of the century, cars began to dominate the city. In late 1910, Dirac had witnessed the beginnings of the Bristol aviation industry, one of the first and largest in Britain. The leading figure in this new Bristol industry was the local entrepreneur Sir George White, who founded the British and Colonial Aeroplane Company and supervised the building of some of the earliest aircraft in a tram shed in Filton, a few miles north of the Diracs’ home. Long afterwards, Dirac told his children that he would rush out into the back garden to see aeroplanes precariously taking off from the new airfield less than a mile away.55 It seems that he wanted to find out more about this new technology: among the papers he kept from his youth were details of a programme at a local technical college, beginning in December 1917: ‘Ten Educational Lectures on Aeronautics’.56


Dirac and his brother stood out among the boys in Bishopston as they both spoke good French even before they started school. According to one report, local boys would stop the Dirac brothers on the streets and ask them to speak a few sentences of French.57 This knowledge of French was also obvious to the students at their next school, where the language was taught by the school’s most feared disciplinarian – their father.
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In the world of commerce,


In the crafts and arts,


Sons of her are honour’d


Nobly bear their parts;


While in sports and pastimes


They have made a name,


Train’d to wield the willow,


Learn’d to ‘play the game’.


    Verse of the Merchant Venturers’ School song1








On 4 August 1914, when Dirac was preparing to start at senior school, he heard that Britain was at war – the first conflict to involve every industrialised country in Europe. ‘The European War’, which would claim more British lives than any other, was to be the backdrop to the whole of his secondary education at the Merchant Venturers’ School.


Like most other British cities in the UK, Bristol quickly prepared for the war, the urgency of the preparations heightened by the statement by the Boer War hero Lord Kitchener that the conflict would be decided by Britain’s last million men. On the last day of August, in his capacity as Secretary of State for War, Kitchener sent a telegram to the Bristol Citizens’ Recruiting Committee asking them to form a battalion of ‘better class young men’, and within a fortnight some 500 professional men had volunteered for the ‘Twelfth Gloucesters’, part of ‘Kitchener’s Army’.2 Within a few weeks, the focus of the city’s industries had changed from making money to supplying the military with everything from boots and clothes to cars and aircraft. Even the Coliseum ice-rink was commandeered as a site to assemble warplanes.


The first casualty lists were published barely a month after the declaration of war. The Bristol newspapers reported that the Allies had contained the initial German onslaught and that the battle lines had hardened to form a series of linked fortifications that stretched from the Franco-Belgian border on the coast right through to the Franco-Swiss border, close to where Charles Dirac had been brought up. After Parliament passed the Aliens Registration Act, Bristol was one of the UK cities to be declared a ‘prohibited area’. Charles had to register with the authorities as a foreigner, although he was hardly a threat to British security. By the time his elder son arrived at the all-boys Merchant Venturers’ Secondary School, Charles had spent almost a third of his forty-eight years as its Head of French, doing more than any other teacher to extend the school’s reputation for excellence beyond its established forte of technical subjects to modern languages.


It took Charles about fifteen minutes to cycle from his home to the school in Unity Street, in the heart of the city. The building was round the corner from the Hippodrome, Bristol’s newest and swankiest music hall, where the young Cary Grant secured his first job, as a trainee electrician helping to operate the lighting rigs – soon after Paul started at the school. The school’s Edwardian-Gothic building had been opened in April 1909, after the previous school on the site had burnt down. Everyone in the vicinity of the new school heard the clatter and rumblings from the basement workshops. The vibrations were so violent that the school’s near-neighbour, Harvey’s wine merchants, complained of the incessant disturbance to their cellars.3


The behaviour of Charles Dirac, whose pupils nicknamed him ‘Dedder’, emerges clearly in the testimonies of several of his fellow teachers and his students obtained by the Oxford University physicist Dick Dalitz in the mid-1980s. One of Dirac’s fellow students, Leslie Phillips, gave a sense of the reputation of Monsieur Dirac:




He was the disciplinarian in the school, precise, unwinking, with a meticulous, unyielding system of correction and punishments. His registers, in which he recorded all that went on in the class were neat and cabalastic; no scholar could possibly understand their significance. Later, as a senior, I began to realize the humanity and kindness of the man, the twinkle in the eyes. But to us in the junior school, he was a scourge and a terror.4





Dedder was well known for his old-fashioned, strictly methodical approach to teaching and for springing random tests on his students, so that they always had to be prepared. If he caught them cheating in these tests or in their homework, he punished them with four half-hour periods of detention on Saturday afternoons. ‘You never wrote this. Saturday at four for cribbing,’ he told Cyril Hebblethwaite, later Lord Mayor of Bristol. Most teachers routinely meted out corporal punishment by whacking errant boys across their backsides with a slipper or cane with an enthusiasm that bordered on the sadistic. But there is no record that Charles was fond of this form of chastisement, either at school or at home.


It is easy to imagine Monsieur Dirac’s terrified pupils looking at Paul and Felix and wondering, probably out loud, ‘What’s he like at home?’ Their father’s strict classroom regime did, however, bring the benefit of a supply of comics that he had confiscated and brought home for his children.5 The young Dirac read these cheap ‘penny dreadfuls’, black-and-white comics full of slapstick cartoons, juvenile jokes, detective stories, sensational tales of soldierly adventure and even the occasional topical reference to the build-up of the German military.6 This one concession to popular culture in the Dirac home gave the young Paul an enduring taste for comics and cartoons.


The boys’ mother also inflicted her share of pain on them by keeping their hair in tight curls and making them wear knickerbockers long after they were fashionable. They wore short breeches and garters so tight that, when they were removed, they each left an angry red line around the boys’ legs. Dirac long remembered the taunts of his fellow pupils for being what nowadays would be damned as ‘uncool’.7 Such was his induction into that most characteristic of English anxieties, embarrassment.


Like all parents at that time, Charles and Flo worried that their children would catch tuberculosis, then responsible for one in every eight deaths in the UK.8 It was particularly brutal in culling adult males: it accounted for more than one death in three among men aged fifteen to forty-four. The Dirac children were all born during the first decade of a government-funded anti-tuberculosis campaign that urged all citizens to get out into the open air, to take plenty of outdoor exercise and thus to get plenty of fresh air into their lungs. This philosophy may have encouraged Charles to decline to pay for his sons’ tram fares to and from school and therefore to force them to walk there and back twice a day (they had lunch at home). Paul later resented what he believed was his father’s meanness, though it probably led him to acquire a taste for taking long walks, soon to become one of his obsessions.9




 








It took only weeks for Dirac to establish himself as a stellar pupil at the Merchant Venturers’ School. Except for history and German, he shone at every academic subject and so was usually ranked as the top student of his class.10 The curriculum was wholly practical, with no room for music nor – to Dirac’s relief – Latin and Greek. Instead, the school focused on subjects that would equip its boys to take up a trade, including English, mathematics, science (though not biology), some geography and history. What made the education at this school special was the high quality of the teaching of technical skills such as bricklaying, plasterwork, shoemaking, metalwork and technical drawing. For the previous fifty years, government inspectors had praised the school for giving one of the best technical educations available to any child in the country.11


