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               I wonder why. I wonder why.

               I wonder why I wonder.

               I wonder why I wonder why

               I wonder why I wonder!
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            Prologue: ‘We love you Dick’

         

         Does the world really need another book about Richard Feynman? We think so, or we wouldn’t have written it. And this is why. Richard Feynman was the best-loved scientist of modern times, perhaps of all times, and that is something that simply does not come across in any of the other books about the man and his work. There have been books about Feynman the character, a wise-cracking entertainer who imparted not a little worldly wisdom along with his anecdotes; there have been books about Feynman the scientist, putting his work in the perspective of physics in the second half of the twentieth century; there has even been a picture book, combining the illustrations with reminiscences about Feynman by his family and friends. But nobody has captured the essence of Feynman’s science and the essence of Feynman’s persona in one book. This is especially odd because, of all the scientists of modern times, Feynman seems to have been the one who had the best ‘feel’ for science, who understood physics not simply in terms of lines of equations written on a blackboard, but in some deep, inner sense which enabled him to see to the heart of the subject.

         This doesn’t mean that Feynman lived his life ‘like a scientist’, in the stereotypical sense of being a cold-blooded logician in everyday life. Far from it. The point is that he did physics ‘like a human being’, carrying into the world of science his inbuilt  sense of fun, his irreverence, and his liking of adventure and the unexpected. The way Feynman did his physics depended on the kind of person he was, far more than in the case of any other physicist we know. It is impossible to understand Feynman’s science properly without understanding what kind of a person he was, and nobody put more life into science than he did.

         Equally, it is impossible to understand what kind of man Feynman was without understanding at least something of the science that was so important to him. A fun-loving, adventurous character like Feynman was attracted to physics because physics is fun, and offers opportunity for adventure. You may find that hard to believe. But what’s wrong with the public image of physics is not so much the science itself as the way that the science is taught and portrayed. Perhaps Feynman’s greatest achievement was as a teacher, conveying the fun of science, and entertainer, providing an image of science that cut right across the stereotypes. Ralph Leighton describes Feynman as a ‘shaman of physics’. Feynman talked of nature as ‘She’ or ‘Her’, and seemed to have a contact with the way the world works that few people have. When he gave lectures, he brought his audience into contact with nature in ways that they could not achieve on their own, allowing them to see nature differently, in a transforming experience, so much so that often when he explained some subtle point in a way that they could understand the audience would break out into spontaneous applause, even laughter. The physicist Freeman Dyson has commented,1 ‘I never saw him give a lecture that did not make the audience laugh’, but the laughter stemmed as much from the pleasure of finding things out as from the jokes that Feynman cracked.

         After this experience, people would often have a memory of understanding something, but couldn’t always quite reconstruct how it was they had understood – Feynman would raise people to a level of understanding that they had never before achieved, but then they couldn’t quite remember how he had done it. Even fellow scientists sometimes felt this way about a Feynman lecture – Leighton recalls his own father, one of Feynman’s colleagues at Caltech, remarking on this almost transcendental experience. People who attended Feynman’s lectures say that they seemed like magic, almost literally spellbinding, while people who met him report the same sort of feeling, an awareness of being in the presence of something special, even when they can’t quite put their finger on why. They just felt changed by the experience. And people who never met Feynman still write to Leighton to say that they have been inspired by Feynman’s example. It may well be that he will be remembered more in this way, as a ‘wise man’, rather than for the specific aspects of the science that he was involved with.

         This would be appropriate, and perhaps what Feynman himself would have wanted. To Feynman, love was more important than science; but it just happened that, as well as loving people, he loved physics.

         And people, including physicists, loved him. In an obituary published in Nature on 14 April 1988 (volume 332, page 588), Hans Bethe, who had been Feynman’s boss both at Los Alamos and at Cornell, said ‘more than other scientists, he was loved by his colleagues and his students’. The day Feynman died, the students at Caltech hung a banner across the eleven-storey library building on the campus. The message on the banner read: ‘WE LOVE YOU DICK’. Around the world, many people who hadn’t even met Feynman felt a sense of personal loss when he died. Neither of us ever met him; but the physicist half of the partnership (JG) was exactly the right age to be among the first undergraduates to benefit from Feynman’s Lectures on Physics while at university. The clarity of those lectures helped to shape his career, and reinforced his own feeling that science, even at research level, could still be fun. Reading books and papers by Feynman over the years, and seeing him on TV, reinforced that belief, and made Feynman seem like an old friend.

         But to many people who felt the same way, Feynman was, more than any other great scientist of modern times, ‘famous for being famous’. The name of Stephen Hawking is inextricably linked with black holes; Albert Einstein’s with relativity theory; Charles Darwin’s with evolution. But Feynman? To many non-scientists, he was just ‘a scientist’. This is ironic, because Feynman’s greatest work was actually in the area of quantum theory, a subject of enormous fascination to non-scientists today. We want to explain why this work was so important, and how it lies at the heart of investigations of the quantum mysteries today; but we also want to share with you our understanding of the kind of man who carried out that work.

         Even today, writing seven years after Feynman died in 1988, it is far too soon to produce a definitive account of the historical importance of the man and his work. We don’t claim that this is more than a personal view of our subject, but it is one we have arrived at through a long (if one-sided) association with his works, and through recent discussions with Feynman’s family and friends. 

         The one thing that is clear above all else in Feynman’s character, from his own work and from conversations with people who knew him, is passion. His passion for physics, for drawing, for drumming, for life itself and for his jokes. Of course Feynman’s own anecdotes, gathered together by Ralph Leighton and published in two volumes, tend to portray Feynman as a larger than life, legendary scientific superman and scourge of established authority. Were those stories accurate? We asked Feynman’s sister, Joan, on a visit to Pasadena in April 1995. ‘It’s easy to tell which stories are accurate’, she replied. ‘How?’, we asked. ‘My brother didn’t lie.’

         Ralph Leighton, to whom the stories were told, agrees, but stresses that Feynman was a showman, who loved telling stories.2 The stories were all true, in that they were about real things that had happened to Feynman; but he used to try telling them in different ways, with different emphasis, until he found the way that worked best. They were not, after all, just anecdotes; in many cases, the stories became parables, and have a moral, telling you something about the right way to live and how to get on in the world, as well as offering amusement and entertainment.

         There is indeed a legend growing up around Richard Feynman; but there is truth behind the legend.3 In the classic western The Man Who Shot Liberty Valence, a reporter is faced with a choice between printing the truth about the early career of a great man, or the legend, and in a memorable moment decides to ‘print the legend’. We don’t intend to go that far, although we agree with the spirit of that decision. We offer you something of the legend of Richard Feynman, but also something of the man behind the legend; and we hope we can put across the importance of his scientific work in language that non-scientists can both understand and enjoy. That, after all, is what Feynman himself would have wanted.

         
             

         

         John Gribbin*

Mary Gribbin

March 1996

         
            Notes

            1. See Freeman Dyson, From Eros to Gaia (Pantheon, New York, 1992).

            2. Joan Feynman, interviewed by JG in April 1995, said that according to her mother ‘when Richard was very little he couldn’t decide whether he wanted to be a comedian or a scientist, so he combined the two options’.

            3. Interviewed by JG in April 1995, David Goodstein, who is Professor of Physics and Vice Provost at Caltech, said, ‘Feynman is a person of historic proportions; he deserves the kind of attention that he’s gotten, in my opinion.’

