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How come time? It is not enough to joke that “Time is nature’s way to keep everything from happening all at once.”

—John A. Wheeler, Time Today











I thought of a labyrinth of labyrinths, of one sinuous spreading labyrinth that would encompass the past and the future and in some way involve the stars.

—Jorge Luis Borges, “The Garden of Forking Paths”








INTRODUCTION:
A REVOLUTION IN TIME


Tyger Tyger burning bright,

In the forests of the night:

What immortal hand or eye,

Dare frame thy fearful symmetry?

—William Blake, “The Tyger”


It is nighttime in Princeton, and we are going on a ghost hunt. The town is eerily quiet; all the shops are closed. A cold, full moon illuminates the leafy university campus.

More than seventy-five years ago, roughly corresponding to the start of World War II, a quiet revolution began here in our understanding of the nature of time. Discussions between two brilliant physicists, Richard Phillips “Dick” Feynman and John Archibald “Johnny” Wheeler, set off a chain of events that fundamentally recast the notion of time and history in quantum physics. Ultimately, their ideas transformed the concept of time from a single stream flowing inalterably in one direction into a labyrinth of alternatives extending backward as well as forward. By probing Princeton’s past, we wish to unravel how this radical change was born and understand its impact on the contemporary search for a complete explanation of physical reality.

We start our trek into scientific history at Nassau Hall, the university’s traditional hub. Bronze tigers, one on each side, guard its front entranceway in a wonderful spatial symmetry. Walking northward, we pass through FitzRandolph Gate, the campus’s ornate portal with twin stone eagles perched on two monumental columns. We reach Nassau Street, Princeton’s main thoroughfare—the demarcation between town and gown.

Gazing across the street, in contrast to the elegant architectural balance of the campus buildings, we notice a marked asymmetry. Eastward on the right is Lower Pyne, a marvel of Tudor gingerbread design, fashioned after sixteenth-century houses in Chester, England. It is truly stunning. Westward, on the left, is an unadorned bank. Austere, boxy, and cold, it seems an unworthy companion to the friendly, delicate edifice on the right.

We cross the street and are swept up in an unexpected haze. The clear night has suddenly turned foggy. Like a phantom in the mist, we see Upper Pyne, Lower Pyne’s long-lost companion. Built in similar style at the same time, its most prominent feature is a sundial clock with the Latin motto Vulnerant omnes: ultima necat (The hours all wound, but the last one kills!). The building was demolished in the early 1960s to make way for the bank. But to our tired eyes at least, it seems to be standing just fine. Symmetry has been restored.

Palmer Square, even farther west, appears verdant and new. Its shops were built during a gentrification phase of the late 1930s. Strangely, they look like they’ve just opened. A newsstand displays a headline about Adolf Hitler’s invasion of Poland—which we remember happened in September 1939. A movie poster advertises The Wizard of Oz. I’ve a feeling we’re not in the twenty-first century anymore.

THE GRADUATE

After a bit more walking we find ourselves in Princeton’s Graduate College, a castle-like enclave just off the main part of campus. The complex is a cloister within a cloister, offering an isolated environment for busy graduate students. Here, students reside in simple but comfortable dorms, take their meals in a central dining hall, and attend posh social functions such as dances and teas.

Most of the residents are asleep. But lights are on in a small, ornate library room, where a lanky, brown-haired twenty-one-year-old, slouched in a chair, mouth curled into the hint of a smile, gazes intently at a book on classical mechanics propped on his lap. He is a first-year graduate student preparing for an undergraduate course for which he will serve as a teaching assistant and grader. While the material is familiar to him, he has decided to take a quick look at what might lie ahead in the course. He is bracing for the imminent challenge of wading through piles of homework, checking students’ calculations and correcting their errors in a way that motivates them to hone their problem-solving skills.