In the school’s laboratories, Dirac learned how to fashion pieces of metal into simple products, how to operate a lathe, how to cut and saw, how to turn a screw thread. Away from the clatter of machinery, the puddles of oil and the coils of swarf, he learned more of the art of technical drawing. These lessons built on the introductory classes at Bishop Road and showed Dirac how to produce plans for more complicated objects, developing his ability to visualise them from different angles. In his ‘geometric drawing’ classes, Dirac considered cylinders and cones, and he learned how to see in his mind’s eye what happens when they are sliced at different angles and then viewed from various perspectives. He was also taught to think geometrically about objects that are not static but moving, and he learned how to draw the path of, for example, a point on the outside of a perfect circle as it rolls along a straight line, like a speck of dust on the outside of a wheel rolling along a road. To students who first encounter these shapes – curved, symmetrical and often intricate – they are a source of delight. If, as is likely, Dirac wondered how to describe these curves mathematically, his technical-drawing teachers would probably have been unable to enlighten him as they were usually former craftsmen with little or no mathematical expertise.


Although Dirac focused intensely on his college work, he was well aware of the scale of the war. All day long, convoys of trucks passed through Bristol with their supplies for the soldiers at the front, and huge guns were towed through the streets, shaking nearby buildings. At night, the streetlamps were extinguished to make the city a difficult target for the expected convoys of German airships, although they never arrived. The city’s rapidly expanding aviation industry was on a war footing, so the threat of aerial bombing was clear to Dirac, who passed a busy aircraft factory every time he walked to and from school.12




 





Unreliable news of the conflict trickled back from the battlefronts through newspapers and by word of mouth. The Government’s censorship policy prevented journalists from reporting on the full extent of the carnage, but readers could form a broad picture of the conflict and its ramifications. In February 1916, the Germans began their campaign to try to wear down the French Army at Verdun, and in July the British Army attacked on the Somme. Casualty figures soared, although the battle lines changed only slowly. In April 1917, the Germans introduced unrestricted U-boat warfare, aiming to cut supplies of food and other resources to the UK and thereby to force the enemy to the conference table. This brought the United States into the war, and Bristol celebrated by giving its schoolchildren a half-day holiday on 4 July, Independence Day.13 Meanwhile, Russia was in turmoil, with the fall of the monarchy in February followed nine months later by Lenin’s Bolshevik revolution.


Every day, the Dirac family read about these events in the local and national newspapers. The inside pages of the Bristol Evening News showed head shots of uniformed teenage soldiers, with a few lines that listed their regiment, when they fell and whom they left behind. Despite the depressing regularity of these reports, the recruitment campaigners maintained a constant flow of army volunteers, many of them younger than the minimum legal age of eighteen. Some of the boys shipped out to the killing fields were only a year older than Dirac. The nearest he came to military service was a brief stint in the Cadet Corps in 1917, but around him there was plenty of evidence of the experiences of less fortunate young men. He would certainly have seen legions of wounded and maimed soldiers hobbling around the city, having returned from France for treatment.14


But the war was a boon for Dirac’s education.15 The exodus of the school’s older boys depleted the higher classes and enabled Dirac and other bright children to fill the gaps and therefore make quick progress. He excelled at science, including chemistry, which he studied in a silence that he broke on one occasion, a fellow student later remembered, when the teacher made an error, which Dirac gently corrected.16 In the foul-smelling laboratories, Dirac learned how to investigate systematically how chemicals behave and learned that all matter is made of atoms. The famous Cambridge scientist Sir Ernest Rutherford gave an idea of the smallness of atoms by pointing out that if everyone in the world spent twelve hours a day placing individual atoms into a thimble, a century would elapse before it was filled.17 Although no one knew what atoms were made of or how they were built, chemists treated them as if they were as palpable as stones. Dirac learned how to interpret the reactions he saw in the laboratory test tubes simply as rearrangements of the chemicals’ constituent atoms – his first glimpse of the idea that the way matter behaves can be understood by studying its most basic constituents.18


In his physics lessons, he saw how the material world could be studied by concentrating, for example, on heat, light and sound.19 But the mind of young Dirac was now venturing far beyond the school curriculum. He was beginning to realise that underneath all the messy phenomena he was studying were fundamental questions that needed to be addressed. While the other boys in his class were struggling to get their homework done on time, Dirac was sitting at home, reflecting for hours on the nature of space and time.20 It occurred to him that ‘perhaps there was some connection between space and time, and that we ought to consider them from a general four-dimensional point of view’.21 He appears to have shared much the same opinion as the Time Traveller in the 1895 novel The Time Machine by H. G. Wells, whose science-fiction novels he read: ‘There is no difference between Time and any of the three dimensions of Space except that our consciousness moves along it.’22 Such an opinion had wide currency at the end of the nineteenth century, and Dirac may have read the Traveller’s words when he was a child.23 In any case, the young Dirac was mulling over the nature of space and time before he had even heard of Einstein’s theory of relativity.


Dirac’s teacher, Arthur Pickering, gave up on teaching him with the rest of the boys and sent him to the school library with a book list. Pickering once set the prodigy a set of tough calculations to keep him busy at home that evening, only to hear from Dirac on his way home that afternoon that he had already done them.24 And Pickering opened up another new vista to Dirac when he suggested that he look beyond simple geometry to the theories of the German mathematician Bernhard Riemann, who had proposed that the angles of a triangle do not always add up to exactly 180 degrees.25 Just a few years later, Dirac would hear how Riemann’s geometric ideas – superficially without relevance to science – could shed new light on gravity.


Charles Dirac understood as well as anyone that his younger son had an exceptionally fine mind coupled with formidable powers of concentration. By imposing a rigorous educational regime at home, Charles had produced a workaholic son in his own image, as he presumably intended. What Charles did not apparently appreciate as acutely as other people was Paul’s odd behaviour. The young Dirac’s fellow students certainly regarded him as strange. In testimonies given sixty years later, several of them described him as a very quiet boy; two accounts speak of ‘a slim, tall, un-English-looking boy in knickerbockers with curly hair’, and ‘a serious-minded, somewhat lonely boy [who] haunted the library’.26 Even at that time, he had a monomaniacal focus on science and mathematics. Games did not appeal to him and, when he was obliged to play, his participation seems to have been superfluous: one of his fellow schoolboys later remembered that Dirac’s style of holding a cricket bat was ‘peculiarly inept’. As an old man, Dirac attributed his dislike of team games to his having to play soccer and cricket with the older and bigger boys on the Merchant Venturers’ playing fields.27


His appreciation of literature was also extremely limited. He never understood the appeal of poetry, though he did read novels written to appeal to young boys, including adventure stories and tales of great battles, scrutinising each text with the care of a literary critic.28 As a nine-year-old, Bishop Road School had awarded him a prize of Daniel Defoe’s Robinson Crusoe, a novel that always strikes a chord with those who are happy to be away from the crowd – almost, but not quite, alone.29


It was the mathematics and science lessons that did most to shape Dirac’s way of thinking. Decades later, when his history teacher Edith Williams renewed contact with him, she told him that, when he was a student in her class, she ‘always felt you were thinking in another medium of form and figures’.30 By every account of Dirac’s behaviour in his mid-teens, he had the same personality characteristics as today’s pasty-faced technophiles who prefer using the latest software and gadgets to mixing with other people and who are happiest sitting alone at their computer screens. From a modern perspective, the young Dirac was an Edwardian geek.




