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			PRAISE FOR EINSTEIN'S DICE AND SCHRODINGER'S CAT:

						CultureLab – Best Read of 2015

			“This book can be put on the reading list of those who have enjoyed The Theory of Everything and want to know more.”

			—Physics World

			“A highly approachable book that will appeal to readers...who are interested in physics, the history of science, and the human and political aspects of scientists and their work.”

			—Library Journal

			“Halpern’s book has an enormous richness of detail about both men’s lives and work.”

			—The Observatory 

			“That’s a lot to cover in a single book, and the author masters this challenge most thoroughly. While the science is covered in detail, the tone and narrative are accessible to readers with all levels of mathematical and physics proficiency. The author has served science writing well by casting light on the relationship between these two pioneers of quantum physics….Indeed, there are lessons about the often-messy process of science in this book for students, scientists, and citizens alike.”

			—MAA Reviews

			“With verve, Halpern explores the fragile nature of scientific collaboration.... Halpern ably explores the clashing personalities and worldviews that had physics in churning ferment during the early part of the 20th century.”

			—Kirkus Reviews

			“With his trademark grace and clarity, Paul Halpern shines new light on the personalities, lives, and achievements of two of the twentieth century's greatest theoretical physicists, at the same time illuminating the fascinating interactions between the two. Halpern has a rare talent for bringing both the physics and the human stories to life.”

			—Kenneth W. Ford, former Director of the American Institute of Physics and author of  The Quantum World 

			“We have seen books that celebrate Einstein and Schrödinger as two of the greatest scientists of all time. With clarity and diligence, Halpern does something different: he explores how intellectual curiosity and vanity get enmeshed with power struggles and the media to bring out the worst in good-willing people, especially when the stakes are as high as the creation of a God-like ‘theory of everything.’”

			—Marcelo Gleiser, author of The Island of Knowledge

	“Paul Halpern has written a fascinating account of two of the giants of 20th century physics. Both Nobel Prize winners, Albert Einstein and Erwin Schrödinger, friends and at times fractious competitors, struggled to come to terms with the uncertainty and randomness expressed by quantum mechanics. In Einstein’s Dice and Schrödinger’s Cat, the author gives great insight into the philosophies and personal ambition that brought the two brilliant men together and then sadly drove them apart. As a fan of popular science books and someone who has used phrases such as ‘God does not play dice’and ‘Schrödinger's Cat’ in my songs, I found Paul Halpern’s book illuminating and entertaining.”

			—Roland Orzabal, co-founding member of Tears for Fears 
		
				“Writing with verve and insight, Paul Halpern tells a striking cautionary tale about friendship, vanity, and the quest to make a great discovery. He gives an exceptionally lucid and engaging account of modern physics, embedded in a rich human tapestry centered on Einstein, Schrödinger, and their friends.”

			—Peter Pesic, author of Music and the Making of Modern Science and Director of the Science Institute at St. John's College in Santa Fe, NM
	
			“This is history of science writing at its best—effortless prose, juicy details and a fascinating narrative that casts familiar territory in a whole new light. The friendship and betrayal between Einstein and Schrödinger is a little known story, and Halpern brings it to life with a historian’s care, a physicist’s knowledge, and a writer’s charm. The book provides a poignant look at how philosophy drives scientific progress and is an important critique of how the media shapes and distorts it.”

			—Amanda Gefter, author of Trespassing on Einstein’s Lawn
	
			“Einstein’s Dice and Schrödinger’s Cat is a fascinating, well-written account of how these two men struggled with one of the most puzzling features of quantum mechanics: the appearance of randomness in nature. Both general and specialist readers will find it of interest.”

			—David C. Cassidy, Professor of Chemistry at Hofstra University and author of Beyond Uncertainty: Heisenberg, Quantum Physics, and the Bomb
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			Dedicated to the memory of Max Dresden, my PhD advisor, whose passion for the history of twentieth-century physics was truly inspiring

		

	
		
			

			Well who am I? (This question is meant in general, the “I” not referring just to the present writer.) The Image of God, gifted with power of thought to try and understand His world. However naive my attempt at this may be, I do have to value it higher than scrutinizing Nature for the purpose of inventing a device to . . . say, avoid splashing my spectacles in eating a grapefruit, or other very handy conveniences of life.

			—Erwin Schrödinger, “The New Field Theory”
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			Introduction

			Allies and Adversaries

			This is the tale of two brilliant physicists, the 1947 media war that tore apart their decades-long friendship, and the fragile nature of scientific collaboration and discovery.

			When they were pitted against each other, each scientist was a Nobel laureate, well into middle age, and certainly past the peak of his major work. Yet the international press largely had a different story to tell. It was a familiar narrative of a seasoned fighter still going strong versus an upstart contender hungry to seize the trophy. While Albert Einstein was extraordinarily famous, his every pronouncement covered by the media, relatively few readers were conversant with the work of Austrian physicist Erwin Schrödinger. 

			Those following Einstein’s career knew that he had been working for decades on a unified field theory. He hoped to extend the work of nineteenth-century British physicist James Clerk Maxwell in uniting the forces of nature through a simple set of equations. Maxwell had provided a unified explanation for electricity and magnetism, called electromagnetic fields, and identified them as light waves. Einstein’s own general theory of relativity described gravity as a warping of the geometry of space and time. Confirmation of the theory had won him fame. However, he didn’t want to stop there. His dream was to incorporate Maxwell’s results into an extended form of general relativity and thereby unite electromagnetism with gravity.

			Every few years, Einstein had announced a unified theory to great fanfare, only to have it quietly fail and be replaced by another. Starting in the late 1920s, one of his primary goals was a deterministic alternative to probabilistic quantum theory, as developed by Niels Bohr, Werner Heisenberg, Max Born, and others. Although he realized that quantum theory was experimentally successful, he judged it incomplete. In his heart he felt that “God did not play dice,” as he put it, couching the issue in terms of what an ideal mechanistic creation would be like. By “God” he meant the deity described by seventeenth-century Dutch philosopher Baruch Spinoza: an emblem of the best possible natural order. Spinoza had argued that God, synonymous with nature, was immutable and eternal, leaving no room for chance. Agreeing with Spinoza, Einstein sought the invariant rules governing nature’s mechanisms. He was absolutely determined to prove that the world was absolutely determined.

			Exiled in Ireland in the 1940s after the Nazi annexation of Austria, Schrödinger shared Einstein’s disdain for the orthodox interpretation of quantum mechanics and saw him as a natural collaborator. Einstein similarly found in Schrödinger a kindred spirit. After sharing ideas for unification of the forces, Schrödinger suddenly announced success, generating a storm of attention and opening a rift between the men.

			You may have heard of Schrödinger’s cat—the feline thought experiment for which the general public knows him best. But back when this feud took place, few people outside of the physics community had heard of the cat conundrum or of him. As depicted in the press, he was just an ambitious scientist residing in Dublin who might have landed a knockout punch on the great one.