A pyramid-shaped table lamp illuminates the passage the young graduate student is reading. It is about the head-on collision of two carts on a frictionless track. He runs through the problem in his head. Given the carts’ masses and initial velocities, the laws of physics dictate exactly what will happen next. According to Isaac Newton’s third law of motion, for every action there is a reaction of equal magnitude and opposite direction. That means each cart experiences the same amount of force due to the other, but aimed in opposite ways. Following Newton’s second law, force is change of momentum: the product of mass times velocity. Because each cart feels the same force, it changes its momentum by the same amount: one giveth and the other taketh. That universal balance is called the “law of conservation of momentum.”

With perfect symmetry, the carts move away from each other with the same momentum boost, but in opposite directions. What about their speeds? Well, given that momentum constitutes mass times velocity, the lighter one will zoom off faster than the heavier one. That’s the beauty of classical Newtonian physics. (“Classical” in this context refers to the familiar scale of everyday life, as opposed to the subatomic “quantum” scale.) We can make a precise prediction through a simple conservation law.

Elsewhere the book includes a section on simple harmonic motion: the behavior of springs, rubber bands, pendula, and anything that snaps back toward equilibrium (the balanced position) when stretched, compressed, or swung. Springs are often used to represent any such elastic object. Just as in the case of collisions, classical principles guarantee that spring motion is completely predictable. Ignoring friction, a spring stretched and let go will find its way back to its unstretched position. By the time it reaches that unstretched point, called “equilibrium,” it will be moving at its maximum speed. That is because its energy recycles from one form to another. The energy associated with its initial position, called “potential energy,” transforms into energy connected with its motion, called “kinetic energy.” But the drama doesn’t end there. The spring keeps moving until it becomes compressed. At the point of maximum compression, it briefly stops and turns around. Its kinetic energy has completely changed back into potential energy—this time associated with squeezing, not stretching. The spring returns to equilibrium and keeps going until it stretches once again. The recycling of energy from potential to kinetic to potential to kinetic, and so forth, is called “conservation of energy.”

A simple pendulum does the same thing. Back and forth, back and forth it swings—converting potential energy into kinetic and back into potential again. If only there were no friction, it would keep on swinging forever. A clock or watch, for that matter, could keep ticking forever in that ideal situation. It is a perfect, perpetual rhythm, fixed by the metronome of conservation laws.

The young scholar starts banging out a simple beat on the table next to him. Thump, thump. Thump, thump. Thumpety, thump, thump, thump. All is rhythm.

Cyclical time, the notion that time is repetitive and that certain patterns of events happen again and again, follows directly from nature’s recycling of mechanical energy. Closed systems that perfectly conserve such energy tend to repeat themselves over and over. For complex arrangements, such cycles might be astronomically long. Nonetheless, finite systems that recycle their energy eventually recur—as when playing tic-tac-toe indefinitely one eventually must repeat the same moves. Nature loves rhythmic patterns.

Yet other types of energy cannot be completely reused, such as the heat generated by engines due to friction or air resistance. That buildup of waste energy engenders a natural arrow of irreversibility pointing to the future. Consequently, while some ideal systems follow a kind of cyclic time, many realistic physical processes obey a linear time scheme. The question of cycles versus linear arrows has been at the core of discussions of time for millennia.

The graduate student yawns. His desk drumming tapers off. The book falls to the floor. Suddenly commanded to slumber by his own internal clock, he stands up, shambles toward his dorm room, and tumbles into bed. He’ll need his sleep; in the morning he’s scheduled to head to a building called Fine Hall to meet with his advisor. Daybreak will bring his marching orders for his duties as a teaching assistant.

QUANTUM PROFILES

Fine Hall (now called Jones Hall) is about a mile eastward across Princeton’s campus from the Graduate College—an easy walk for an energetic young student. Constructed specifically for the math department, it features thick, leaden windows artfully adorned with mathematical symbols. In the fall semester of 1939, it housed the offices of several theoretical physicists, including Eugene Wigner and John Wheeler. Until the spring of that year, it served additionally as the home of the Institute for Advanced Study (IAS), an independent think tank that counted physicist Albert Einstein, Hungarian mathematician John von Neumann, Austrian mathematician Kurt Gödel, and many other notables among its original members.