 





At the Merchant Venturers’ School, the class sizes shrunk and the range of lessons narrowed. When Dirac began at the school in September 1914, there were thirty-seven boys in his class; by the time he left in July 1918, four months before the end of the war, there were eleven. At the Speech Day, July 1918, he received a prize – as he had done every year – and heard the Headmaster announce that ninety-six boys had been killed and fifty-six wounded in the year 1916–17.31 For the rest of his life, he would remember these litanies of death.


Nor was there any respite at home from the gloom. In Dirac’s eyes, when his father returned home from school, his persona changed from the school’s fair-minded and respected disciplinarian to bullying tyrant. He still imposed his linguistic regime at the dinner table, where wartime shortages and rationing had made Flo’s meals simpler and less abundant. By the beginning of 1918, there were long, morale-sapping queues for bread, margarine, fruit and meat. The price of a chicken rose to a guinea, a week’s wages for a manual labourer.32 The shortages encouraged many families, including the Diracs, to cultivate fruit and vegetables, and it was mainly for this reason that Paul Dirac took up gardening, though the hobby would also have given him another reason to escape the atmosphere inside the house.33


Another source of unhappiness in the Dirac family was that Charles and Flo each had a favourite child: Paul was his mother’s, Betty her father’s, with Felix left out in the cold.34 As a student, Felix had done almost as well as his younger brother at Bishop Road, but the gap between their abilities at senior school became so wide that it began to cause serious friction between them. The two brothers no longer walked around together but were continually bickering. In his later life, Dirac was uncharacteristically forthright about the reason for the rift: ‘having a younger brother who was brighter than he was must have depressed him quite a lot’.35 This is a telling remark. Dirac was never socially sensitive and, as an old man, was exceptionally modest and given to understatement, so he was probably making light of how painful Felix found the experience of being academically outclassed by his younger brother.





As he came to the end of his studies at the school, Felix had set his heart on becoming a medical doctor. His father, however, had other ideas: he wanted Felix to study engineering. This subject was popular among young people, just as Bernard Shaw had foreseen in his novel The Irrational Knot: a new class of engineer-inventors would go ‘like a steam roller’ through the effete boobies of the aristocracy.36 The future appeared to be in the hands of H. G. Wells’s ‘scientific samurai’. It certainly seemed sensible for Felix to use his practical skills to take a course that would virtually guarantee him employment. As Charles probably realised, for Felix to train to be a doctor would entail six expensive years of training, with little prospect of the costs being offset by Felix winning one of the scarce scholarships to medical school. Felix tried to stand firm, but Charles forced him to climb down, doing more harm to their relationship than he probably realised.37


The cheapest and most convenient place for Felix to study was at the university’s Faculty of Engineering, housed in the Merchant Venturers’ Technical College, which shared the same premises and facilities as the Merchant Venturers’ School.38 Probably with a good deal of resentment, Felix began his course in mechanical engineering there in September 1916, his studies funded by a City of Bristol University Scholarship.39


Paul never considered studying anything other than a technical subject.40 He could have taken his pick from dozens of science courses, and seriously considered taking a degree in mathematics, but decided against it after he learned that the likely outcome would be a career in teaching, a prospect that held no appeal for him.41 In the end, in the absence of a strong preference of his own, he decided to follow his brother – and, apparently, their father’s advice – by studying engineering at the Merchant Venturers’ College, supported by a generous scholarship.42


In September 1918, Felix was preparing to begin the final year of his engineering course, which he had been finding hard going – throughout, he had languished near the bottom of his class. At the same time, Paul, aged only sixteen, was about to join the ranks of the engineering students – two years younger than the other students in his class. Felix must have known that others were comparing his talent with his brother’s and that he would not emerge well from the comparison.
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A report by the Bristol Advisory Committee, working in conjunction with the Employment Exchange, issued early in 1916, threw light on the effect of the war on the labour of young people in the preceding year. It stated that boys were almost generally fired by the ambition to become engineers […]


GEORGE STONE and CHARLES WELLS (eds), Bristol and the Great War, 1920





On the overcast morning of Monday, 11 November 1918, Dirac set off from his home as usual to walk to the Merchant Venturers’ College. It was the beginning of his seventh week at the college, and appeared to be like any other day. But when he arrived, he found that all lectures had been cancelled. He soon heard the reason: suddenly and unexpectedly, the war had ended.


By midday, the centre of Bristol had become the site of a vast, anarchic carnival. During a day of noisy jubilation not seen before in living memory, English reserve was abandoned. Church bells rang out, businesses shut down, everyone felt licensed to drape themselves in the national flag, to march the streets, to bash empty biscuit tins and dustbin lids and anything that would make a lot of noise.1 All over the city, Union Jacks hung from windows, lamp posts and from the hundreds of trams and motor vehicles that had been commandeered for the day without demur from the police. Among the groups of marchers repeatedly singing ‘Rule Britannia’ was a group of American soldiers on the way to war, each of them holding a corner of the Union Jack. Nearby, a group of grammar-school students carried an effigy of the Kaiser, once a resident of Bristol.2 Dirac’s fellow Merchant Venturers’ students caroused around the city, singing the song they had composed for the occasion. Dirac long remembered the chorus they sang at the top of their voices: ‘We are the boys who make no noise,’ followed even more loudly by ‘Oo-ah, oo-ah-ah.’3


The Prime Minister David Lloyd George spoke that day in the House of Commons of the curious mixture of regret and optimism in the country after ‘the cruellest and most terrible War that has ever scourged mankind. I hope we may say that thus, this fateful morning, came an end to all wars.’ Fate, however, had yet more cruelty in store: the Spanish Flu pandemic that broke out towards the end of the conflict cost even more lives than the war. To try to slow the spread of the virus, Bristol’s schools had been closed, leaving thousands of children wanting to spend the afternoons laughing at new film comedians such as Fatty Arbuckle, but they were thwarted by the closing of the cinemas during school hours by the local Council’s Malvolios.4


The novelist and poet Robert Graves remarked perceptively that before August 1914, the country was divided into the governing and governed; afterwards, although there were still two classes, they had changed into ‘the Fighting Forces […] and the Rest, including the Government’.5 The new divisions were clear at the Merchant Venturers’ College after the war: Dirac saw young men returning from the battlefront suddenly outnumber the original intake of students, whose closest brush with the enemy had been through reading newspaper reports. The soldiers had returned to a brief welcome, but they had to settle down quickly to normal life, encumbered by disfigurement and by shell shock and other psychological damage. These men, most of them still in uniform, brought a new grittiness and pragmatism to the lecture rooms. Dirac later observed: ‘the new students had a more mature outlook on life, and in the Engineering Faculty they were especially eager to learn results of practical importance and [they] did not have much patience with theory.’6


The returning soldiers were among the thousands who flocked to that year’s Christmas treat in Bristol: the opportunity to see and take a tour around the inside of a captured German submarine U86. It was moored in the docks, the Union Jack flag fluttering on one of its masts above the German naval ensign. Everyone knew the significance of the display: the tank, the machine gun, the aircraft, radio and poison gas had all played their part in the war, but none had seemed more menacing than the submarine. Now this most feared weapon was impotently on show, like a dead shark.