			The leading announcer was the Irish Press, from which the international community learned about Schrödinger’s challenge. Schrödinger had sent them an extensive press release describing his new “theory of everything,” immodestly placing his own work in the context of the achievements of the Greek sage Democritus (the coiner of the term “atom”), the Roman poet Lucretius, the French philosopher Descartes, Spinoza, and Einstein himself. “It is not a very becoming thing for a scientist to advertise his own discoveries,” Schrödinger told them. “But since the Press wishes it, I submit to them.”1

			The New York Times cast the announcement as a battle between a maverick’s mysterious methods and the establishment’s lack of progress. “How Schrödinger has proceeded we are not told,” it reported.2

			For a fleeting moment it seemed that a Viennese physicist whose name was then little known to the general public had beaten the great Einstein to a theory that explained everything in the universe. Perhaps it was time, puzzled readers may have thought, to get to know Schrödinger better.

			A Gruesome Conundrum

			Today, what comes to mind for most people who have heard of Schrödinger are a cat, a box, and a paradox. His famous thought experiment, published as part of a 1935 paper, “The Present Situation in Quantum Mechanics,” is one of the most gruesome devised in the history of science. Hearing about it for the first time is bound to trigger gasps of horror, followed by relief that it is just a hypothetical experiment that presumably has never been attempted on an actual feline subject.

			Schrödinger proposed the thought experiment in 1935 as part of a paper that investigated the ramifications of entanglement in quantum physics. Entanglement (the term was coined by Schrödinger) is when the condition of two or more particles is represented by a single quantum state, such that if something happens to one particle the others are instantly affected.

			Inspired in part by dialogue with Einstein, the conundrum of Schrödinger’s cat presses the implications of quantum physics to their very limits by asking us to imagine the fate of a cat becoming entangled with the state of a particle. The cat is placed in a box that contains a radioactive substance, a Geiger counter, and a sealed vial of poison. The box is closed, and a timer is set to precisely the interval at which the substance would have a 50–50 chance of decaying by releasing a particle. The researcher has rigged the apparatus so that if the Geiger counter registers the click of a single decay particle, the vial would be smashed, the poison released, and the cat dispatched. However, if no decay occurs, the cat would be spared.

			According to quantum measurement theory, as Schrödinger pointed out, the state of the cat (dead or alive) would be entangled with the state of the Geiger counter’s reading (decay or no decay) until the box is opened. Therefore, the cat would be in a zombielike quantum superposition of deceased and living until the timer went off, the researcher opened the box, and the quantum state of the cat and counter “collapsed” (distilled itself) into one of the two possibilities.

			From the late 1930s until the early 1960s the thought experiment was little mentioned, except sometimes as a classroom anecdote. For instance, Columbia University professor and Nobel laureate T. D. Lee would tell the tale to his students to illustrate the strange nature of quantum collapse.3 In 1963, Princeton physicist Eugene Wigner mentioned the thought experiment in a piece he wrote about quantum measurement and extended it into what is now referred to as the “Wigner’s friend” paradox.

			Renowned Harvard philosopher Hilary Putnam—who learned about the conundrum from physicist colleagues—was one of the first scholars outside of the world of physics to analyze and discuss Schrödinger’s thought experiment.4 He described its implications in his classic 1965 paper “A Philosopher Looks at Quantum Mechanics,” published as a book chapter. When the paper was mentioned the same year in a Scientific American book review, the term “Schrödinger’s cat” entered the realm of popular science. Over the decades that followed, it crept into culture as a symbol of ambiguity and has been mentioned in stories, essays, and verse.

			Despite the public’s current familiarity with the cat paradox, the physicist who developed it still isn’t well known otherwise. While Einstein has been an icon since the 1920s, the very emblem of a brilliant scientist, Schrödinger’s life story is scarcely familiar. That is ironic because the adjective “Schrödinger’s”—in the sense of a muddled existence—could well have applied to him.

			A Man of Many Contradictions

			The ambiguity of Schrödinger’s cat perfectly matched the contradictory life of its creator. The bookish, bespectacled professor maintained a quantum superposition of contrasting views. His yin-yang existence began in his youth when he learned German and English from different family members and was raised bilingual. With ties to many countries but a supreme love of his native Austria, he never felt comfortable with either nationalism or internationalism and preferred avoiding politics altogether.

			An enthusiast of fresh air and exercise, he would drown others in the smoke from his omnipresent pipe. At formal conferences, he’d walk in dressed like a backpacker. He’d call himself an atheist and talk about divine motivations. At one point in his life he lived with both his wife and another woman who was the mother of his first child. His doctoral work was a mixture of experimental and theoretical physics. During the early part of his career he briefly considered switching to philosophy before veering back to science. Then came whirlwind shifts between numerous institutions in Austria, Germany, and Switzerland.

			As physicist Walter Thirring, who once worked with him, described, “It was like he was always being chased: from one problem to another by his genius, from one country to another by the political powers in the twentieth century. He was a man full of contradictions.”5

			At one point in his career, he argued vehemently that causality should be rejected in favor of pure chance. Several years later, after developing the deterministic Schrödinger equation, he had second thoughts. Perhaps there are causal laws after all, he argued. Then physicist Max Born reinterpreted his equation probabilistically. After fighting that reinterpretation, he started to sway back toward the chance conception. Later in life, his philosophical roulette wheel landed once again in the direction of causality.

			In 1933, Schrödinger heroically gave up an esteemed position in Berlin because of the Nazis. He was the most prominent non-Jewish physicist to leave of his own accord. After working in Oxford, he decided to move back to Austria and became a professor at the University of Graz. But then, strangely enough, after Nazi Germany annexed Austria, he tried to cut a deal with the government to keep his job. In a published confession, he apologized for his earlier opposition and proclaimed his loyalty to the conquering power. Despite his pandering, he had to leave Austria anyway, moving on to a prominent position at the newly founded Dublin Institute for Advanced Studies. Once on neutral ground, he recanted his self-renunciation.

			“He demonstrated impressive civil courage after Hitler came to power in Germany and . . . left the most prominent German professorship in physics,” noted Thirring. “As the Nazis caught up with him, he was forced into a pathetic show of solidarity with the terror regime.”6

			Quantum Comrades 

			Einstein, who had been a colleague and dear friend in Berlin, stuck by Schrödinger all along and was delighted to correspond with him about their mutual interests in physics and philosophy. Together they battled a common villain: sheer randomness, the opposite of natural order.

			Schooled in the writings of Spinoza, Schopenhauer—for whom the unifying principle was the force of will, connecting all things in nature—and other philosophers, Einstein and Schrödinger shared a dislike for including ambiguities and subjectivity in any fundamental description of the universe. While each played a seminal role in the development of quantum mechanics, both were convinced that the theory was incomplete. Though recognizing the theory’s experimental successes, they believed that further theoretical work would reveal a timeless, objective reality.

			Their alliance was cemented by Born’s reinterpretation of Schrödinger’s wave equation. As originally construed, the Schrödinger equation was designed to model the continuous behavior of tangible matter waves, representing electrons in and out of atoms. Much as Maxwell constructed deterministic equations describing light as electro­magnetic waves traveling through space, Schrödinger wanted to create an equation that would detail the steady flow of matter waves. He thereby hoped to offer a comprehensive accounting of all of the physical properties of electrons.