         

         
            * johngribbinscience.wordpress.com/

         

      

   


   
      
         

            1 A fascination with physics

         

         Family legend has it that when his wife Lucille became pregnant for the first time, Melville Feynman commented ‘if it’s a boy, he’ll be a scientist’.1 The baby was born on 11 May 1918 in Manhattan, and brought up in Far Rockaway, New York; he was named Richard Phillips Feynman,* and he grew up to be the greatest scientist of his generation. He not only won the Nobel Prize for Physics for his first major contribution to science, but carried out at least two other pieces of research that were worthy of the prize; he was one of the leaders of the team that worked on the Manhattan Project, to develop the atomic bomb; and he was, above all, a great teacher who encouraged generations of students to think about physics in a new way.

         Melville Feynman has to take some of the credit for this, because he deliberately set out to stimulate his son to think, from an early age, in a ‘scientific’ way. When the boy was sitting in his high chair, Melville would play games with him using a collection of coloured bathroom tiles. At first, the game mainly involved setting up a row of tiles on end, in any order, and toppling them, like dominoes; but soon they moved on to setting up patterns, maybe two white tiles followed by a blue one, then two more white and another blue, and so on. The young Feynman – called Ritty or Richy by his parents, family and friends – became very good at the game, which his father had started in a conscious attempt to get young Ritty to think about patterns and the basics of mathematical relations.2 

         Melville encouraged his son’s interest in science in the obvious ways – buying a set of the Encyclopaedia Britannica, taking Ritty on trips to the American Museum of Natural History, and so on. But even the conventional sources of information were used by Melville as jumping-off points for extrapolations which made the dry material come alive, and which brought home to Richard the magical, mysterious aspects of science. When the Britannica mentioned that a long-extinct dinosaur had been ‘twenty-five feet high’ and had a head ‘six feet across’, Melville would stop reading and explain what that meant – that if the dinosaur stood in the front yard of the house in Far Rockaway, he would be able to look in through the second-floor window, but his head would be too big to fit through the window.

         But the special nature of Richard’s relationship with his father, and the special nature of the way in which Melville encouraged the younger Feynman’s fascination with science, is highlighted by two of Richard Feynman’s favourite anecdotes about his father.

         The first dates back to summers spent in the Catskill Mountains, where families from New York would go to escape the heat of the city. Mothers and children would stay in the mountains for several weeks, but the fathers of the families still had to work in the city, only visiting their families at weekends. On long weekend walks in the woods, Melville introduced Richard to many of the wonders of nature – but with his typical sideways manner of looking at the world. So when one of the other children pointed out a bird to Richard and asked if he knew its name, he had to reply that he didn’t. Triumphantly, the other kid named the bird, sneering that ‘your father doesn’t teach you anything’. ‘But’, Feynman tells us,3 ‘it was the opposite.’ His father had already pointed out that kind of bird:

         
            ‘See that bird?’ he says. ‘It’s a Spencer’s warbler.’ (I knew he didn’t know the real name.) ‘Well, in Italian, it’s a Chutto Lapittida. In Portuguese, it’s a Bom da Peida. In Chinese it’s a Chung-long-tah, and in Japanese it’s a Katano Tekeda. You can know the name of that bird in all the languages of the world, but when you’re finished, you’ll know absolutely nothing whatever about the bird. You’ll only know about humans in different places, and what they call the bird. So let’s look at the bird and see what it’s doing – that’s what counts.’

         

         So Richard learned, at a very early age, the difference between knowing the name of something and knowing something. To such a person, it made perfect sense, years later when he was in graduate college, to ask a baffled librarian where he could find ‘the map of a cat’, and to be equally baffled by her reaction to this simple request. The actual telling of this story, many years later, also gave a fundamental insight into Feynman’s childhood and upbringing. While going through that story with Feynman, not long before Feynman died, Ralph Leighton said to him, ‘there’s all this about your father, but what did your mother teach you?’ He replied, ‘My mother taught me that the highest forms of understanding that we can achieve are laughter, and human compassion.’4

         The second key anecdote from Richard’s early childhood concerns the occasion when he noticed the odd behaviour of a ball left lying in his little wagon when he pulled the wagon forward. The ball rolled to the back of the wagon, then, when the wagon stopped the ball rolled to the front. He asked his father why this happened, and got this reply:

         
            That, nobody knows. The general principle is that things which are moving tend to keep on moving, and things which are standing still tend to stand still, unless you push them hard. This tendency is called ‘inertia’, but nobody knows why it’s true.

         

         This represents a deep insight into the nature of physics and the nature of the world, and it was examples like this that encouraged Richard Feynman, in later years, to question everything, to search for underlying truths, and never to believe that just because some process had been labelled meant that it was understood.†

         But there is another aspect to this way Melville had of teaching his son, which has echoes in the way Feynman later used his own anecdotes to bring out highlights of his own life when he became a storyteller in his turn. The stories don’t have to be literally ‘true’, in every detail, in order to make a valid point. As Feynman himself said, he knew full well that the bird being described by Melville wasn’t really called a ‘Spencer’s warbler’, and that the foreign ‘names’ his father made up for the bird were just nonsense words. But he also knew that that didn’t matter – that, indeed, the whole point of this particular story was that names didn’t matter, so if Melville wanted to call the bird a Spencer’s warbler he was fully entitled to do so. Richard Feynman’s own stories should always be understood in this spirit – that as long as the underlying message is correct, the details and emphasis can be adjusted to improve the impact of the story. Joan Feynman’s brother didn’t lie, but as a great showman he presented his stories in the best possible light. As he said of his father’s stories, ‘I knew that they weren’t quite accurate, and yet they were utterly accurate, if you see what I mean, in the character of the story he was trying to tell me.’5 We could say the same about his own stories, especially when, for example, he quotes childhood conversations with his father verbatim, as if he had total recall, when in fact he was making up dialogue to match what he remembered of the occasion. The truth in Richard Feynman’s anecdotes is a much deeper truth than the trivia of exactly what words were said on a particular day in the 1920s. 

         But if Richard learned so much about how to think about science and the world – not just an accumulation of scientific facts – from his father, where did Melville learn to think about the world in this way? Melville’s own father, Richard’s grandfather, was, apparently, also interested in mathematical and scientific ideas, so to that extent, at least, there was a tradition of science in the family. This offers hope for all of us; even if we cannot aspire to being a Richard Feynman, at least we can aspire to being a Melville Feynman – to have an understanding and enthusiasm for nature, and to pass that enthusiasm on to a child, even without the detailed mathematical knowledge that a professional scientist needs. But neither Richard’s father nor his grandfather had an opportunity to develop their interest into a career. 