 





Engineering was evidently not the subject best suited to the talents of the young Dirac. The course at the Merchant Venturers’ College was more practical than theoretical and therefore exposed his limited manual skills while not making the most of his mathematical gifts.7 True to form, Dirac strode ahead in mathematics and was ‘a student who got all the answers exactly right, but who had not the faintest idea of how to deal with apparatus’.8 Not only was he maladroit, his mind was on other things: he spent much of his time in the physics library, reflecting on the fundamentals of science.9 With no money and nothing else to do during the day, Dirac would walk down from his home in Julius Road to the college and work in the libraries six days a week.10 He did, however, make his first friend among the other thirty-one students in the class: Charlie Wiltshire, another solitary young man with a mathematical bent.


They were taught mathematics by Edmund Boulton, nicknamed ‘Bandy’, as his gait gave the impression that he had just dismounted a mare. Not a strong academic, Bandy showed his class how to tackle textbook mathematical problems in orthodox ways, only for Dirac repeatedly to proffer simpler and more elegant solutions. Soon Dirac and Wiltshire were segregated so that they could work at a pace that would not shame everyone else. Poor Wiltshire may have felt better if he had stayed behind, as he found the task of keeping up with his friend’s mathematical progress ‘utterly hopeless’. Within a year, they had completed the mathematical content of their degree, but Wiltshire was permanently scarred. Over thirty years later, he wrote that the experience of trying to stay abreast of Dirac had left him with a ‘pronounced inferiority complex’.11


Mathematics was only a small part of Dirac’s curriculum: he spent most of the time fumbling in the laboratories with Wiltshire or trying to stay alert during lectures. Unlike most students, he did not like to be spoon-fed and preferred to learn in private, ideally alone in the library, where he would flit back and forth between passages in books and journals, making his own links and associations. One course of lectures that did keep Dirac on his toes was given by the hard-driving head of the electrical-engineering department, David Robertson, a theoretically minded engineer who had been confined to a wheelchair after contracting polio.12 Dirac admired Robertson for arranging his life methodically and for the way he used clever labour-saving initiatives to help overcome his disability. It was difficult for Robertson to deliver standard chalk-and-blackboard presentations, so he used a precursor of digital presentation software: a continuous series of lantern slides lit – none too reliably – by a flickering carbon arc lamp.13 Robertson rushed through his commentary, giving no quarter to the intellectual limitations of his audience or to their need to write legible notes. Dirac’s favourable opinion of him was not shared by the great majority of his students, who were left trailing in frustration and despair.14


Robertson ensured that the electrical-engineering course was built on solid theoretical foundations. Dirac and his colleagues specialised in electrical engineering only in their final year, after they had been given a grounding in physics, chemistry, technical drawing and other types of engineering – civil, mechanical and automotive. No one could reasonably accuse the course of being out of touch with business: Dirac was taught the elements of management, contract law, patents, bookkeeping and accountancy. He even learnt about income tax.15


The course was based in the engineering laboratories. Dirac spent many hours every week there, working with Wiltshire, learning about the mechanical structures and machinery that underpinned industry, including bridges, pulleys, pumps, internal combustion engines, hydraulic cranes and steam turbines. He measured the strength of materials by stretching them until they snapped and by observing how much they bent under stress. The course on electrical engineering was extremely thorough, and Dirac learned about the subject from its roots – simple experiments in electricity and magnetism – through to the minutiae of the design and operation of the latest hardware of the electricity-supply industry. H. G. Wells could not have asked for a more thorough training for a future leader in his technocratic utopia.


The university Engineering Society organised trips to local factories, partly to give the students a sense of the noise and grime in which most of them would soon be working. A posed photograph taken on one of these trips in March 1919 shows the physical appearance of Dirac and his fellow students, all of them male. Each of them is wearing a tie, a hat and an overcoat, several of them have a stick, and a few are still in military uniform. The sixteen-year-old Dirac is standing at the front, hands in his pockets, looking blankly at the camera with a hint of adolescent rebelliousness. It is the first of many photographs of him as a young man to show confidence and resolve shining out of his eyes.16




 





Six Julius Road was a cold and unloving refuge to Dirac, but for many local people he seemed to be part of an admirable home. The reputation of Charles Dirac was still on the rise: he had become one of the ‘Big Four’ housemasters at the Merchant Venturers’ School, and his private language classes were thriving at home. A few minutes after the beginning of each tutorial, in the small study overlooking the front garden, Flo knocked on the door to bring Charles and his student a pot of tea and a plate of biscuits – part of the attentive service students took for granted at that address. She spent most of her time running the house but liked to while away afternoons reading romantic novels and the poetry of Robert Browning, Robert Burns and Rudyard Kipling. In an exercise book, she wrote out some of her favourite verse and a collection of aphorisms that indicated her penchant for the Victorian virtues: ‘Control, give, sympathise: these things must be learnt and practised: self-control, charity and sympathy.’17


The Diracs’ daughter Betty was as timid as her brothers. Most such girls of her generation began a menial job straight after leaving junior school, but Charles and Flo wanted her to continue her education at the nearby Redlands Girls’ School, where she studied without special enthusiasm or achievement. It was convenient for her father to accompany her to school after 1919, when his school relocated to Cotham Lawn Road, ten minutes’ walk from the Diracs’ home. The move was unpopular with its teachers, though it was made palatable for Charles by a sweetener – promotion to the more lucrative post of Associate University Lecturer. His colleagues in the staffroom respected him as one of the most effective teachers in Bristol, though many regarded him as odd. He did nothing to shed this reputation when he told one of them that he had been trepanned: presumably a surgeon had drilled a tiny hole into his head, intending to let out evil spirits.18


To some of Charles’s fellow teachers, there was a whiff of fraudulence about him: they found out that the letters B. ès. L. (Baccalauréat-ès-Lettres) that he almost always put after his name signified only that the University of Geneva had pronounced him able to embark on higher education. He had spent only a year at the university, as an auditeur, taking notes but not a degree. One of his colleagues later chuckled as he recounted the minor staffroom scandal involving Charles: as he was not eligible to wear the full academic dress, he bought a gown and asked his wife to make him a hood in red, white and blue. She knew nothing of the deception and only found out about it several years later.19


In the spring of 1919, for reasons that are not clear, Charles Dirac sought British nationality for the first time. He wrote urgently to the Swiss authorities, saying that after teaching in the UK for thirty years, ‘professional reasons’ made it essential that he renounce his Swiss nationality.20 When he submitted his application to the British authorities, he said he wanted the right to vote after the government had withdrawn it, following the recent amendment to the Aliens Registration Act, which also denied Flo – as the wife of a ‘foreign national’ – the right to vote in future general elections (she had voted for the first time six months before, in common with other British women over thirty years of age). Perhaps, too, he wanted his daughter and elder son to be eligible for the scholarships available only to British citizens? Whatever his motivation, Charles swore allegiance to George V in front of a justice of the peace in Bristol on 22 October 1919.21 On that day, his children also became Britons, having previously been classed as Swiss, a status that, according to Betty’s later recollections, caused her to be teased in the playground for being ‘one of those Europeans’.22 Paul Dirac was no longer a foreigner, but, to many British eyes, he would always have the air of one.