			Born shattered the exactitude of Schrödinger’s description, replacing matter waves with probability waves. Instead of physical properties being assessed directly, they needed to be calculated through mathematical manipulations of the probability waves’ values. In doing so, he brought the Schrödinger equation in line with Heisenberg’s ideas about indeterminacy. In Heisenberg’s view, certain pairs of physical quantities, such as position and momentum (mass times velocity) could not be measured simultaneously with high precision. He encoded such quantum fuzziness in his famous uncertainty principle: the more precisely a researcher measures a particle’s position, the less precisely he or she can know its momentum—and the converse.

			Aspiring to model the actual substance of electrons and other particles, not just their likelihoods, Schrödinger criticized the intangible elements of the Heisenberg-Born approach. He similarly eschewed Bohr’s quantum philosophy, called “complementarity,” in which either wavelike or particlelike properties reared their heads, depending on the experimenter’s choice of measuring apparatus. Nature should be visualizable, he rebutted, not an inscrutable black box with hidden workings.

			As Born’s, Heisenberg’s, and Bohr’s ideas became widely accepted among the physics community, melded into what became known as the “Copenhagen interpretation” or orthodox quantum view, Einstein and Schrödinger became natural allies. In their later years, each hoped to find a unified field theory that would fill in the gaps of quantum physics and unite the forces of nature. By extending general relativity to include all of the natural forces, such a theory would replace matter with pure geometry—fulfilling the dream of the Pythagoreans, who believed that “all is number.”

			
				

					[image: Figure1_Einstein.jpg]
				

				
					Portrait of Albert Einstein in his later years. Courtesy of the University of New Hampshire, Lotte Jacobi Collection, and the AIP Emilio Segre Visual Archives, donated by Gerald Holton.

				

			

			Schrödinger had good reason to be much indebted to Einstein. A talk by Einstein in 1913 help spark his interest in pursuing fundamental questions in physics. An article Einstein published in 1925 referenced French physicist Louis de Broglie’s concept of matter waves, inspiring Schrödinger to develop his equation governing the behavior of such waves. That equation earned Schrödinger the Nobel Prize, for which Einstein, among others, had nominated him. Einstein endorsed his appointment as a professor at the University of Berlin and as a member of the illustrious Prussian Academy of Sciences. Einstein warmly invited Schrödinger to his summer home in Caputh and continued to offer guidance in their extensive correspondence. The EPR thought experiment, developed by Einstein and his assistants Boris Podolsky and Nathan Rosen to illustrate murky aspects of quantum entanglement, along with a suggestion by Einstein about a quantum paradox involving gunpowder, helped inspire Schrödinger’s cat conundrum. Finally, the ideas developed by Schrödinger in his quest for unification were variations of proposals by Einstein. The two theorists frequently corresponded about ways to tweak general relativity to make it mathematically flexible enough to encompass other forces besides gravity.

			Portrait of a Fiasco

			Dublin’s Institute for Advanced Studies, where Schrödinger was the leading physicist throughout the 1940s and early 1950s, was modeled directly on Princeton’s Institute for Advanced Study, where Einstein had played the same role since the mid-1930s. Irish press reports often compared the two of them, treating Schrödinger as Einstein’s Emerald Isle equivalent.

			
				
					[image: Figure2_Schrodinger.jpg]
				

				
					Erwin Schrödinger, in midlife, relaxing outdoors. Photo by Wolfgang Pfaundler, Innsbruck, Austria, courtesy AIP Emilio Segre Visual Archives

				

			

			Schrödinger took every opportunity to mention his connection with Einstein, going so far as to reveal some of the contents of their private correspondence when it suited his purpose. For example, in 1943, after Einstein wrote personally to Schrödinger that a certain model for unification had been the “tomb of his hopes” in the 1920s, Schrödinger exploited that statement to make it look like he had succeeded where Einstein had failed. He read the letter publicly to the Royal Irish Academy, bragging that he had “exhumed” Einstein’s hopes through his own calculations. The lecture was reported in the Irish Times, capped by the misleading headline “Einstein Tribute to Schroedinger.”7

			At first Einstein graciously chose to ignore Schrödinger’s boasts. However, the press reaction to a speech Schrödinger gave in January 1947 claiming victory in the battle for a theory of everything proved too much. Schrödinger’s bold statement to the press asserting that he had achieved the goal that had eluded Einstein for decades (by developing a theory that superseded general relativity) was flung in Einstein’s face, in hopes of spurring a reaction.

			And react he did. Einstein’s snarky reply reflected his deep displeasure with Schrödinger’s overreaching assertions. In his own press release, translated into English by his assistant Ernst Straus, he responded: “Professor Schroedinger’s latest attempt . . . can . . . be judged only on the basis of its mathematical qualities, but not from the point of view of ‘truth’ and agreement with facts of experience. Even from this point of view, it can see no special advantages—rather the opposite.”8

			The bickering was reported in newspapers such as the Irish Press, which conveyed Einstein’s admonition that it is “undesirable . . . to present such preliminary attempts to the public in any form. It is even worse when the impression is created that one is dealing with definite discoveries concerning physical reality.”9

			Humorist Brian O’Nolan, writing in the Irish Times under the nom de plume “Myles na gCopaleen,” savaged Einstein’s response, in essence calling him arrogant and out of touch. “What does Einstein know of the use and meaning of words?” he wrote. “Very little, I should say. . . . For instance what does he mean by terms like ‘truth’ and ‘the facts of experience.’ His attempt to meet shrewd newspaper readers on their own ground is not impressive.”10

			These two old friends, comrades in the battle against the orthodox interpretation of quantum mechanics, had never anticipated that they would be battling in the international press. That was certainly neither Schrödinger nor Einstein’s intention when they had begun their correspondence about unified field theory some years earlier. However, Schrödinger’s audacious claims to the Royal Irish Academy proved irresistible to eager reporters, who often trawled for stories related to Einstein.

			One impetus for the skirmish was Schrödinger’s need to please his host, Irish taoiseach (prime minister) Éamon de Valera, who had personally arranged for his journey to Dublin and appointment to the Institute. De Valera took an active interest in Schrödinger’s accomplishments, hoping that he would bring glory to the newly independent Irish republic. As a former math instructor, de Valera was an aficionado of Irish mathematician William Rowan Hamilton. In 1943, he made sure that the centenary of one of Hamilton’s discoveries, a type of  numbers called quaternions, was honored throughout Ireland. Much of Schrödinger’s work made use of Hamilton’s methods. What better way to honor liberated Ireland and its leading light, Hamilton, by bringing it newfound fame as the place where Einstein’s relativity was dethroned and replaced with a more comprehensive theory? Schrödinger’s far-reaching pronouncement matched his patron’s hopes perfectly. The Irish Press, owned and controlled by de Valera, made sure the world knew that the land of Hamilton, Yeats, Joyce, and Shaw could also produce a “theory of everything.”

			Schrödinger’s approach to science (and indeed to life) was impulsive. Feeling blessed with promising results, he wanted to trumpet them to the world, not realizing until it was too late that he was slighting one of his dearest friends and mentors. He considered his discovery—purportedly a simple mathematical way of encapsulating the entirety of natural law—to be something like a divine revelation. Therefore, he was anxious to divulge what he saw as a fundamental truth revealed only to him.