         Melville had been born in 1890. He was the son of Jakob and Anne Feynman, Lithuanian Jews who lived for a time in Minsk, in Byelorussia, and emigrated to the United States in 1895. The family settled in Patchogue, on Long Island, and Melville was initially taught at home, by his father (a precursor of his own relationship with Richard), but later attended the local high school. He wanted to become a doctor, but there was no way the family could afford to support the education required to fulfil his ambition, so instead he enrolled in a college to study homoeopathic medicine. Even these studies proved impossible to sustain financially, and Melville dropped out of college and into a variety of occupations, at none of which he was particularly successful, although he always managed to keep the family afloat, even through the Depression. He finally settled in the uniform business, providing ample opportunity for Richard to learn at first hand the difference between formal authority represented by a uniform and the frail human being inside the uniform. On one occasion, Feynman recalled, his father showed him a picture in the newspaper of the Pope, with people bowing down in front of him. ‘What’s the difference’, Melville asked Richard, ‘between this man and all the others?’ He immediately answered his own question. ‘The difference is the hat he’s wearing. But this man has the same problems as everybody else: he eats dinner; he goes to the bathroom. He’s a human being.’6

         The parents of Lucille Phillips, Richard Feynman’s mother, both came to the United States as young children. Her maternal grandfather (Richard’s great-grandfather) was a Polish Jew who was involved in anti-Russian activities in the 1860s and 1870s, was imprisoned and sentenced to death, but escaped and eventually made his way to America, where his children later joined him. The eldest daughter among those children, Johanna Helinsky, worked with her father in the watchmaking store he opened on the Lower East Side in New York, and it was there that she met her future husband, Richard Feynman’s maternal grandfather.

         Henry Phillips was born in Poland, but lost his parents as a child and spent some time in an English orphanage, where he was given his name, before being sent on to America to seek his fortune. Unlike many immigrants in a similar position, Henry Phillips really did succeed in making a modest fortune. He started out selling needles and thread door-to-door from a pack on his back, and went on, with Johanna, to develop a successful millinery business, which thrived until changing fashions at the end of the First World War saw the hat business go into decline. Henry met Johanna when he had a watch that needed repairing, and took it into a watchmaking store where he was surprised to find the job being done by a beautiful young woman. They soon married, went into business together, and during the height of their success in the hat trade they moved to the Upper East Side, on 92nd Street, where Lucille Phillips (the youngest of five children) was born in 1895.7 The family later moved to a large house with a big garden in Far Rockaway, which was then a semi-rural community in Queens County, at the southern tip of Long Island.

         As the daughter of a successful businessman, Lucille was educated at the Ethical Culture Institute (where she was followed, nine years later, by Robert Oppenheimer), and intended to become a kindergarten teacher. But just after she graduated from high school, when she was eighteen years old, she met Melville Feynman; they hit it off at once, and almost immediately he asked her to marry him. Her father wouldn’t give his permission for her to marry so young, so they had to wait until 1917, after she had turned 21. At first, the newly married couple lived in upper Manhattan; Richard Phillips Feynman was born there, in a Manhattan hospital, a year after their marriage.

         If Melville Feynman contributed, at least in part, to his son’s becoming a scientist, Lucille had an equally great influence on him through her sense of humour, warmth and compassion. Joan Feynman feels that the role of their mother has been downplayed in most versions of the Feynman legend, leaving her in the shadows of the father who turned young Ritty on to science. Perhaps that is understandable, at least from the point of view of those recounting the legend. After all, many of us have mothers who have a wonderful sense of humour and are full of compassion, but very few people have fathers like Melville Feynman, so his part in the story seems at first sight more interesting and more profound. Without Lucille’s influence, though, Richard Feynman might well have become a more or less conventional, dry as dust academic, rather than the safecracking, bongo-playing figure of legend. It is, after all, the combination of serious science, a sense of fun and the very sane view that ‘the highest forms of understanding we can achieve are laughter and human compassion’8 that made Feynman so special, and that combination is found in neither of his parents alone, but in both of them put together. And if any further proof of Lucille’s influence on her son were needed, she was a great storyteller. Joan recalls:

         
            wonderful memories of evenings at the supper table when Richard was home from college and he and Mother would get going. My father and I would laugh so hard that our stomachs hurt and we would beg for mercy, but they wouldn’t stop until I had fallen off my chair and was literally rolling on the floor.9

         

         Even Lucille’s good humour and compassion were severely tested, however, early in 1924, when Richard was five. She had another son, Henry Phillips Feynman, who was born on 24 January that year, but lived only for a month and a day, dying on 25 February. It wasn’t until Richard was nine that his sister Joan was born; but that doesn’t mean that he led anything like the usual life of an ‘only child’ for the first nine years of his life.

         The Feynman family moved a couple of times when he was very small, but settled in Far Rockaway, where they shared Lucille’s father’s house with her sister Pearl and her family. That family included a son Robert, three years older than Richard, and a daughter Frances, three years younger than him. So he was in the middle of an extended family of children that were in fact cousins, but lived like siblings. The reason for the house-sharing was financial. Pearl’s husband, Ralph Lewine, worked in the shirt business, but never achieved as much success as Melville did in his own line of business. The Feynman family was far from poor; they weren’t as well off as Lucille’s parents had been, but Joan Feynman recalls that they were always comfortable financially, right through the Depression years. Living in such close proximity wasn’t always easy, at least for the adults in the two families (and, of course, the very fact that the house had been passed on by Henry Phillips was a constant reminder to both Melville and Ralph that they had not achieved as much as their father-in-law), and shortly after Joan was born, when Richard was ten, the Feynman family moved out to the nearby town of Cedarhurst. But within a couple of years they had returned, and although neither son-in-law ever became as successful in business as Henry Phillips, thanks in part to the house they had inherited from him both families survived the Depression in relative comfort. Joan remembers that she ‘had nice clothes from good stores in New York’, and that there was a woman who came in every day to clean and do laundry. ‘Before the war, we had a new car every year (usually an Oldsmobile).’10

         Even Melville, usually so iconoclastic and unwilling to be bound by convention, had one blind spot, though. True to his word, he encouraged Richard to take an interest in science. But he never attempted to rouse any similar enthusiasm in Joan. In the 1930s, it was almost inconceivable, even to someone as broadminded as Melville Feynman, that a girl could become a scientist. But Joan became a scientist anyway, ending up in space research at the prestigious Jet Propulsion Laboratory in Pasadena – she became, in fact, exactly the kind of scientist that Melville must have imagined Ritty might become. It all started when she would hear Melville and Richard talking about all these interesting things, and later she would ask her brother about what she had overheard. Soon, he was explaining things to her in the same way that he had learned them from their father, becoming a scientific raconteur (albeit to an audience of one) in his early teens.11 Joan, too, helped to influence her brother’s development, and likes to describe herself as ‘Richard Feynman’s first student’.12

         It started when she was still a baby, and Richard had the duty of looking after her. Propped up in her baby carriage, she would watch Richard and a friend tinkering with the collection of wires, batteries and other electrical bits and pieces that they called their ‘laboratory’. The family had a dog at the time, which had been taught tricks, and Richard reasoned that since his sister was brighter than the dog, she ought to be able to do better tricks. He decided to teach her arithmetic, in order to impress his friends, and encouraged her to learn by allowing her to pull his hair if she got the sum right. Joan still recalls standing in her crib, at the age of about three, ‘yanking on his hair with great delight’ having just learned to add two and three.

         As Joan got bigger, so did her tasks. At five, she was a paid lab assistant, earning two cents a week for carrying out odd jobs and sometimes playing the part of the magician’s assistant, sticking her finger in a small spark gap and enduring a modest electric shock, again to amaze Richard’s friends. No anecdote sums up their relationship better; the hero-worshipping younger sister knew that her big brother would never hurt her, and trusted him to keep the shock at the level of mild discomfort, even though the sparks that leapt across the gap when no finger was in place looked terrifying to anyone not in the know. In exchange, as well as the financial rewards, Richard introduced her to the wonders of the world, showing her the stars and demonstrating centrifugal force by whirling a glass of water in an upside down arc without spilling a drop (except on one memorable occasion when the glass slipped out of his hand and flew across the room).