 





In the early summer of 1919, when Paul’s first-year results confirmed his potential as a top-flight student, Felix became the first person in his extended family to be awarded a degree, though only with third-class honours. The disparity between the brothers’ academic talents had never been so stark, so it is probably no coincidence that the relationship between them became seriously troubled at about this time. In the pained and elliptical comments Dirac made later about Felix, he remarked they would often ‘get into a row’, though he gives no details of the arguments.23 One possibility is that they were seeded by Felix’s jealousy and sense of inferiority, nourished by Paul’s lack of empathy with his brother and by his inability to muster tactful words that were sorely needed to preserve Felix’s sense of self-worth. Among his colleagues in his later career, Paul Dirac was famous for not understanding the feelings of others and for his lack of tact. It is unlikely that he was any different when he was a young man.


After Felix had taken his degree, he left home and moved two hundred miles away to Rugby, which was rapidly changing from one of the East Midlands’ sleepy market towns into a booming centre of the new electrical technology. Felix took a three-year student apprenticeship at the British Thomson-Houston Company, on a starting wage of a pound a week, giving him a measure of financial independence. Meanwhile, his penniless brother continued to study engineering – while moonlighting in physics – at the Merchant Venturers’ College. As he had already chomped his way through the mathematics part of the course, he seemed destined to spend the remaining two years of his engineering degree fumbling his way through his laboratory exercises and listening to his lecturers drone their way through the syllabus. Having cast around for a challenge, he amused himself in the library by hunting down the longest German words in the technical dictionaries (hyphens barred) and reading about the subject that most interested him, physics.24 His scientific imagination was ripe for a challenge, and, a few weeks after he began his second year at university, it arrived.




 





No event in Dirac’s working life ever affected him as deeply as the moment when relativity ‘burst upon the world, with a tremendous impact’, as he remembered nearly sixty years later.25 Einstein became a media figure on Friday, 7 November 1919, when The Times in London published what appeared to be just another post-war edition, including the news that the King supported the proposal of an Australian journalist for two minutes’ commemorative silence on the anniversary of Armistice Day. On page 12, the sixth column featured a 900-word article that most readers probably passed over, unless the headline, ‘Revolution in Science’, captured their attention. Yet this was a momentous piece of journalism, and it helped to propel Einstein from relative obscurity in Berlin to international celebrity; soon, his moustachioed face and frizzled mane of black hair were familiar to newspaper readers all over the world. The unsigned article reported the apparent verification of a theory by Einstein that ‘would completely revolutionize the accepted fundamental physics’ and thereby overturn the ideas of Isaac Newton that had held sway for over two centuries.26 The observations were made by two teams of British astronomers who had found that the deflection by the Sun of distant starlight during the recent solar eclipse was consistent with Einstein’s theory but not Newton’s. When he was an old man, Dirac remembered this as a time of special excitement: ‘Suddenly Einstein was on everyone’s lips […] [E] veryone was sick and tired of the war. Everyone wanted to forget it. And then relativity came along as a wonderful idea leading to a new domain of thought.’27


Dirac, Charlie Wiltshire and their fellow students were fascinated by Einstein’s new theory and tried to find out what the fuss was about. This was not an easy task. Their teachers, like most academics in the UK, were no more knowledgeable than their students about this alleged scientific revolution. Apart from occasional articles in scientific journals such as Nature, the primary sources of knowledge about the new theory of relativity were newspapers and magazines, whose editors gave commentators thousands of column inches to speculate – usually facetiously – about the new theory and its apparent defiance of common sense. On 20 January 1920, Punch featured an anti-Semitic poem that exemplified popular puzzlement with the theory that had originated behind the lines of the UK’s bitter enemy:






Euclid is gone, dethroned,


By dominies disowned,


And modern physicists, Judaeo-Teuton,


Finding strange kinks in space,


Swerves in light’s arrowy race,


Make havoc of the theories of Newton.








The pages of the newspapers and magazines were replete with advertisements for scores of half-baked accounts of Einstein’s work churned out only months after the theory came to public attention.28 At that time, there were no science journalists, so Dirac and his friend Wiltshire had to rely on popular articles written by scientists, notably Arthur Eddington, the Quaker astronomer and mathematician at the University of Cambridge and the only person in Britain to have mastered the theory. He had even got his hands dirty in one of the eclipse expeditions that produced crucial support for the theory.


In a stream of entertaining articles and books, Eddington deployed witty, down-to-earth analogies that made even the most complex abstract ideas accessible and arresting. His skill is exemplified in the account he gave in 1918 of Einstein’s famous equation E = mc2. Other authors could only crank out a dreary and barely comprehensible explanation of the equation’s neat connection between the energy E equivalent to a mass m, and the speed of light in a vacuum (symbolised by the letter c). Eddington knew better. In his explanation, he used the equation to do a calculation that he knew would interest his readers: he worked out the total mass of the light that the Sun shines onto the Earth and then used the result to comment on the controversial question of whether to keep daylight-saving time: 




the cost of light supplied by gas and electricity companies works out at something like £10,000,000 an ounce. This points the moral of Daylight Saving: the Sun showers down on us 160 tons of this valuable stuff every day; and yet we often neglect this free gift and prefer to pay £10,000,000 an ounce for [light of] a much inferior quality.29





Eddington and other writers fuelled Dirac’s interest in understanding how the material universe works. But he spent most of his time studying for his engineering degree, struggling to concentrate in lectures, mastering the theoretical concepts, doing experiments and writing them up in immaculate accounts that feature scarcely a single crossing-out. To the modern eye, they almost look as if they had been printed by machine in a special typeface that successfully mimics ordinary human handwriting, with every repeated letter reproduced identically.30


Charlie Wiltshire was one of the very few people who glimpsed the human side of Dirac. To most people, he looked like a cold-hearted solipsist, uninterested in human contact, engaged only by mathematics, physics and engineering. Even in those repressed times, Dirac appeared to be exceptionally narrow-minded and inhibited.31




 





Soon after his eighteenth birthday, Dirac had to spend time away from his sheltered environment for the first time. He travelled to Rugby, where his brother Felix was one of the small army of young apprentices in the local factories, to spend the summer as a trainee engineer, and, perhaps, to see whether he was suited to factory work. By the end of his month-long stay, the answer was clear.