			Needless to say, Schrödinger came nowhere near developing a theory that explained everything, as Einstein correctly pointed out. He merely found one of many mathematical variations of general relativity that technically made room for other forces. However, until solutions to that variation could be found that matched physical reality, it was just an abstract exercise rather than a genuine description of nature. While there are myriad ways to extend general relativity, none has been found so far that matches how elementary particles actually behave, including their quantum properties.

			In the hype department, though, Einstein was hardly an innocent bystander. Periodically he had proposed his own unification models and overstated their importance to the press. For example, in 1929, he announced to great fanfare that he had found a theory that united the forces of nature and surpassed general relativity. Given that he hadn’t found (and wouldn’t find) physically realistic solutions to his equations, his announcement was extremely premature. Yet he criticized Schrödinger for essentially doing the same thing.

			Schrödinger’s wife, Anny, later revealed to physicist Peter Freund that he and Einstein were each contemplating suing the other for plagiarism. Physicist Wolfgang Pauli, who knew both of them well, warned them of the possible consequences of pursuing legal remedies. A lawsuit played out in the press would be embarrassing, he advised them. It would quickly degenerate into a farce, sullying their reputations. Their acrimony was such that Schrödinger once told physicist John Moffat, who was visiting Dublin, “my method is far superior to Albert’s! Let me explain to you, Moffat, that Albert is an old fool.”11

			Freund speculated about the reasons two aging physicists would seek a theory of everything. “One can answer this question on two levels,” he said. “On one level it is an act of ultimate grandiosity. . . . [They] were extremely successful in physics. As they see their powers waning, they take one final stab at the biggest problem: finding the ultimate theory, ending physics. . . . On another level, maybe these men are just driven by the same insatiable curiosity that has stood them in such good stead in their youth. They want to know the solution to the puzzle that has preoccupied them throughout life; they want to have a glimpse of the promised land in their lifetime.”12

			Frayed Unity

			Many physicists spend their careers focused on very specific questions about particular aspects of the natural world. They see the trees, not the forest. Einstein and Schrödinger shared much broader aspirations. Through their readings of philosophy, each was convinced that nature had a grand blueprint. Their youthful journeys led them to significant discoveries—including Einstein’s theory of relativity and Schrödinger’s wave equation—that revealed part of the answer. Tantalized by part of the solution, they hoped to complete their life missions by finding a theory that explained everything.

			However, as in the case of religious sectarianism, even minor differences in outlook can lead to major conflicts. Schrödinger jumped the gun because he thought he had miraculously found a clue that Einstein somehow had missed. His false epiphany, together with the performance pressures he faced because of his academic position, generated an impulsive need to come forward before he had gathered enough proof to confirm his theory.

			Their skirmish came at a cost. From that point on, their dream of cosmic unity was tainted with personal conflict. They squandered the prospect of spending their remaining years in friendly dialogue, headily discussing possible clockwork mechanisms of the universe. Having waited billions of years for a complete explanation of its workings, the cosmos would be patient, but two great thinkers had lost their fleeting opportunity.

		

	
		
			Chapter One

			The Clockwork Universe

			These transient facts,

		    These fugitive impressions.

		    Must be transformed by mental acts,

		    To permanent possessions.

		    Then summon up your grasp of mind,

		    Your fancy scientific,

		    Till sights and sounds with thought combined 

		    Become of truth prolific.

			—James Clerk Maxwell, from “To the 

		    Chief Musician upon Nabla: A Tyndallic Ode”

			Until the age of relativity and quantum mechanics, the two greatest unifiers of physics were Isaac Newton and James Clerk Maxwell. Newton’s laws of mechanics demonstrated how the changing motions of objects were governed by their interactions with other objects. His law of gravitation codified one such interaction; the force causing celestial bodies, such as the planets, to follow particular paths, such as elliptical orbits. He brilliantly showed how all manner of phenomena on Earth—an arrow’s trajectory, for instance—find explanation in a universal picture.

			Newtonian physics is completely deterministic. If, at a particular instant, you knew the positions and velocities of every object in the universe, along with all the forces on them, you could theoretically predict their complete behavior forever. Inspired by the power of Newton’s laws, many nineteenth-century thinkers believed that only practical limitations, such as the daunting challenge of gathering colossal amounts of data, prevented scientists from perfectly prognosticating everything.

			Randomness, from that strictly deterministic perspective, is an artifact of complex situations involving a large number of components and a medley of different environmental factors. Take, for example, the quintessential “random” act of tossing a coin. If a scientist could painstakingly map out all the air currents affecting the coin and knew the precise speed and angle of its launch, in principle he or she would be able to predict its spin and trajectory. Some staunch determinists would go so far as to say that if enough information were known about the person’s background and prior experiences, the thoughts of the individual tossing the coin could be predicted as well. In that case a researcher could anticipate the brain patterns, nerve signals, and muscle contractions triggering the toss, making its outcome even more predictable. In short, believers in the standpoint that the entire universe runs like a perfect clock dismiss the notion that anything is fundamentally random.

			Indeed, on astronomical scales, such as the domain of the solar system, Newton’s laws are remarkably accurate. They wonderfully reproduce German astronomer Johannes Kepler’s laws describing how planets orbit the Sun. Our capacity to anticipate celestial events, such as solar eclipses and planetary conjunctions, and to launch spacecraft precisely toward faraway targets are testimony to the clockwork predictability of Newtonian mechanics, particularly as applied to gravitation.

			Maxwell’s equations brought unity to another natural force, electromagnetism. Before the nineteenth century, science treated electricity and magnetism as separate phenomena. However, experimental work by British physicist Michael Faraday and others demonstrated a deep connection, and through simple mathematical relationships Maxwell cemented the link. His four equations show precisely how the changing motion of electric charges and currents leads to energetic oscillations that radiate through space as electromagnetic waves. The relationships are the epitome of mathematical conciseness, compact enough to fit on a T-shirt yet powerful enough to describe all manner of electromagnetic phenomena. Through his pairing of electricity and magnetism, Maxwell pioneered the notion of unification of the forces.

			Today we know that the four fundamental forces of nature are gravitation, electromagnetism, and the strong and weak nuclear interactions. We believe that all other forces (friction, for instance) are derived from that quartet. Each of the four operates at a different scale and possesses a different strength. Gravitation, the weakest force, draws massive bodies together over wide distances. Electromagnetism is far, far stronger and affects charged objects. Although it operates at similarly long range, its effect is reduced by the fact that almost everything in space is electrically neutral. The strong interaction operates on the nuclear scale, binding together certain types of subatomic particles (those built from quarks, such as protons and neutrons). The weak interaction, operating in the same realm, affects nuclei, causing certain types of radioactive decay. Maxwell’s fusion inspired subsequent thinkers, such as Einstein and Schrödinger, in their attempts to achieve even greater unification.

			Unlike conventional wave types, as Maxwell demonstrated, electromagnetic waves can propagate without a material medium. In 1865, he calculated the speed by which electromagnetic waves travel through the vacuum of space and found it to be identical to that of light. He thereby concluded that electromagnetic and light waves (including invisible forms of light such as radio waves) are one and the same.