         One of the things Richard showed her has stayed vividly in Joan’s mind. She recalls that the household was run in a very orderly fashion, with strict rules about things like bedtime. As the youngest child in the household, she went to bed first. But one night, when she was about four years old, her brother, then  about thirteen, got permission to wake her up. He told her he had something wonderful to show her, and took her out into the middle of a nearby golf course, before telling her to look up at the sky, where she saw the aurora borealis.

         But the real turning point in Joan’s becoming a scientist came when she was fourteen, and Richard was a graduate student at Princeton. Joan had long been fascinated by astronomy, but had actually been told by her mother that the female brain wasn’t up to doing science.13 Then, on her fourteenth birthday, Richard gave her a college level textbook on astronomy, and when she protested that it was too difficult for her, he told her to persevere. ‘You start at the beginning and you read as far as you can, until you get lost. Then you start at the beginning again, and you keep working through until you can understand the whole book.’14 Persevering in this way, she made steady progress. Eventually, she came to page 407, where there was a graph showing part of the spectrum of a star. The caption credited the astronomer who had obtained the information – Cecilia Payne-Gaposhkin – a woman! ‘The secret was out: it was possible! From that day on, I was able to take my own interest in science seriously.’15

         There was ‘this excitement in the house, this great love of physics, so naturally I thought it sounded great’, she remembers.16 ‘The feeling of excitement was in the house all the time, in my brother and my father. So I just grew up with it. Science became the thing to do.’ But she was never any more in awe of Richard than other kid sisters were in awe of their big brothers. ‘Your brother, he’s your brother. You don’t make any assumptions he’s particularly brilliant.’ It is only hindsight that made her realize that the family was actually unusual in its interest in science. ‘Well, we were interested in relativity when I was a kid, so that then we had to be different than many other families.’

         Two decades after Ritty had shown her the aurora, after she had finished her own PhD in solid state physics, Joan became interested in the aurora again. She was enjoying the work, and wanted to tell Richard about it. But the last thing she wanted was for her smart elder brother to solve the problem before she could have the pleasure of working it all out. So she went up to him and offered a deal, dividing up the Universe. If he would promise not to work on the aurora, she would leave everything else to him. Richard agreed.

         In the 1980s, however, he visited Alaska, where he was shown around an observatory dedicated to the study of the aurora. Having learned about the work being done there, and expressing interest in the intriguing problems still to be solved, he was asked, well, why don’t you work on some of these puzzles yourself? ‘I would like to’, Feynman replied, ‘but I can’t. I’d have to get my sister’s permission.’

         A little later, at a meeting of aurora experts, one of the Alaskan researchers came up to Joan, asking whether her brother had been joking. No, she said, the story was correct. On his return to California, Richard had asked her permission to work on the aurora, and she had turned him down. True to his word, given three decades earlier, he left the aurora to her.17

         About the time Richard showed his little sister the aurora for the first time, he started in high school, in the autumn of 1931. By then, he was already established as an unusually clever child, both within school and outside. It was during the years in Cedarhurst that he really began to develop a conscious interest in science, and he was allowed to have a laboratory in the basement of the house, where he could experiment with chemicals. School in Cedarhurst, as far as science was concerned, was a complete waste of time. It was taught only in the eighth grade (the last grade in elementary school), and the only thing Feynman ever learned from it was that there are 39.37 inches in 1 metre. But in arithmetic, it was different. He was already ‘known as some kind of a whiz-kid at arithmetic in elementary school’, and at the age of ten or eleven he was called out of his class and into another to explain his method of doing subtraction, which the teacher thought was particularly neat, to the younger children.18

         In his last year at elementary school, though, Richard did make some of his first scientific contacts. He had a dentist who took the trouble to answer his questions about how teeth worked, and who he built up in his mind as ‘a scientist’. He also tried to struggle through the few popular books in the public library about new developments in science (more of these developments in Chapter 2), and although the dentist was not really much of a scientist he realized that Richard had more than a passing interest in scientific matters. The dentist had another patient, William LeSur, who was an English teacher in Far Rockaway High School, but who helped out with the science teaching there; he told him about the boy’s interest. The outcome was that LeSur invited Richard to visit the high school once a week, after classes had finished, and hang out in the lab while they cleaned up. Through this contact, Richard met the real chemistry teacher at the high school, and the head of science, Dr Edwin Barnes, who talked to him about science while he helped clean up the apparatus.

         But if Richard learned little science from the teachers at Cedarhurst, it was during his time there that he learned about atoms from a new friend, Leonard Mautner, who explained what would happen if you kept on breaking up a substance into smaller and smaller pieces. To someone who has had any kind of scientific education, that may sound fairly trivial. But it was a landmark event in Feynman’s life. Just over 30 years later, in his famous Lectures, he would say:

         
            If, in some cataclysm, all of scientific knowledge were to be destroyed, and only one sentence passed on to the next generations of creatures, what statement would contain the most information in the fewest words? I believe it is the atomic hypothesis (or the atomic fact, or whatever you wish to call it) that all things are made of atoms – little particles that move around in perpetual motion, attracting each other when they are a little distance apart, but repelling upon being squeezed into one another. In that one sentence, you will see, there is an enormous amount of information about the world, if just a little imagination and thinking are applied.19

         

         Imagination and thinking were what the pre-teenage Richard Feynman (like the adult Richard Feynman) was superb at. In one of his favourite anecdotes (or parables, if you prefer), he told how while he was in Cedarhurst he learned how to repair radios. Radio sets were simple in those days, and he had started out, in Far Rockaway, by building his own crystal set, then moved on to fixing some problems for the family. Word spread, and friends and acquaintances used to call him in, rather than go to the expense of calling a regular radio repair man. The highlight of the story comes when a total stranger asks the kid to fix his radio, which makes an awful noise when it is switched on, but then settles down when it has warmed up. The kid paces up and down, trying to work out what is going on, while the owner of the radio gets more and more agitated, muttering about how stupid he has been to ask a little kid to do a man’s job, and asking what Feynman is up to, to which the kid replies, ‘I’m thinking’.

         Eventually, having thought things through carefully, the kid realizes that the problem might be solved by reversing the order of two of the tubes (valves) in the radio. He swaps the tubes, switches it on, and it works perfectly. The owner of the set is enchanted, completely converted to the cause of the budding genius, and gets him more work, telling all his friends, ‘He fixes radios by thinking!’20

         Now, the point of the story is not that the older Feynman was on some ego trip, boasting about his childhood achievements. It is a story (which happens to be true) about the importance of imaginative thought, and how to solve problems in general. At another level, here is someone who was opposed to what Feynman was trying to do (or, at least, to the way he was trying to do it) who turned around completely to become almost embarrassingly enthusiastic once the technique had been shown to work. So when you know you are right, you should keep your courage in the face of opposition, carrying on the way you know is right. And it also tells us something a little more subtle about Feynman’s character – he did not give up. Faced with a puzzle of any kind, from a neighbour’s broken radio to the fundamental nature of quantum physics, he did not rest until he had solved it (unless, of course, he had promised his sister not to try).