Dirac worked in the British Thomson-Houston electrical goods factory, located on a ninety-acre site next to the railway station. The factory dominated the town. It was said that everyone who lived in Rugby either worked there or knew someone who did. Certainly, everyone in the town was familiar with the saw-tooth profile of the factory’s roofs, one of them bearing the sign ‘Electrical Machinery’. And everyone, wherever they stood, could see the smoke billowing from two chimneys that pointed to the sky like a pair of smouldering lances.


Dirac arrived in Rugby sporting a new wristwatch, a device that had a decade before been regarded as effeminate for men (and outré for women) but had become respectable after soldiers in the war had found them useful.32 He lodged above a draper’s shop on a street corner, precisely midway between the factory’s two entrances, a few minutes’ walk away. Dirac was one of about a hundred vacation students who provided menial labour, mainly in the relatively quiet testing laboratories well away from the turbine-construction area, when many of the workers were on holiday. It was a slow-news summer, enlivened only by the dramatic lockout of the Electrical Trades Union and by a local polo match in which one of the players was the Secretary of State for War, Winston Churchill.33


Flo regularly wrote to Paul, the first of several hundred letters that she sent him between then and her death. It seems that he kept all of them. These first letters were warm and newsy, telling him of Betty’s new dog, how ‘Daddy missed you when he had all the grass to cut’ and of the new overcoat she was going to have done up for him (‘I showed it to Pa & he wants it for himself’). Flo repeatedly complained that he was not telling the family enough about what he was doing. ‘Do you ever come across Felix?’ she asked.34 The answer was that the two brothers did pass each other on the streets of Rugby, but they did not exchange a word.35 Their relationship had deteriorated into a state of cold hostility; Paul apparently offered his brother the same expressionless stare that he gave almost everyone else. Either their mother did not know of her sons’ falling out, it seems, or she was too blinkered to notice.


Dirac’s employers in Rugby gave him the only poor report he would receive in his entire life. David Robertson later showed him the damning comments and disclosed that he was the only vacation student from Bristol ever to receive an unfavourable report. It judged Dirac to be ‘a positive menace in the Electrical Test Department’, to ‘lack keenness’ and to be ‘slovenly’, making it clear between the lines that Dirac would be unwise to seek a future on the factory floor.36


In late September 1920, Dirac returned to Bristol to prepare for his final undergraduate year, when he specialised in electrical engineering. His passion, however, was the theory of relativity. One of his frustrations was that he could not find an accessible technical account of the theory that would explain, step by step, how Einstein had developed his ideas. Of the academic disciplines that contributed the reams of piffle Dirac read about relativity, none was more prolific than philosophy. One commentator wrote: ‘A philosopher who regards ignorance of a scientific theory as insufficient reason for not writing about it cannot be accused of complete lack of originality.’37 The writer of those words was one of the most talented young philosophers working in Britain, Charlie Broad. Having originally wanted to be an engineer, he trained in both philosophy and science at Cambridge and acquired more expertise in relativity theory than the great majority of physicists, many of whom knew next to nothing about Einstein and his work. In the autumn of 1920, soon after Broad was appointed as the Professor of Philosophy at the University of Bristol, he gave a series of lectures for final-year science students on scientific thought, billed to include a description of Einstein’s theory.38 Dirac and several other engineering students sat in on these lectures, though few of them were sitting alongside Dirac to the end, as the going quickly became tough and the material had little to do with engineering. For Dirac, the course was a memorable experience, as it was for Broad, who wrote thirty years later in his autobiography:




there came to these lectures one whose shoe-laces I was not worthy to unloose. This was Dirac, then a very young student, whose budding genius had been recognized by the department of engineering and was in the process of being fostered by the department of mathematics.39





Broad was a wonderfully idiosyncratic lecturer. He always appeared with a carefully prepared script, and he read every sentence twice, except for the jokes, which he delivered three times. Although he spoke drearily, his content was compelling, jargon-free and spiked with witty references to Charles Dickens, Conan Doyle, Oscar Wilde and other literary figures. Trenchancy was one of his strongest suits. During a warning about the snake oil of most popular accounts of relativity, he counselled that ‘popular expositions of the Theory are either definitely wrong, or so loosely expressed as to be dangerously misleading; and all pamphlets against it – even when issued by eminent Oxford tutors – are based on elementary misunderstandings.’40


Broad’s treatment of relativity in his course was unconventional to the point of quirkiness. He taught Einstein’s first theory and his more general version together, taking a unified approach and concentrating on the basic ideas rather than on the mathematics. Broad’s aim was to make it clear that the theories give ‘a radically new way of looking at Nature’.41 The first of Einstein’s theories is usually dubbed the ‘special theory’ because it deals only with observers who move in straight lines at constant speeds with respect to one another; for example, passengers on two trains moving smoothly on parallel tracks. Einstein based his theory on just two simple assumptions: first, that when each of the observers measures the speed of light in a vacuum, they will always find the same value, regardless of their speed; and, second, that measurements made by the observers will lead them to agree on all the laws of physics. Einstein’s great insight was to see that if these assumptions were followed to their logical conclusion, a new understanding of space, time, energy and matter emerged.


A casualty of Einstein’s theory was the widely accepted belief that the universe is pervaded by an ether, which Broad argued had become superfluous:




there was supposed to be a peculiar kind of matter, called Ether, that filled all Space. On these theories the Ether was supposed to produce all kinds of effects on ordinary matter, and it became a sort of family pet with certain physicists. As physics has advanced, less and less has been found for the Ether to do.42





Contrary to the theory, the existence of such a substance would imply that there is a uniquely privileged frame of reference, so relativity implies that the ether is an unnecessary assumption and may well not exist, unless experiments say otherwise. Einstein also noted that measurements of space and time are not, as almost everyone else thought, independent but are inextricably linked, leading to the idea of a unified space-time, a concept introduced by his former teacher Hermann Minkowski, a German mathematician. Finally, Einstein showed that an inevitable consequence of this new way of thinking was his equation E = mc2, implying that the mass of a small coin is equivalent to the vast energy needed to run a city for days or indeed to raze it. An apocalyptic vision of this power had already been presented by H. G. Wells, shortly before the outbreak of the First World War, in his novel The World Set Free. 