			Like Newtonian physics, Maxwellian physics is wholly deterministic: jiggle a charge in a transmitting antenna and you can predict the signal picked up by a receiving antenna. Radio stations depend on such reliability.

			Unfortunately, Maxwell’s unity did not quite match up with Newton’s unity. The two theories offered clashing predictions for how the speed of light would appear to a moving observer. While Maxwell’s equations mandated its constancy, Newton’s laws predicted that its relative speed would depend upon the observer’s speed. Yet both answers seemed reasonable. Coincidentally, the solver of the riddle would be born in the year of Maxwell’s death.

			The Compass and the Dance

			In Ulm, Germany, on March 14, 1879, Pauline Einstein (née Koch), the wife of Hermann Einstein, an electrical engineer, gave birth to their first child, Albert. The young boy spent little time in that quaint Swabian city. As one of many affected by Maxwell’s revolution, Hermann soon brought the family to bustling Munich, where he cofounded an electrification business. There Albert’s sister, Maja, was born.

			Albert’s exposure to the notion of magnetic attraction came early in life. At the age of five, he was sick in bed one day when his father gave him a compass as a present. Turning the shiny instrument in his hand, the young boy marveled at its wondrous properties. Somehow its needle mysteriously knew the way back to its starting place, marked “N.” His mind raced to find a missing cause for such odd behavior.

			While Einstein never had a younger brother, he would someday refer to a kindred Austrian as the closest equivalent. On August 12, 1887, in the Vienna district of Erdberg, Erwin Schrödinger was born. He was the only child of Rudolf Schrödinger, who had originally studied chemistry, and Georgine “Georgie” Bauer Schrödinger, the Anglo-Austrian daughter of accomplished chemist Alexander Bauer (Rudolf’s professor).

			Rudolf had inherited a lucrative business manufacturing linoleum and oilcloths. His true passion, though, was in science and the arts, especially botany and painting. He bestowed on Erwin a sense that an educated man should have diverse pursuits and a love of culture.

			Young Erwin was very close to his mother’s younger sister Minnie. From very early on, Aunt Minnie was his confidante and advisor about worldly subjects. He was curious about everything, and even before he could read or write, he dictated his impressions to her, and she loyally jotted them down.

			According to Minnie’s recollections, Erwin was particularly fond of astronomy. When he was around four years old, he loved playing a game that illustrated planetary motion. Little Erwin would run around Aunt Minnie in circles, acting like he was the Moon and she was Earth. Then they would walk slowly around a lamp, pretending that it was the Sun. Looping around his aunt as they orbited the glowing fixture, he would experience the intricacy of lunar motion firsthand.

			Einstein’s childhood fascination with a compass and Schrödinger’s “dance of the planets” foreshadowed their later interests in electromagnetism and gravitation, the two fundamental forces recognized at that time. The youths shared the prevailing belief that nature seemed clockwork in its precise mechanisms. Later in life they would strive to find a greater unity that included both forces and was similarly mechanistic.

			Each would began their careers along practical lines, following their fathers in looking at applications of science to everyday life, but veered toward loftier aspirations as their lives progressed. In time, each became obsessed with unraveling the mysteries of the universe, trying to discern its fundamental principles. Each was extraordinarily gifted in the insights and calculations needed for theoretical physics.

			Each hoped to follow in the footsteps of Newton and Maxwell in formulating new equations describing the natural world. Indeed, some of the most important equations of twentieth-century physics would be developed by and named after the two men. In assessing hypotheses, particularly during the late stages of their careers, each would rely heavily on philosophical considerations, drawing upon thinkers such as Spinoza, Schopenhauer, and Ernst Mach. Inspired by Spinoza’s concept of God as an immutable natural order, they sought a simple, invariant set of rules governing reality. Intrigued by Schopenhauer’s notion that the world is shaped by a single, driving principle called “will,” they looked for grand unifying schemes. Motivated by Mach’s idea that science should be tangible, they eschewed hidden processes, such as unseen, nonlocal quantum connections, in favor of manifest, causal mechanisms.

			To spend days, months, or years obsessed with finding the simplest mathematical formulas that comprehensively describe certain aspects of nature requires something like a religious fervor. The ultimate equations were their holy grail, their Kabbalah, and their philosopher’s stone. Judgments about what makes an equation elegant and beautiful often stem from a deep-seating sense of cosmic order. While neither Einstein or Schrödinger was religious in the traditional sense—Einstein was Jewish and Schrödinger was of Lutheran and Catholic heritage, but neither professed faith or attended religious services—they shared a wonder about the organizing principles for the universe and how these are expressed mathematically. Each had a passion for mathematics, not for its own sake, but as a tool for understanding nature’s guiding laws.

			From where does a lifelong interest in mathematics arise? Sometimes it is as simple as the elegant diagrams and logical proofs set out in a geometry primer.

			Strange Parallels

			In 1891, when Einstein was twelve and attending Luitpold Gymnasium (secondary school), he acquired a geometry book. In his mind it was a wonder comparable to the compass—introducing him to a comforting kind of order that transcended the jumble of everyday experience. Hardly just a text, for him it was a “holy book,” as he later described it. Proofs based upon firm, undisputable statements showed that despite the clatter of horse-drawn streetcars, the shamble of sausage vending carts, and the din of festive beer drinkers in Munich, underlying the world was a quiet, unwavering truth. “This lucidity and certainty made an indescribable impression upon me,” he recalled.1

			Some of the assertions made in the book seemed obvious to him. He had earlier learned about the Pythagorean theorem for right-angled triangles: the sum of the squares of the two perpendicular sides was equal to the square of the third side, the hypotenuse. The book showed how if you vary one of the acute (smaller than 90-degree) angles, the lengths of the sides must change too. That seemed clear to him, even without proof.

			However, other geometric propositions were not self-evident. Einstein welcomed the primer’s methodical treatment of theorems that didn’t seem obvious but turned out to be true—such as that the altitudes of a triangle (perpendicular line segments from each side to a corner) must meet at a point. He didn’t mind that the proofs in the book were ultimately based upon unproven statements called axioms (common notions) and postulates (notions specific to a particular field). He was eager to pay the price of unquestioned acceptance of a handful of axioms for a bounty of proven conjectures.

			The plane geometry described in the book could be traced back more than two thousand years to the work of the Greek mathematician Euclid. Euclid’s Elements organized geometric knowledge into dozens of proven theorems and corollaries. These are derived systematically from a set of five axioms and five postulates. While each of the axioms and postulates was meant to be a self-evident truth, such as a part being smaller than a whole and that if two things are equal to a third thing they are equal to each other, the fifth postulate, relating to angles, doesn’t seem quite so obvious.

			“If two . . . lines meet a third line, so as to make the sum of the two interior angles on the same side less than two right angles, these lines being produced shall meet at some finite distance.”2 In other words, draw three lines such that the first two intersect the third at angles facing each other that are less than 90 degrees each. Eventually, if you extend them far enough, the first two lines must intersect and form a triangle. So, for instance, if one angle is 89 degrees and the other facing angle is 89 degrees, there must be a third angle (of 2 degrees) where the first two lines meet—making a very stretched-out triangle.