         In high school, the pattern continued. Older students would come to him, for example, with tricky geometrical problems they had been assigned in the advanced mathematics class, and he would solve the puzzles – not because he was trying to ingratiate himself with the older boys, but because he couldn’t resist the challenge. As it happens, the reputation he developed for being some kind of whiz at maths did help him socially. He was hopeless at ball games and what were generally regarded as ‘manly’ pursuits, shy with girls, and worried about being thought a ‘sissy’. In What Do You Care What Other People Think? he describes being ‘petrified’ when passing a group of kids playing a ball game in case the ball rolled in his direction and he would be expected to pick it up and throw it back. The ball would always fly out of his hand in totally the wrong direction and everybody would laugh. The fact was, though, that he was simply too useful to the older boys for them to alienate him by making too much fun of these deficiencies.

         Richard always tackled those geometry problems (and all other problems) his own way, using techniques that he had developed largely by himself, from first principles. Partly out of a desire to do it himself, partly through Melville’s instruction that you shouldn’t believe anything just because somebody else, no matter how eminent, told it to you, that was the way Feynman would work throughout his scientific life. With his friend Mautner, but largely on his own, he worked out most of the rules of Euclidean geometry for himself. ‘I wanted to find the formula’, he told Jagdish Mehra in 1988. ‘I didn’t care whether it had been worked out by the Greeks or even by the Babylonians; that didn’t interest me at all. It was my problem, and I had fun out of it.’

         He was also, as he put it, lucky enough to learn algebra his own way before coming into contact with it at school. His older cousin Robert could never get to grips with algebra, and had a tutor who came to coach him. Feynman was allowed to sit in on these sessions, and quickly learned that in algebra the problem was to find the value of the unknown variable, x, in an equation. While Robert struggled to do this by rote, using rules memorized at school, Feynman appreciated that it didn’t matter how you got the answer, as long as it was the right one. Before he left elementary school, Richard had learned how to solve simultaneous equations – sets of two equations with two unknown quantities, such as

         
            2x + y = 10

 

            and

 

            2y – x = 5

         

         to find the values of both x and y (in this case, x = 3 and y = 4). Then, he made up for himself a problem with four equations and four unknowns.

         Hardly surprisingly, by the time Richard came to algebra in high school he was bored to tears by what was on offer. He suffered in silence for a while, then told the teacher that he already knew what she was trying to teach the class. The head of the mathematics department gave him a problem to solve as a test; it was too difficult for him, but he made a good enough stab at it for them to see he really did know something about algebra. So he was put in a special class for the subject, really for students who had failed algebra once and were repeating it, with a teacher, Lillian Moore, flexible enough to cope with Richard’s precocity. It was here that he met a new kind of puzzle. Miss Moore asked the class to solve the equation 2x = 32. Nobody could make head or tail of it. They didn’t have a set of rules for solving that kind of problem. But Richard didn’t need a set of rules; he saw straight away that the solution is x = 5, because 5 twos multiplied together is 32. This kind of thing was self-evident to Richard, and the fact that nobody else in the class felt the same way was one of the first indications he had that he really was different from the other students.

         That difference came to the fore when Richard became the star of the school maths team, competing with other New York high schools in the ‘Interscholastic Algebra League’. The algebra team would travel to different schools to compete with their maths whizzes. There were five members of each team, and they would be given problems that required what would nowadays be called lateral thinking to solve, with a strictly limited time in which to solve them – typically 45 seconds. Each member of the team worked independently, and could write anything he wanted on the paper in front of him. All that mattered was that before the time was up each competitor had to draw a circle around the one number on the paper that was his answer to the problem. The problems were deliberately chosen so that although they could, of course, be solved ‘by the rulebook’, it would be just about impossible to do so in the time available; but they were easy once you saw the short cut (or invented your own short cut). Feynman always won these competitions, writing down his number and ostentatiously drawing a circle around it, often on an otherwise blank piece of paper, usually before the other competitors had really got to grips with it at all. The practice served him well in later life, when he retained the ability to solve algebraic problems quickly and neatly, without ploughing through the textbook methods. 

         So Richard learned a little maths in high school, although he always claimed that he didn’t learn any science at all there, because he was always ahead of what was being taught in class. The kind of biology, physics and chemistry taught in Far Rockaway High School in the 1930s was already familiar to him from the Encyclopaedia Britannica, his own tinkering (for example with electricity), and informal conversations with his teachers and others. Even the maths he learned while at high school was largely self-taught – the big new thing for him in those years was calculus, which he learned from two books, Calculus Made Easy, by S. P. Thompson (St Martin’s Press, New York, 1910) and Calculus for the Practical Man by J. E. Thompson (Van Nostrand, New York, 1931), one of a series of ‘practical man’ guides to mathematics that Richard devoured around the time he left elementary school and went to high school.

         But two mathematical experiences that Richard had while in high school did stick with him for the rest of his life. One gave him an insight into what it was like for ordinary students; the other shaped his entire subsequent career.

         The glimpse of mathematical mortality came when Richard was introduced to solid geometry, the study of shapes in three dimensions, in high school. He was completely thrown, and couldn’t understand what the teacher was getting at at all, although he could use the rules the teacher gave in order to carry through calculations properly. For once, he was in the same position as students who used the rules of algebra to solve equations without understanding what was going on. Then, the penny dropped. After a couple of weeks, he realized that the mess of lines being drawn on the blackboard was indeed meant to represent three-dimensional objects, not some crazy pattern in two dimensions. Everything came into focus, and he never had any trouble with the subject again. As far as science was concerned, ‘it was my only experience of how it must feel to the ordinary human being’, he later said.21

         In 1933, the Feynman family visited the World’s Fair in Chicago; a year later, Richard began his final year in high school, and made the mathematical encounter that was to shape his career.

         He owed the encounter to the Depression. That year, a new physics teacher, Abram Bader, joined the school. He had been working for a PhD at Columbia University, under the Austrian-born physicist I. I. Rabi, whose work on the magnetic properties of fundamental particles would bring him the Nobel Prize in 1944. But Bader ran out of money, and had to drop out of research to become a teacher. He quickly appreciated Feynman’s unusual abilities, lending him a book on advanced calculus, and often talking to him, out of class, about scientific matters. Once he explained something called the Principle of Least Action. They discussed the topic only once, but the whole scene stuck in Feynman’s mind for the rest of his life. He was so excited by the idea that he remembered everything about the occasion – exactly where the blackboard was, where he was standing, where Mr Bader was standing, and the room they were in. ‘He just explained, he didn’t prove anything. There was nothing complicated; he just explained that such a principle exists. I reacted to it then and there, that this was a miraculous and marvelous thing to be able to express the laws in such an unusual fashion.’22

         The ‘miraculous and marvelous thing’ can be understood in terms of the flight of a ball tossed from the ground through an upper-storey window. In this context, the term ‘action’ has a precise meaning. At any point in its flight, you can calculate the difference between the kinetic energy of the ball (the energy of the ball’s motion, related to its speed) and its potential energy (the gravitational energy the ball possesses because of its height above the ground). The action is the sum of all these differences, all along the path of the ball through the air (action can be calculated in a similar way for charged particles moving in electric or magnetic fields, including electrons moving in atoms). There are many different curves the ball could follow to get through the window, ranging from low, flat trajectories to highly curved flight paths in which it goes far above the window before dropping through it. Each curve is a parabola, one of the family of trajectories possible for a ball moving under the influence of the Earth’s gravity. All this Feynman knew already. But Bader reminded him that if you know how long the flight of the ball takes, from the moment it leaves the thrower’s hand to the moment it reaches the window, that rules out all but one of the trajectories, specifying a unique path for the ball. And then he told him about the Principle of Least Action.