For Einstein, the institute’s most famous researcher, the IAS served as kind of a cloister where he was free to pursue his dream of a unified theory of gravitation and electromagnetism, while offering an iconoclastic critique of probabilistic quantum mechanics: the physics that applies to atoms and subatomic particles. His persistent arguments against quantum “dice rolling” and belief in pure determinism isolated him from the mainstream physics community. Determinism in this context means that if one knew perfectly all the initial conditions of a physical system, such as a pendulum or spring, one could predict exactly what would happen indefinitely into the future. Einstein aspired to “complete” quantum mechanics by eliminating chance aspects that arise in taking measurements.

Von Neumann, in contrast, developed a more nuanced view of quantum mechanics in which determinism and chance each plays a role during different stages. In his classic 1932 textbook, Mathematical Foundations of Quantum Mechanics, he presented a two-step analysis of quantum processes. Before an experimenter takes a measurement of a quantum system, such as an electron in an atom, its dynamics flow smoothly and predictably. However once he switches on his measuring device—a strong magnet, let’s say—and takes a reading, chance kicks in, and the outcome might be one of many—selected as randomly as coin flips. Why should the observer play such a pivotal role? What does it mean to observe? Might anyone or anything be an observer? Could the observer be part of the system itself? These questions fall into the purview of what is called the “quantum measurement problem.”

The issue of quantum measurement is a tricky one. Unlike in classical mechanics, in quantum mechanics one cannot access all of the information about a particle directly—that is, its position, velocity, and so forth. Rather one must consider an entity called the “wave function,” which contains all the data about a particle’s quantum state. Rather than containing exact values, it offers a probabilistic spread showing the chances that the particle will respond a certain way if measured. (Technically the square of the wave function yields the probability distribution.) Peaks represent higher odds; troughs offer lower chances. It is like a bell curve showing that if you flip four coins, the most likely combinations have two heads and two tails, in any order, and the least likely have either all tails or all heads.

As von Neumann pointed out, the wave function undergoes two separate types of quantum processes: continuous evolution via Schrödinger’s wave equation and discrete “collapse” whenever an observer takes a measurement. For example, suppose an observer conducts an experiment designed to record an electron’s exact location. Before the observation, the electron’s wave function would continuously obey Erwin Schrödinger’s equation telling it exactly how to behave. Nothing would be left to chance. Immediately after the observation, however, the wave function would randomly collapse from a smooth probability spread into a sharp spike representing a particular position value.

While the first kind of process is wholly deterministic and reversible, the second is random and irreversible. These embody different conceptions of time: the first mechanism matches the cyclic time of a classical pendulum or spring, and the second embodies the linear, irreversible time of an engine wearing down and ultimately grinding to a halt.

By the late 1930s, von Neumann’s dual picture of continual, reversible evolution, followed by instant, irreversible collapse, had become the orthodox view of quantum measurement—what has come to be known as the “Copenhagen interpretation.” Awkwardly, however, it embraced an odd combination of cyclical and linear time that didn’t really mesh—like an otherwise perfect watch that stopped abruptly and irreparably whenever you happened to look at it. Observation would break the mechanism—unacceptable in a Rolex but deemed credible in quantum mechanics. Because experimental data beautifully matched theory, most scientists simply accepted the bizarre idea that observation changed the dynamics of a quantum system from predictable continuity to random jumps. Only a few notable critics, such as Einstein, Schrödinger, and Louis de Broglie (who had developed the original idea of matter waves that motivated Schrödinger’s wave equation), called for a rethinking of the scheme.