			Mathematicians speculate that the fifth postulate was placed last on the list because Euclid tried to prove it from the other axioms and postulates but couldn’t. Indeed, Euclid managed to generate fully twenty-eight theorems using the four other postulates before he added the fifth into the mix. It was like an expert keyboardist banging out all the music for twenty-eight songs at a concert before finding the need to borrow an acoustic guitar to create just the right sound for the twenty-ninth. Sometimes the instruments at hand aren’t enough to complete a piece and one must improvise by bringing in another.

			Euclid’s fifth postulate has come to be known as the “parallel postulate” mainly because of the work of Scottish mathematician John Playfair. Playfair developed another version of the fifth postulate that, while not completely logically equivalent to the original, serves a similar purpose in proving theorems. In Playfair’s version, for every line and a point not on it, there is exactly one line through the point that is parallel to the original line.

			Over the centuries, various attempts have been made to prove the fifth postulate—either in Euclid’s or Playfair’s rendition—from the other postulates. Even the famed Persian poet and philosopher Omar Khayyam tried to no avail to transform that postulate into a proved theorem. Eventually the mathematical community concluded that the postulate was wholly independent and gave up the idea of proving it.

			When young Einstein perused the geometry book, he was unaware of the controversies surrounding the parallel postulate. Furthermore, he shared the centuries-old idea that Euclidean geometry was sacrosanct. The laws and proofs seemed as solid, timeless, and majestic as the Bavarian Alps.

			However, far north of Munich, in the quaint university town of Göttingen, mathematicians were engaging in a bold experiment to remake the field of geometry. The cobblestoned sanctuary for cerebral life had become an enclave for a radical rethinking of mathematics called non-Euclidean geometry. The novel geometric approach bore as much resemblance to the traditional variety as psychedelic Peter Max posters do to Rembrandt’s work. As Einstein was learning the old-school rules for points, lines, and shapes on flat planes, brilliant mathematicians such as Felix Klein—recruited to Göttingen from Leipzig—were promoting a far more flexible playbook involving relationships within curved and twisted surfaces. Klein’s most mind-blowing creation, the Klein bottle, is something like a vase in which the inside and outside surfaces are connected via a twist in a higher dimension. Such a monstrosity would not be found yet in primers, where Euclid’s ironclad rules locked such horrors out. Yet Klein showed that Euclidean and non-Euclidean geometries are equally valid. By the 1890s, his revolutionary vision helped open up the once staid geometry club to freaks as well as squares.

			Non-Euclidean geometry is not just a free-for-all, however. Like its predecessor, it has its own regulations. The essence of non-Euclidean geometry is to replace the parallel postulate with novel assertions while keeping all the other postulates the same. It recognizes that since the parallel postulate is independent, it is in some way dispensable, opening up the door to radical new options.

			Mathematician Carl Friedrich Gauss was the first to propose a non-Euclidean geometry, although he did not publish those initial thoughts. In Gauss’s version, later dubbed by Klein “hyperbolic geometry,” the parallel postulate is replaced with the idea that through any point not on a line there are an infinite number of lines through that point parallel to the original line. One can think of it as something like clenching the end of a paper fan tightly just above a long, narrow table. If the table represents a line and your hand a point not on the line, then the folds of the fan demonstrate the myriad lines through the line that do not intersect the original line. The term “hyperbolic” derives from the shape of the fanning out of parallel lines being akin to the branches of a hyperbola.

			Gauss noted a curious thing about triangles situated in a hyperbolic geometry: the sum of their angles is less than 180 degrees. In contrast, the angles of Euclidean triangles inevitably add up to precisely 180 degrees, such as an isosceles right triangle with two 45-degree angles and one 90-degree angle. The imaginative artist M. C. Escher would later tap into this distinction to create curious patterns of distorted sub-180-degree triangles living in a hyperbolic reality.

			One way of picturing hyperbolic geometry is to imagine points, lines, and shapes etched on a saddle-shaped surface instead of a flat plane. If your tastes are more epicurean than equestrian, a curvy potato chip would do just fine. The saddle shape naturally causes nearby lines to veer away from each other. As much as they would “like” to be straight, sets of parallel lines bend away from each other, making it easier for them to avoid each other. This permits an unlimited number of lines through each point to be parallel to lines not going through that point. Moreover, the saddle-shape squeezes the corners of triangles, rendering the sum of their angles less than 180 degrees.

			In another variation of non-Euclidean geometry, first proposed by Gauss’s student Bernhard Riemann in 1854, published in 1867, and later designated by Klein’s term “elliptic geometry,” the parallel postulate is replaced with a rule that eliminates the possibility of parallel lines altogether. For every point outside a line, it states, there are no lines through that point parallel to the original line. In other words, all the lines through that point must intersect the original line somewhere in space. Riemann showed that lines on spherical surfaces possess that property.

			If the idea of no parallel lines seems strange, think of Earth. Each of its lines of longitude intersects all the others at the North and South Poles. Thus if one ambitious traveler starts in downtown Toronto, journeys northward along its main thoroughfare, Yonge Street, hires a dogsled and icebreaking boat, and keeps going until she reaches the North Pole, while her sister takes a similar route starting from Moscow, their paths would seem parallel at first, but the siblings would inevitably meet up.

			Curiously, such a ban on parallels serves to transform the nature of triangles in yet another way. In elliptic geometry, the sum of a triangle’s angles add up to more than 180 degrees. Indeed, a triangle can be formed with all right angles, making its angular sum a full 270 degrees. For example, the triangle composed of the 0-degree and 90-degree lines of longitude, along with the part of the equator that connects them, has three perpendicular sides.

			Riemann developed very sophisticated mathematical machinery to analyze curved surfaces in any number of dimensions; these surfaces came to be called manifolds. Riemann showed how the differences between curved and flat spaces could be pinned down from point to point using what is now called the Riemann curvature tensor. A tensor is a mathematical entity that alters in a particular way during coordinate transformations. He showed that there are three main ways space can be curved—positive curvature, negative curvature, and zero curvature. These correspond respectively to elliptic, hyperbolic, and Euclidean (flat) geometries.

			For nonmathematicians, non-Euclidean geometry seems abstract and counterintuitive. After all, the common meaning of parallel involves pairs of lines that never meet. If you try to parallel-park and veer into the next car, you can’t ask the police for a non-Euclidean exemption. The triangles most children learn about in school are flat and their angles add up to 180 degrees. Why make geometry more complicated by changing its basic precepts?

			As his ideas developed, but before they matured into his general theory of relativity, Einstein would wonder this himself. The geometry primer so pivotal to his early education firmly grounded him in the Euclidean tradition. He discussed his ideas with a family friend and medical student, Max Talmey (originally Talmud), who often visited. Talmey was struck by the depth of such a young boy’s thoughts on mathematics, nature, and other subjects.

			Einstein wouldn’t learn about the non-Euclidean variety until his university years. Still clinging mentally to his childhood geometry book, he would initially dismiss it as something unimportant to science. It wasn’t until much later that, thanks to the influence of his university friend Marcel Grossmann, he would come to see the importance of non-Euclidean geometry. By introducing non-Euclidean geometry to theoretical physics, Einstein would transform the field in extraordinary ways.3 The twelve-year-old clutching the geometry book would have no way of knowing that his very hands would someday rewrite physical laws in a way that made the book obsolete.