         One of the most important principles in physics is the conservation of energy – the total amount of energy associated with the ball (in this example) stays the same. Some of this energy is in the form of gravitational potential energy, which depends on its height above the surface of the Earth (strictly speaking, on its distance from the centre of the Earth). When the ball rises, it gains gravitational potential energy; when it falls, it loses some of this energy. The only other relevant form of energy possessed by the ball is its energy of motion, or kinetic energy. Higher speeds correspond to greater kinetic energy. At the moment the ball leaves the thrower’s hand, it has a lot of kinetic energy because it is moving fast. As it rises, some of this kinetic energy is lost, traded for gravitational potential energy, and it slows down. At the top of its trajectory, it has minimum kinetic energy and maximum potential energy, then as it falls down the other side of the curve it gains kinetic energy and loses potential energy. But the total, the sum of (kinetic + potential) energy is always the same.

         All this Feynman knew. But what he didn’t know was that given the time taken for the journey, the trajectory followed by the ball is always the one for which the difference, kinetic energy minus potential energy, added up all along the trajectory, is the least. This is the Principle of Least Action, a property involving the whole path.

         Looking at the curved line on a blackboard representing the flight of the ball, you might think, for example, that you could make it take the same time for the journey by throwing it slightly more slowly, in a flatter arc, more nearly a straight line; or by throwing it faster along a longer trajectory, looping higher above the ground. But nature doesn’t work that way. There is only one possible path between two points for a given amount of time taken for the flight. Nature ‘chooses’ the path with the least action – and this applies not just to the flight of a ball, but to any kind of trajectory, at any scale. Mr Bader didn’t work out the numbers involved, or ask Feynman to work them out. He just told him about the principle, a deep truth which impressed the high school student in his final year before going on to college.

         It’s worth a slight detour to give another example of the principle at work, this time in the guise of the Principle of Least Time, because it is so important both to science and to Feynman’s career. This version of the story involves light. It happens that light travels slightly faster through air than it does through glass.‡ Either in air or glass, light travels in straight lines – an example of the Principle of Least Time, because, since a straight line is the shortest distance between two points, that is the quickest way to get from A to B. But what if the journey from A to B starts out in air, and ends up inside a glass block? If the light still travelled in a single straight line, it would spend a relatively small amount of time moving swiftly through air, then a relatively long time moving slowly through glass. It turns out (see Figure 1) that there is a unique path which enables the light to take the least time on its journey, which involves travelling in a certain straight line up to the edge of the glass, then turning and travelling in a different straight line to its destination. The light seems to ‘know’ where it is going, apply the Principle of Least Action, and ‘choose’ the optimum path for its journey.

         The connection between mathematics and physics highlighted by the Principle of Least Action reinforced a growing fascination that Richard had had with this area of science right through high school. While working with radio receivers, building his own circuits and working out how to tune them, he had come across equations describing the behaviour of these practical objects that involved the Greek pi, the ratio of the circumference of a circle to its diameter. Although there were circular (or cylindrical) coils in these circuits, it is also possible to work with square coils, and pi came into the equations whatever the shape of the coils. There was some deep link between physics and mathematics, which Feynman did not understand, but which intrigued him. Although still known as a whiz at maths, his fascination was really with physics. 
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               Figure 1. Light travels faster through air than through glass. So the quickest journey from A to B that is partly through air and partly through glass is not the (dotted) straight line from A to B, but there is a unique ‘path of least time’ made up of two straight lines. This is a special case of the Principle of Least Action at work. The dotted lines to the right show an example of a path that takes longer than the path of least time (solid lines).

            

         

         We have emphasized the role of science in young Richard’s life because it was, indeed, the main thing in his life. He went through the educational system in what seemed, superficially, a conventional way, but actually learned his science for himself, outside the system (including teaching himself about relativity theory from books while still in high school). He found school boring, but sailed through examinations with ease, appearing, in that respect, to have been a model student. 

         How clever did he have to be, to do all that? Joan Feynman once sneaked a look at the results of the standard IQ tests that both she and her brother had taken in high school.23 Her score was 124, his was 123, so she could always claim to be smarter than he was. It is notoriously true that IQ tests are only any good at measuring the ability of people to do IQ tests, but much later in life Feynman took great delight in being able to quote his IQ score when invited to join the organization Mensa, which is exactly the kind of ‘club’ for the self-important that he despised. Unfortunately, he replied, he could not join Mensa because his IQ was not high enough for them.

         But that didn’t stop his being a genius, because some kinds of genius cannot be measured in IQ tests. The mathematician Mark Kac, who was born in Poland but spent most of his career in the United States, once explained that there are two kinds of genius. One is the kind of person that you or we would be just as good as, if only we were a lot more clever. There is no mystery about how their minds work, and once what they have done is explained to us we think we could have done it, if only we had been bright enough. But the other kind of genius is really a kind of magician. Even after what they have done is explained to us, we cannot understand how they did it. ‘Richard Feynman’, said Kac in 1985, ‘is a magician of the highest caliber.’24

         But in spite of being clearly different from his peers in this way, even as a child, and in spite of his fears of being thought a sissy, Richard wasn’t what would now be called a ‘nerd’. He had a handful of close friends, some interested in science, others on the humanities side; and his feet were kept firmly on the ground in those Depression days by the need to work at odd jobs to earn spending money. 

         His father earned about $5,000 a year in the early 1930s, which Richard knew because Melville would sometimes send him to the bank with a cheque for a week’s salary, about $100. It was Melville’s way of teaching Ritty the value of money, and it worked. Richard knew how much money the family had, and knew that they lived in reasonable comfort. He remembered thinking ‘that everything was all right, we lived fine, and my ambition was to earn that much money … I knew I wanted about $5,000 a year, that’s all I needed.’25 He worked part time for a printer while in high school, and in the summer after graduation at a hotel run by his aunt, giving rise to some of the stories recounted in Surely You’re Joking, Mr. Feynman! In many ways, this was a typical lifestyle for a bright Jewish kid in New York in the 1930s – it bears striking resemblances, for example, to the story Isaac Asimov tells in his autobiographical I Asimov (Doubleday).

         As a teenager, Feynman later said, he was interested in only two things, maths and girls (that’s one more thing than most teenage boys are interested in). He learned to dance, which was very useful for one of his interests, and he also quickly learned about the difference between social niceties and the truth.

         Richard was always uncomfortable with the phoney way many other people used language. He regarded English, as taught in high school, as ‘a kind of baloney’, had a lifetime disdain of philosophy, and dismissed religion, which seemed to him to be based purely on wishful thinking. He talked straight, meant what he said, and was genuinely confused if that seemed to upset other people. So when, at the end of his first date, the girl he had taken out said, ‘Thank you for a very lovely evening’, he thought she meant it. When the next girl he took out ended the evening with exactly the same words, he began to wonder. So the third time he took a girl out on a date, when the time came to say goodnight he got in first, saying the stock phrase before she could, and leaving her tongue-tied, unable to think what to say in response, because she had been just about to say the same thing.26 This was one of Feynman’s first encounters with this kind of empty formality, but he seldom bothered with such niceties himself.