For most purposes, the predictions of Einstein’s special theory were extremely similar to the corresponding ones made by Newton’s theory. The two sets of predictions, however, were noticeably different at speeds approaching the speed of light in a vacuum: Einstein claimed that, under these conditions, his theory was more accurate, though it would be several decades before the superiority was convincingly demonstrated by experimenters. In the meantime, Einstein’s reasoning made it possible to amend the description of anything given by Newton’s theory and produce a ‘relativistic’ version – one that agreed with the principles of the special theory of relativity. Two years later, Dirac took up a new hobby, aiming to produce relativistic versions of Newtonian theories – an activity he pursued like an engineer upgrading tried-and-tested designs to ones that perform to a higher specification: ‘There was a sort of general problem one could take, whenever one saw a bit of physics expressed in a non-relativistic form, to transcribe it to make it fit in with special relativity. It was rather like a game, which I indulged in at every opportunity.’43


Einstein’s second theory of relativity applied to all observers, including ones who are accelerating; for example, observers who fall freely under the action of gravity. In this ‘general theory of relativity’, Einstein proposed a geometric picture of gravity, replacing Newton’s concept that an apple and every other mass is subject to a force of gravity by a radically new way of describing the situation. According to Einstein, every mass exists in a curved space-time – roughly analogous to a curved sheet of rubber – and the motion of the mass at every point in space-time is determined by the curvature of space-time at that point. Because the theory is relativistic, information cannot be transmitted faster than light, and all energies contribute to mass (via E = mc2) and therefore to gravity. It turns out that, in the Solar System, where almost all matter has comparatively low density and travels much more slowly than light, the predictions of Einstein’s theory of gravity are in extremely good agreement with Newton’s. But, in some situations, they can be distinguished, and one of the most straightforward ways of doing so involved measuring the bending of starlight by its gravitational attraction to the Sun during a solar eclipse: Einstein’s theory predicted that this deflection would be twice Newton’s value. This was the prediction that Eddington and his colleagues believed they had verified in their solar-eclipse experiments.


It was during one of the early lectures in Broad’s course that Dirac had a revelation about the nature of space and time. Broad was talking about how to calculate the distance between two points. If they lie at the sharpest corners of a right-angled triangle, then every schoolchild knows that the distance between the points (the hypotenuse) is given by Pythagoras’s Theorem: the square of this distance is equal to the sum of the squares of the lengths of the other two sides. In the space-time of the special theory of relativity, things are different: the square of the distance between two points in space-time is equal to the sum of the squares of the spatial lengths minus the square of the time. Dirac later recalled ‘the tremendous impact’ on him of Broad’s writing down that minus sign.44 This dash of chalk on Broad’s blackboard told Dirac that his schoolboy ideas about space and time were wrong. He had assumed that the relationship between space and time could be described using the familiar Euclidean plane geometry, but if that had been true, every sign in the formula for the distance between two points would have been positive. Space and time must be related by a different kind of geometry. Pickering, Dirac’s mathematics teacher at the Merchant Venturers’ School, had already introduced him to the Riemannian geometry that Einstein had used to describe curved space-time. In this way of looking at space and time, the angles of a triangle may not add up to 180 degrees as they do in ordinary Euclidean space. In Einstein’s general theory of relativity, matter and energy are linked with the space and time in which they exist: matter and energy determine how much space-time is curved, and the curvature of space-time dictates how matter and energy move. Thus, Einstein offered a new explanation of why the apple in the tree in Newton’s garden fell: it was not the gravitational pull of the Earth that was responsible but the planet’s curvature of space-time in the region of the apple.45


Inspired by Broad’s lectures, and by Eddington’s semi-popular book Space, Time and Gravitation, Dirac soon taught himself the special and general theories, another early sign of his special talent as a theoretician. The mathematical complexities of Einstein’s general theory so terrified most physicists that they found excuses not to bother with it, whereas Dirac – an engineering undergraduate, not a registered student of physics – studied it voraciously. While other nineteen-year-olds were seeking beauty in the flesh, he sought it in equations. 




 





Broad was sceptical of the contribution philosophy can make to advance the understanding of the natural world (he called it ‘aimless wandering in a circle’), but his lectures persuaded Dirac that the subject was worth pursuing. One text he took out of the library was John Stuart Mill’s A System of Logic, which the young Einstein had studied some fifteen years before.46 Mill had been the nineteenth century’s pre-eminent British philosopher, the most cogent voice of empiricism, the belief that human beings should ground every concept in verifiable experience.47 His approach to ethics was largely utilitarian, believing that the ultimate good is one that brings the most happiness to the greatest number of people and that the rightness of any human action should be judged according to its contribution to public happiness. Mill was influenced by other empiricists, notably by his friend Auguste Comte, the French pioneer of the positivist belief that all true knowledge is scientific, including knowledge about ‘sociology’, a word that Comte coined. Mill had no time for the Kantian ‘intuitionist’ view that some truths are so exalted that they transcend experience: he dismissed as meaningless many unverifiable statements made by bishops, politicians and others he regarded as airy-fairy moralists. Mill’s views and his feet-on-theground public spiritedness were enormously influential among Victorians and have become the essence of the liberal English consensus. He influenced Dirac, and many others, more than they knew.


A System of Logic, published in 1843, is a plain-spoken if laborious account of how empiricism can shape every aspect of human life.48 The book features Mill’s agenda for science, which assumes that there is an underlying ‘uniformity of nature’. The aim of scientists should be to explain more and more observations in terms of fewer and fewer laws, every one of them grounded in experience and induced from it. For Mill, the agreement between an experimental measurement and a corresponding theoretical prediction does not imply that the theory is correct, as there may well be many other theories that give equally good agreement. He argued that scientists have the never-ending task of finding theories that are in ever-better agreement with empirical observations.


In a memoir he wrote in his seventies, Dirac said he gave ‘a lot of thought’ to philosophy, trying to understand what it could contribute to physics. He recalled that he read A System of Logic ‘all through’, which we can safely interpret to mean that he read and pondered almost every word of it, his usual practice.49 Although he found it ‘pretty dull’, it introduced to him the important idea that the disparate scientific observations and theories he had learned about had an underlying unity. Furthermore, science should seek to describe this unity using the fewest possible laws of nature, each of them formulated in the simplest possible way. Although this probably influenced the thinking of the young Dirac, he concluded that philosophy was not an effective way of finding out what makes nature tick. Rather, as he put it in an interview in 1963, ‘it’s just a way of talking about discoveries which have already been made’.50


The best way of understanding nature’s regularities, he was coming to believe, was through mathematics. Dirac’s lecturers in the engineering classes had drummed into him that mathematical rigour is unimportant; mathematics is simply a tool to obtain useful answers that are correct or, at least, accurate enough for the purpose in hand. One exponent of this pragmatic approach to the mathematics of engineering was Oliver Heaviside, an acid-tongued recluse who had invented a battery of powerful techniques that made it easy to study the effects of passing pulses of electric current through electrical circuits. No one quite understood why these methods worked, but he didn’t care: what mattered to him was that they gave correct results, with a speed more rigorous methods could not match and without generating inconsistencies with other parts of mathematics. Engineers prized Heaviside’s methods for their usefulness, but mathematicians mocked them for their lack of rigour. Heaviside had no time for pedantry (‘Shall I refuse my dinner because I do not understand digestion?’51) and rejected the attacks of his detested opponents. He even entitled his autobiography after them: Wicked People I Have Known.52


Dirac studied Heaviside’s techniques and later remarked that there was ‘some sort of magic’ about them.53 Another of the engineers’ clever tricks that impressed Dirac concerned the calculation of the stresses exerted on materials; for example, by a gymnast balancing on a beam. Engineers routinely calculate these stresses using special diagrams that generate correct answers much more quickly than the mathematicians’ rigorous techniques. In his classes, Dirac used this method to represent stresses in this way and saw its power; within a few years, he would use similar techniques in a different context, to understand atoms.54


One of the lessons he learned in his engineering classes was the value of approximate theories. In order to describe how something works, it is essential to take into account the quantities that do most to affect its behaviour and to single out the quantities unimportant enough to be ignored. David Robertson taught Dirac a lesson he later regarded as crucial: even approximate theories can have mathematical beauty. So, when Dirac studied electrical circuits, the stresses on revolving shafts in engines and the windings of the rotors in electric dynamos, he was aware that the underlying theories had, like Einstein’s general theory of relativity, a mathematical beauty.