			Atoms in Motion

			Vienna in the late 1890s was the home of raging debates in fundamental science. While Schrödinger was in the midst of his schooling, first through private tutoring and then, starting in 1898, at the prestigious Akademisches Gymnasium, two of the key figures who would help shape his intellectual life, Ludwig Boltzmann and Ernst Mach, were engaged in a heated argument about the reality of atoms.

			When Boltzmann was appointed to the chair of theoretical physics at the University of Vienna in 1894, he had already made a name for himself as one of the founders of statistical mechanics (known then as kinetic theory), a field of physics that connects the behavior of tiny particles with large-scale thermodynamic effects such as temperature, volume, and pressure changes. To apply his techniques, he needed to assume that each gas is composed of enormous amounts of minuscule objects: atoms and molecules.

			Boltzmann’s achievements helped make thermal physics a hot item. Many young researchers were attracted to working with him in Vienna. Physicists Lise Meitner, Philipp Frank, and Paul Ehrenfest, who would all go on to successful careers, benefited from his supervision of their PhD research. Schrödinger was inspired by Boltzmann and as he approached university age hoped to work with him too.

			Despite these accomplishments, Boltzmann’s equilibrium was disturbed by the arrival of Mach. In 1895, Mach joined the faculty of the University of Vienna as chair for the philosophy of the inductive sciences. Pointing to the need for more experimental proof, Mach took a principled stand against atomism and Boltzmann’s theories. Thermodynamics should be based upon what is perceived and directly measured, such as heat flow, he argued. He drew from a philosophical framework called positivism that rejects abstract knowledge and insists upon empirical evidence to support all propositions. Equating belief in atoms with religious faith, he preferred to stand on the side of what he saw as scientific rigor and the direct evidence of the senses.

			“If belief in the reality of atoms is so important,” Mach wrote, “I cut myself off from the physicist’s mode of thinking, I do not wish to be a true physicist, I renounce all scientific respect—in short: I decline with thanks the communion of the faithful. I prefer freedom of thought.”4

			Mach did not aim his barbed logic at just Boltzmann. He targeted even the most venerated physicists whenever he saw their positions as divorced from the evidence of the senses. Daringly, he criticized one of the basic tenets of Newtonian mechanics, the notion of judging inertial states (at rest or at a constant velocity) by their relationship to an abstract framework called “absolute space.” By that time, Newton had gained almost saintly status, particularly in Great Britain. Yet Newton’s concept of inertia was built on an abstraction—exactly the kind of science Mach found suspect.

			Mach’s argument against Newton’s definition of inertia referred to a thought experiment involving a rotating bucket that Newton had concocted to demonstrate the need for absolute space. Here’s the gist of the argument: Imagine hanging a bucket filled almost to the brim with water on a rope tied to a tree. Now twirl the bucket carefully around and around until the rope is all twisted up. Hold the bucket, wait until the water within it has settled and has a flat surface, then let it go. The bucket will start to spin around on its own. If you look down within it, you’ll see the water slosh around too as it forms a vortex, its surface becoming increasingly concave. That’s because inertia makes the water try to escape. Since it can’t leave the bucket, its outer edge rises. If you look at the inside of the bucket itself, ignoring its exterior, you might wonder why the water had a concave surface. Relative to the bucket, the water would seem to be perfectly still. Only by reference to an outside framework—which Newton called absolute space—would the concavity make sense. The water’s rotation relative to absolute space, Newton asserted, remolded its surface.

			Mach begged to differ, arguing that there was no empirical evidence for absolute space. More likely, he said, there was a pull on the water from unaccounted sources, such as the aggregate influence of distant stars. Just as the moon’s tug causes the tides, perhaps the combined pull of the stars somehow causes inertia. Einstein would later dub this idea “Mach’s principle.” It would inspire him as he developed relativity.

			Mach’s critique of Newton stimulated a rethinking of classical mechanics that would spur Einstein and other physicists to consider alternatives. Mach’s notion that science must offer perceptible evidence and eschew hidden mechanisms greatly influenced Schrödinger, who delved into his writings with gusto. Yet his attacks on Boltzmann’s atomism may have taken a personal toll. Prone to intense mood swings and suffering from declining health, Boltzmann hanged himself in September 1906, while on vacation in Trieste with his family.

			University Days

			By cruel fate, Boltzmann’s suicide happened just a few months before Schrödinger began his studies at the University of Vienna in the winter of 1906/1907. Schrödinger had graduated from the Akademisches Gymnasium as a star pupil in mathematics and physics, his favorite subjects. First in his class, he could have majored in practically anything, but his passion was in the equations describing the physical world. He was keen to pursue theoretical physics at university, and Boltzmann would have been an extraordinary mentor. Alas, he entered university at a somber time, with a cloud hanging over the physics program.

			“The old Vienna institute, which had just mourned the tragic loss of Ludwig Boltzmann, . . . provided me with a direct insight into the ideas of that powerful mind,” Schrödinger recalled. “His world of ideas may be called my first love in science. No other personality has since thus enraptured me or will do so in the future.”5

			Schrödinger was stirred by Boltzmann’s bravery in attacking fundamental questions. With his atomic building blocks, Boltzmann was unafraid to construct principles governing the thermal behavior of the entire universe. Inspired by his example, later in life Schrödinger would be similarly ambitious in trying to identify a basic theory encompassing all of the natural forces.

			Boltzmann’s replacement for the university’s theoretical physics chair was one of his former students and an excellent theoretician, Friedrich “Fritz” Hasenöhrl. Hasenöhrl made his name in the study of electromagnetic radiation emitted by moving objects and found a relationship between energy and mass (though he was off by a factor) even before Einstein’s famous equation.6 He was friendly and welcoming to students. Given that he couldn’t study heat theory and statistical mechanics under Boltzmann, Schrödinger was privileged to study those subjects and others, such as optics, under Boltzmann’s well-trained successor. Hasenöhrl was by all reports an outstanding teacher. Inspired by Hasenöhrl’s teachings and Boltzmann’s achievements, Schrödinger hoped to carve out his own path of discovery in theoretical physics.

			Schrödinger quickly developed an excellent reputation as a student. Hans Thirring, a fellow physics student who became a lifelong friend, recalled sitting in a math seminar, seeing a fair-haired youth enter the room, and hearing another student who knew him from his school days remark with awe, “Oh, this is Schrödinger!”7

			Despite his theoretical interests, the major thrust of Schrödinger’s university research was experimental work guided by Franz Exner. Schrödinger would receive his doctorate under Exner’s supervision. Exner was interested in the many manifestations of electricity, including its production in the atmosphere and through certain chemical processes. He also explored the science of light and color and investigated radioactivity. Schrödinger’s doctoral dissertation was entitled “On the Conduction of Electricity on the Surface of Insulators in Moist Air.” It was a very practical thesis, concerned with the problem of insulating devices used for physical measurements from the electrical effects of moisture. The future theorist started his career getting his hands dirty, working in a small lab attaching electrodes to samples of amber, par­affin, and other insulating materials and measuring the currents flowing through them. He received his doctorate in 1910 and his Habilitation (the highest academic degree in the Austrian educational system, allowing one to teach), based on a theoretical problem related to atomic behavior and magnetism, in 1914.