         It wasn’t too long before he got to know a girl who would end up caring even less about social niceties than he did, and making him blissfully happy, as his first wife, in the process. When Richard first met Arline Greenbaum, when he was about thirteen, she was one of his wider circle of acquaintances, not a close friend. As they grew up together, he got to dance with her on occasion, but she soon had a regular boyfriend and to a large extent he admired her from a distance (Joan Feynman recalls Richard first mentioning this ‘wonderful girl’ to her when he was about fifteen and Joan was six). Arline was the most popular girl in the group, and everybody liked her. As Feynman recounted in What Do You Care What Other People Think?, she once made his day simply by coming over to him at a party and sitting on the arm of his chair to talk to him. ‘Oh boy!’, he thought, ‘somebody I like has paid attention to me!’ (his comments at home the next day may have been the occasion Joan remembers). He even joined an art group, something he had no ability at whatsoever at that time, simply because Arline was a member.

         Eventually, Arline’s steady relationship with her boyfriend ended, and during his final year in high school Richard got to know her better, although she was still dating other boys at that time. But Harold Gast, one of Richard’s contemporaries who also dated Arline, says that by then it was obvious to everyone in the group ‘that they were really very fond of each other and nobody was going to interfere’.27 Still rather shy and insecure socially, however, Richard imagined that Gast was a serious competitor, and was relieved when Arline chose to sit with Melville and Lucille at his graduation ceremony, a public acknowledgement of her interest in him.

         The graduation was, of course, a triumph for Feynman, who took top honours in just about everything, ironically including English. The reason for that particular triumph, also recounted in What Do You Care, was that, knowing his limitations, in the examination he had written an uncontentious essay about technology and aviation, designed to appeal to his teachers by ‘slinging the bull’ – saying simple things in an impressive way, using long words and technical terms. His friends with greater literary talent (including Gast) had been confident enough to spread their wings and take up more controversial themes, with which the examiners could take issue (another example, to Feynman, of the ‘baloney’ involved in English). So they ‘only’ scored 88 per cent, while Richard scored 91 per cent (in one of his worst subjects).

         In those days (Feynman graduated in the summer of 1935) many bright kids had to forgo a college education for financial reasons, but Melville and Lucille were determined to give Richard the best education they could. Even with his academic track record and his parents’ backing, though, getting into college wasn’t all plain sailing. He applied to Columbia University and the Massachusetts Institute of Technology (MIT). Columbia required an examination, and charged wouldbe students $15 for the privilege of taking it (at a time when the Feynman family income, remember, was about $100 per week); Richard took the exam, and presumably passed, but was denied a place at Columbia because they had already filled up their quota of Jewish students for that year. Feynman wasn’t bothered by the quota system, incredible though it seems to modern eyes; that was just the way things worked in the 1930s. But he would probably have appreciated it if the university had rejected him out of hand, without taking his $15 first.

         That left MIT. Apart from the academic requirements, they insisted upon a recommendation from an MIT graduate for all prospective freshmen. This did rankle, but it was a hoop that had to be jumped through, and Melville did the jumping, persuading an acquaintance whom he knew had gone to MIT to provide the recommendation. But the acquaintance really knew nothing about Richard, who later described the system,28 as ‘evil, wrong, and dishonest’, a falseness that was the only thing he disliked about applying to MIT. The unpleasant taste was eased somewhat when the college offered Richard a small scholarship – he had applied for a full scholarship, which he failed to get, but received the small award of about $100 per year, which would be a help.

         In the summer of 1935, before he left for MIT, Feynman worked in his aunt’s hotel (putting money aside ready for college) and spent a lot of time getting to know Arline better. It was at MIT that he would formally make the transition from being a mathematician to being a physicist, and he was lucky enough to arrive on the scene at a time when the physics textbooks had been completely rewritten by the development, in the 1920s, of quantum theory. The younger Feynman had read about some of this new work already, for pleasure; soon, it would become his vocation. In order to appreciate where Feynman was coming from when he began to make his own original contributions to science, it is time to take stock of the state physics was in just before Feynman came on the scene, in the aftermath of the quantum revolution and the slightly older revolution initiated by Albert Einstein with his two theories of relativity. Twentieth-century science was a very different world from the one in which physicists had operated for the previous 200 years, from the time of Isaac Newton (at the end of the 17th century), to the time of Max Planck (at the end of the 19th century).

         
            Notes

            1. Richard Feynman, interview with Jagdish Mehra, quoted in Mehra’s book The Beat of a Different Drum (hereafter referred to as Mehra; details in Bibliography).

            2. Feynman often recounted this anecdote. See, for example, What Do You Care What Other People Think?, by Richard Feynman & Ralph Leighton (hereafter referred to as What Do You Care; details in Bibliography). The widely recounted dinosaur, bird and wagon anecdotes can be found in the same source.

            3. What Do You Care.

            4. Leighton, interview with JG, April 1995.

            5. Quoted in No Ordinary Genius, edited by Christopher Sykes (see Bibliography).

            6. What Do You Care.

            7. The story of Johanna and Henry Phillips is told by Joan Feynman in No Ordinary Genius.

            8. What Do You Care.

            9. See Joan Feynman’s contribution to the Feynman memoir Most of the Good Stuff, edited by Laurie Brown & John Rigden (see Bibliography).

            10. Joan Feynman’s comments taken from correspondence with JG, January/February 1996. 

            11. Mehra.

            12. Most of the Good Stuff.

            13. There is no evidence that Lucille believed this. But she must have been aware of the extremely limited career opportunities for women in science at the time, and was probably trying to steer Joan away from the likelihood of a major disappointment.

            14. Interview with JG, April 1995; see also No Ordinary Genius.

            15. Most of the Good Stuff.

            16. Interview with JG, April 1995.

            17. No Ordinary Genius; see also note 10.

            18. Mehra.

            19. See also Six Easy Pieces (see Bibliography).

            20. See, for example, Surely You’re Joking, Mr. Feynman!, by Richard Feynman & Ralph Leighton (see Bibliography; hereafter referred to as Surely You’re Joking).

            21. Mehra.

            22. Mehra.

            23. No Ordinary Genius.

            24. Quoted by Hans Bethe, whom Kac described as an ordinary genius, in No Ordinary Genius.

            25. Mehra.

            26. What Do You Care.

            27. Mehra.

            28. Mehra.

         

         
            * The name is pronounced, rather appropriately, ‘Fine Man.’

            † Intriguingly, one of Feynman’s own insights into the nature of the world now provides us (although it was not appreciated in his lifetime) with one way of explaining what inertia ‘really is’; see Chapter 14.

            ‡ The famous ‘ultimate speed limit’ from relativity theory is the speed of light in a vacuum, which is greater still.

         

      

   


   
      
         

            2 Physics before Feynman

         

         The two revolutions that transformed physics in the 20th century, relativity theory and quantum mechanics, both developed from new understandings of the nature of light, and both had their roots in the 19th century. When Albert Einstein developed his Special Theory of Relativity early in the 20th century1 (it was published in 1905), the foundation stone on which he built was a discovery that had been made four decades earlier, in the 1860s, by the Scottish physicist James Clerk Maxwell.