It was probably Dirac’s reflections on Einstein’s theory that first led him to believe that the goal of theoretical physicists should be to find equations that describe the natural world, but his studies of engineering were the source of a proviso: that the fundamental equations of Nature are only approximations.55 It was the job of scientists to find ever-better approximations to the truth, which always lies tantalisingly beyond their reach.




 





Apart from the embarrassing report Dirac had been given in Rugby, his record during his degree was almost flawless: only once in three years did he fail to top his class in every subject (the spoilsport was the assessor of a Strength of Materials course who ranked him second). 56 But it was clear that his real talents were in theoretical subjects and mathematics. Early in 1921, within a few months of completing the degree, his father suggested that he set his sights on studying at Cambridge.57 Early in February, Charles wrote to St John’s College, almost certainly acting on the advice of Ronald Hassé, head of Bristol University’s mathematics department and a member of Cambridge University’s network of talent-spotters. Hassé was a graduate and research student of the college, notable as the first person in Cambridge to speak of Einstein’s ‘theory of relativity’.58


Charles enquired whether the college would let him have details of ‘any open scholarship in mechanical science or mathematics’ that his son could apply for.59 The college responded swiftly and arranged for Dirac to make his trip to Cambridge in June 1921, to sit the college’s entrance examination.60 Dirac’s application to the college, made when he had just turned nineteen, is the earliest extant example of his adult handwriting. It shows that he wrote with the precision and clarity of a calligrapher, each letter standing upright with some of the capitals decorated unobtrusively with a tiny curlicue.61


Dirac passed the entrance examination handsomely, winning an annual scholarship of £70, which was disappointingly short of the minimum of £200 a year that he needed to live in Cambridge.62 Charles argued that it was ‘out of the question’ to give his son the additional money as he earned only £420 a year and had no other income, neglecting to mention his lucrative private tuition. Bristol council refused to help because Charles and Paul had become British citizens only two years before and were therefore ineligible for financial assistance. Disappointed, Charles later wrote to Cambridge asking to be kept informed if any other opportunities should arise for his son. He concluded, ‘I am sorry to trouble you, but I believe the boy has an exceptionable [sic] head for mathematics and I am trying to do my best for him.’63 When an official at St John’s College offered tactfully to advise him further if he would provide more information about his family’s finances, Charles did not reply.64


Although Paul’s Cambridge application had stalled, by July he had a first-class honours degree in engineering, a qualification that he and his father hoped would all but guarantee him employment. However, his graduation coincided with the worst depression in the UK since the industrial revolution: unemployment soared to two million. To every job application, Dirac drew a blank. Thus, the most talented graduate Bristol had ever produced found himself unemployed. But this turned out to be a stroke of luck.
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Four







Mathematics […] does furnish the power for deliberate thought and accurate statement, and to speak the truth is one of the most social qualities a person can possess. Gossip, flattery, slander, deceit all spring from a slovenly mind that has not been trained in the power of truthful statement.


S.T. DUTTON, Social Phases of Education in the School and the Home, London, 1900





What might have happened to Dirac if he had got one of the jobs he applied for, perhaps in the burgeoning aviation industry? Might the loss to physics have been offset by a commensurate gain for aeronautics? That these are questions of virtual history is due to the mathematician Ronald Hassé, who deftly steered Dirac’s career from engineering to science. Things could easily have worked out quite differently. In September 1921, when Dirac was at a loose end and looking for jobs, David Robertson suggested to Dirac that, rather than hang around doing nothing, he should do an electrical-engineering project.1 Dirac dabbled in some experiments, but, after a few weeks, Hassé wooed him back to the lecture theatres in the mathematics department, having arranged for him to do a full mathematics degree free of charge and for him to skip the first year’s work so he could complete it in two years.


Dirac’s fellow mathematics students were struck by his punctuality. For the first lectures of the day, beginning at 9 a.m., he was always the first to arrive, silently occupying a seat in the front row and showing no interest whatever in his fellow students. He spoke only when spoken to and talked only in clipped, matter-of-fact sentences that bore no trace of emotion. One of the students later recalled that no one even knew the name of the ‘tall, pallid youth’ or showed much interest in him until the results of the Christmas examination results revealed that the new student ‘P. A. M. Dirac’ was top of the class.


Some of the students resolved to make some enquiries about their mysterious colleague. They were surprised to learn that although he was eighteen months younger than anyone else in the class, he already had a degree in engineering. One of his characteristics was that although he was preternaturally silent, he did stir if he spotted a serious scientific error. In one such incident, after a lecturer had filled two and a half blackboards with symbols and left almost all the students frantically scribbling as they tried to keep up with him, he realised that he had made a mistake. He stood back from the blackboard and turned to Dirac: ‘I have gone wrong, can you spot it?’ After Dirac identified the error and explained how to put it right, the lecturer thanked him and resumed his exposition.2


In Dirac’s first year of his new course, he studied pure mathematics – the branch of mathematics pursued with no concern for its applications – and applied mathematics, employed to solve practical problems. One of his lecturers was Peter Fraser, a farmer’s son from the Scottish Highlands, a bachelor who lived much of his life in a reverie and liked to tramp the countryside while contemplating the higher truths of mathematics. He did no original research and never wrote a research paper but channelled all his intellectual energy into his teaching. Dirac believed he was the best teacher he ever had.3


Shortly before 9 a.m. on Mondays, Wednesdays and Fridays, Dirac was in his seat, awaiting the next episode of Fraser’s teaching of a special type of mathematics, known as projective geometry, largely a French invention derived from studies of perspective, shadows and engineering drawing. One of its founders was Gaspard Monge, a draughtsman and mathematician who much preferred to solve mathematical problems using geometric ideas rather than complicated algebra. In 1795, Monge founded the descriptive geometry that Dirac had used in the first technical drawings he made in Bishop Road School, representing objects in three orthogonal points of view. Jean-Victor Poncelet, an engineer in Napoleon’s army, built on Monge’s ideas to set out the principles of projective geometry when he was a prisoner in Russia in 1812. His ideas and their consequences were to become the mathematical love of Dirac’s life.
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