			It would not be until many years later that Schrödinger and Einstein would start to explore the unification of gravitation and electromagnetism. Yet, strangely enough, a 1910 letter from the ailing Mach that ended up in Schrödinger’s hands would anticipate those efforts. Although Mach had retired, his mind was still actively pursuing deep questions about nature. He had started to wonder about commonalities in the inverse-squared laws of gravity and electricity, pondered if these forces could be unified, and inquired who at the university might be able to answer his questions. In particular, Mach wanted someone knowledgeable to assess the theories of controversial German physicist Paul Gerber. Mach’s query was passed along to Schrödinger, who found Gerber’s writings hard to follow. Nevertheless, the exchange represented an indirect encounter between Schrödinger and one of his intellectual heroes, Mach, and was a harbinger of Schrödinger’s theoretical work to come. Moreover, that he was chosen as the one to respond to Mach was a sign of the high regard in which Schrödinger was held at the university. Still just in his mid-twenties, Schrödinger was starting to make a name for himself.

			Racing After Light

			While Schrödinger never had a chance to work with Boltzmann, he nevertheless found much meaning and achievement in his studies. He was clearly a star student. Einstein’s university life was marked by a different cause of disappointment: he did not have the opportunity to study the deep theoretical questions he was really interested in. Consequently, he did not take all of his classes as seriously as he should have, particularly his math courses, as they didn’t seem relevant to his intellectual passions. Nonetheless, the personal connections he made would prove pivotal to his intellectual growth.

			Einstein’s transitions from high school to university and then from university to an academic career were much bumpier than Schrödinger’s. In 1893, Einstein’s father lost his electrification contract with the city of Munich. The following year he dissolved his firm and decided to move the family to Milan, Italy, in search of work. Einstein was still completing his schooling at the Luitpold Gymnasium and needed to remain in Munich without his family. Several months later, Einstein decided that it would be best to leave Germany too, applied successfully for early release from his school, and obtained permission to take university entrance exams early. The university he chose was the Swiss Federal Institute of Technology in Zurich, known by its Swiss acronym ETH (Eidgenössische Technische Hochschule).

			It was around that time, at the age of sixteen, that Einstein had an unusual vision—imagining himself chasing a light wave and trying to catch up with it. If he could travel at the speed of light, he wondered if he would see the wave just oscillating in place. After all, if you run alongside a bicycle, it looks like it is standing still. As Newton pointed out, moving at a constant speed and being at rest are both inertial frameworks that share identical laws of motion. Thus if two things are traveling together at the same velocity, they should appear to each other exactly as if they were each at rest. However, Maxwell’s equations of electromagnetism make no reference to whether an observer is moving or standing still. According to those laws, light should travel through space at always the same speed. Einstein realized that Newton’s and Maxwell’s predictions blatantly contradicted each other. Only one of them could be right—but which?

			The idea that the speed of light in a vacuum was constant—or even that light could travel through pure emptiness—was not widely accepted at the time Einstein was pondering this question. Many physicists of the day believed that light moved through an invisible substance called the “luminiferous aether,” or just “aether” for short. Earth’s motion relative to the aether should thereby be detectable. However, a well-known experiment in 1887 by American physicists Albert Michelson and Edward Morley had failed to detect such an effect. To try to reconcile light’s behavior with Newton’s laws of mechanics, Irish physicist George FitzGerald and, independently, Dutch physicist Henrik Lorentz suggested that fast-moving objects compress along their directions of motion. Such a shortening, called the Lorentz-FitzGerald contraction, would squash the instruments of the Michelson-Morley experiment in such a way to make it appear that the speed of light was always constant. Unaware at the time of the Michelson-Morley experiment, Einstein considered the question independently without invoking aether. He somehow had a hunch, even before he read Mach, that Newtonian physics was ailing and required radical surgery.

			Remarkably, given his later reputation as the world’s foremost genius, Einstein failed the ETH entrance exams the first time he took them. Perhaps this failure was one of the sources of the folk myth that he failed math in school. Actually, it was his French-language essay that proved to be his weakest point. He beefed up his skills by attending a high school in Aarau, Switzerland, for one year. Daringly, he renounced his German citizenship, as if to sever all ties with his earlier life. Living without his parents, and, for the time being, stateless, he was a most unusual teenager. Fortunately, he passed the exams the second time around and was accepted to ETH at the virtually unprecedented age of seventeen.

			Once enrolled at ETH, Einstein found that physics there was very old-fashioned, focused on traditional subjects such as mechanics, heat transfer, and optics. The Machian critique of Newton had not penetrated its hallowed halls. Maxwell’s theory of electromagnetism was little in evidence. Einstein still thought about his light speed problem but would not find a solution within the university’s curriculum.

			Einstein’s years at ETH would correspond to an extraordinary time for physics. While the Mach-Boltzmann debate about atomism was raging in Vienna, in 1897 Cambridge physicist J. J. Thomson provided experimental proof for an elementary particle far smaller than an atom. His colleagues were dubious at first that something could be much tinier than supposedly indivisible things. Thomson dubbed the negatively charged particle a “corpuscle,” but FitzGerald, following the suggestion of his uncle, Irish scientist George Stoney, gave it the name that stuck: “electron.” In Paris, Henri Becquerel discovered radioactivity, exploring the properties of radioactive uranium along with his doctoral student Marie Curie and her husband, Pierre Curie. In 1898, the Curies identified radium, another radioactive element. All of these findings pointed to the complexity of atoms—a topic that would later engage Einstein, Schrödinger, and many other physicists of their generation. Yet at ETH, students were encouraged to stick to time-tested, practical physics. It would be a poor match for Einstein’s yearnings for innovative explanations of natural phenomena.

			Einstein was lucky to find a circle of friends who supported each other with their studies and off whom he could bounce ideas. One of his key sounding boards—whom he met outside of the university through their shared love of music—was a bright Swiss-Italian engineer named Michele Besso. Besso profoundly influenced Einstein’s career by introducing him to the writings of Mach. Einstein and Besso would be dear friends for life.

			Another steady companion was Marcel Grossmann, who was a whiz in higher mathematics. He took excellent notes in math classes, which Einstein came to rely on whenever he decided to skip a class—which was often. Later Grossmann would become a math professor at ETH and help Einstein develop the mathematical framework behind the general theory of relativity.

			Given the prestige of his instructors at ETH, Einstein should have paid closer attention to math. One of his professors was Hermann Minkowski, who would later help reframe Einstein’s theory of special relativity in a more elegant, useful way. Minkowski was born in Lithuania and educated at the prestigious University of Königsberg. He was one of the few professors at ETH with the skills for injecting vital higher mathematics into the body of theoretical physics. Ironically, given their mutual fate, at that point he thought little of his distracted student. Noting with great concern how many times Einstein missed his class, Minkowski called him a “lazy dog.”

			Einstein later justified his lack of attention to math by noting: “It was not clear to me as a young student that access to a more profound knowledge of the basic principles of physics depend on the most intricate mathematical methods. That dawned on me only gradually after years of independent scientific work.”8
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