         Maxwell, who was born in 1831 and died in 1879 (the year Einstein was born), was one of the great physicists of his day, who made many contributions to science. But he is best remembered for his work on electricity and magnetism, which led him to the discovery that light can be described as an electromagnetic wave travelling through space at a certain speed. He developed a set of four equations, now known as Maxwell’s equations, which can provide the answer to any question you want to ask about the ‘classical’ (that is, pre-quantum theory) behaviour of electricity and magnetism. Maxwell’s equations will tell you the force that operates between two electrical charges of a certain strength a certain distance apart; they will tell you how strong an electric current is generated in a nearby wire by a magnet moving past at a certain speed; and so on. Every problem involving electricity and magnetism, above the quantum level, can be solved by using Maxwell’s equations, which represented the greatest unifying discovery in science since Isaac Newton discovered the Universal Law of Gravitation.

         One solution of Maxwell’s equations, a natural component of the unified whole, describes electromagnetic waves moving through space. The speed with which the waves move, usually denoted by the letter c, is a constant which emerges naturally from the equations, as a fundamental property of nature. It is not put in by hand. It was when Maxwell found that the value of c which automatically comes out of his theory is exactly the same as the speed of light measured in a vacuum (which was already quite well determined by the 1860s) that he realized that his equations also described the behaviour of light. In 1864, he wrote:

         
            The velocity is so nearly that of light that it seems we have strong reason to conclude that light itself … is an electromagnetic disturbance in the form of waves propagated through the electromagnetic field according to electromagnetic laws.2

         

         That word ‘field’ is one to watch out for. It is related to the idea of lines of force, which helps us to visualize, for example, what happens when two magnets are brought together. In this case, the lines of force are thought of as something like stretched elastic bands, which start out from the magnetic ‘north pole’ on a bar magnet and end up on the magnetic ‘south pole’. When a north pole and a south pole are brought together, the lines of force reach out across the gap and pull the two poles together; but when two north poles are pushed together, the lines of force are forced out of the gap, creating a resistance and holding the two north poles apart (see Figure 2). The region around the magnet where it exerts this influence is the region of its ‘magnetic field’. In a similar way, physicists think of massive objects, like the Sun and the Earth, as being surrounded by a ‘gravitational field’, filled with lines of force that tug on any object in that field. Of course, lighter objects, such as our desk, or your pen, also have their own gravitational fields, but these are so weak that they can only be detected using very sensitive equipment.
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               Figure 2. The concept of a field is related to the idea of ‘lines of force’. (a) A north magnetic pole and a south magnetic pole attract each other as if they were being pulled together by stretched elastic bands. (b) Two north magnetic poles repel each other as if they were separated by a block of stiff, compressed rubber. The magnetic field is stronger where the lines of force are closer together.

            

         

         Field theory is an extremely successful way of describing the interactions between things like magnets, electrical charges and gravitating bodies. But don’t run away with the idea that it is the only way to describe these interactions. Without wishing to get too far ahead of our story, it’s worth warning you that one of the things that most intrigued Richard Feynman in later life was the way in which several different descriptions of the way things work can turn out to be equally effective in the right hands. Maxwell himself actually worked towards his field theory through an intermediate image which involved the forces of electricity and magnetism being conveyed by whirlpool-like vortices spinning in a fluid which filled all the space between material objects. The way the vortices interacted was like the cogs and wheels of some great piece of clockwork, and this early version of the theory looks totally bizarre to modern eyes – but it worked. The lesson to be drawn is that in some deep sense the truth about how the world works resides in the equations – in this case, Maxwell’s equations – and not in the physical images that we conjure up to help our limited imaginations to visualize what is going on.

         That was a point that was well appreciated by the young Einstein. One of the strangest things about the constant c that appeared in Maxwell’s equation was that it was just that – a constant. It represented the speed of light (and all other electromagnetic radiation, including radio waves), but it took no account of how fast the object producing the light was moving, or how fast the person measuring the speed of the light was moving. This didn’t match common sense, or the laws of motion based upon Newton’s work in the 17th century and held sacrosanct ever since. 

         In the everyday world, if you ride in an open car that is travelling at 50 kilometres an hour (km/h) along a straight road, and you throw a ball straight out ahead of you at a speed of 5 km/h, then (if you could ignore wind resistance) you would expect the ball to be moving at 55 km/h relative to the road. But what Maxwell’s equations seemed to say was that if you rode in the same car and shone its headlights out in front of you, the speed of the light from the car would not only be c relative to the car (as you would expect) but also c (not c + 50 km/h) relative to the road! Even if you were in a spaceship travelling at half the speed of light, and you met a spaceship travelling the opposite way at half the speed of light, the light from the headlights on the other spaceship would be travelling at the same speed of light, c, relative to your measuring instruments and relative to the measuring instruments in the other spaceship.

         It was clear by the end of the 19th century that there must be something wrong either with Maxwell’s equations or with common sense (and Newton’s equations). It was Einstein’s genius to take Maxwell’s equations at face value, and work out all the implications in his Special Theory of Relativity. Einstein’s theory explains how it can be that the speed of light (in a vacuum; it travels slightly more slowly in more dense media) is always measured to be the same no matter how the measuring instruments are moving relative to the light source. The implications include the fact that the faster an object moves, the more massive it gets; the fact that nothing can be accelerated from ‘ordinary’ speeds to travel faster than light (so that even if you are in a spaceship travelling at two-thirds of c relative to Earth, and you encounter a spaceship travelling in the opposite direction at two-thirds of c relative to Earth, the velocity of the other spaceship relative to yours is still less than c); and the famous relationship between mass and energy, E = mc2.

         All of these predictions, it cannot be overemphasized, have been tested many times to great precision. The Special Theory of Relativity passes every test, and has been proven to be a good description of the way the world works.3 But you only need to use the Special Theory to understand what is going on if you are dealing with things moving at very high speeds, a sizeable fraction of the speed of light. The difference between the predictions of the Special Theory and common sense are of no significance at all for speeds that are small compared with the speed of light, which is itself a huge 300,000 kilometres per second. Unfortunately for the physicists, though, there are things which move at these so-called ‘relativistic’ speeds that have to be taken account of in their attempts to describe the way the everyday world works. In particular, electrons whizzing around inside atoms have to be described taking proper account of the Special Theory of Relativity.*

         By the time Feynman went to MIT, the structure of the atom, and the way it operated in accordance with both quantum mechanics and special relativity, were pretty well understood, except for some annoying details. The electron had been identified in the 1890s by the British physicist J. J. Thomson, the role of the proton was appreciated by the beginning of the 1920s, and the neutron was identified in 1932. This combination of particles was all that was needed to explain the structure of atoms. Each atom contains a nucleus that is a ball of positively charged protons and electrically neutral neutrons, held together (in spite of the tendency of the positive charge on the protons to make them repel one another) by a very short range force of attraction, called the strong nuclear force. Outside the nucleus, each atom ‘owns’ a cloud of electrons, with one negatively charged electron for each proton in the nucleus, held in place by the mutual attraction between the negative charge on the electrons and the overall positive charge on the nucleus. In addition, during the early 1930s physicists began to suspect the existence of another type of particle, dubbed the neutrino, which had never been detected directly but was required to balance the energy budget whenever a neutron transformed itself into a proton by spitting out an electron (a process known as beta decay). Beta decay involves a fourth kind of force (after gravity, electromagnetism and the strong force), dubbed the weak force, or weak interaction. 
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