A WONDERFUL FREAK OF FATE

In spring 1939, the IAS relocated to a verdant new campus. Einstein, von Neumann, and other members moved to comfortable new offices in colonial-style Fuld Hall. Vacated by the institute members, Fine Hall lost many prominent thinkers. Yet within its ivy-covered walls a revolution would begin that offered a third way of viewing time: beyond cyclical and linear. The new approach, which would be called “sum over histories,” presented time as a labyrinth of alternatives.

Did determinism or chance lead young Richard Feynman to Princeton, where he would live in the Graduate College and work with John Wheeler in his Fine Hall office and the adjacent Palmer Laboratory physics building? It was a monumental match of highly original thinkers who had the gumption to rebuild quantum physics from the ground up, based on novel principles.

When admitted to Princeton, Feynman had originally been assigned as Wigner’s teaching assistant. Wigner was a Hungarian physicist who came to share a passion for quantum measurement theory and held views on the subject similar to von Neumann’s. At the last minute, Feynman was switched to assisting Wheeler instead.

In retrospect, each considered the substitution one of the most auspicious moments in his career: “Through some wonderful freak of fate I ended up with him assigned to me,” Wheeler later recalled. “I was very lucky when I got to Princeton… and was Wheeler’s research assistant,” Feynman said. “You might say that my success was a result of things I learned from him.”

Feynman and Wheeler’s collaboration, as it turned out, would lead to a rethinking of the fundamentals of quantum physics through the concept of “sum over histories,” introduced by Feynman and named by Wheeler. That revolutionary approach sees actuality as a composition of all possibilities, like a song with multiple tracks blended together. How does an electron cross the road? As Feynman and Wheeler showed, the correct quantum answer is that it takes every physically possible path—with reality a combination of them all.

The two physicists would prove the perfect team: Feynman cautious and thorough in his brilliant calculations, Wheeler bold and imaginative in his far-reaching notions. Honing and reworking bizarre hypotheses into workable solutions would become their joint specialty. A lifetime journey of intrepid explorations would launch in Wheeler’s Princeton office.

THE OUTSIDER

Richard Feynman was resolutely an outsider at Princeton—as if he had arrived from another planet. Born on May 11, 1918, to a secular Jewish family in New York City and raised in the borough of Queens, he had an unpolished, working-class accent (similar to Brooklynese) and unvarnished manners that marked him as strikingly different from the white, male, Protestant, wealthy prep school students (at least the undergraduates) who filled the university’s halls at the time. Some in such a position would want to fade into the background and keep quiet. Certainly not Feynman, who realized from an early age that life is too short and time too precious to base one’s actions on what other people think. He knew that he stood out but found this a source of humor and strength rather than embarrassment.

“Princeton has a certain elegance,” Feynman later recalled. “And I was not an elegant person. In any formal social situation, I was really quite a clunk.… I was kind of a rough, kind of a simple character, as far as society goes. But I wasn’t worried about it. I was just sort of half-proud of it.”

On his very first day on campus, he had noted the posh speech and pretentiousness that marked the genteel class around him. He flinched at the academic gowns students needed to wear to social gatherings. Barely an hour after his father, Melville Feynman, dropped him off and left, a pompous “master of residence,” with an affected upper-crust English accent, greeted him in his dorm room and invited him to afternoon tea with the dean of the Graduate College, Luther Eisenhardt. Feynman would have felt much more at ease at Nathan’s hot dog stand on Coney Island, but he had never been to a formal tea before and was very curious.

Much like Margaret Dumont in the Marx Brothers’ movies, the dean’s wife wrapped herself in decorum. Dutifully, she extended greetings to each of the incoming students and offered them tea with either milk or lemon. She approached Feynman, who was pondering where to sit, with that question. Absentmindedly he replied, “I’ll have both, thank you.” Her bemused response, “Surely you’re joking, Mr. Feynman!” accompanied by a titter of nervous laughter, would become the punch line of a much-repeated anecdote and later the title of his most popular book. Indeed Feynman’s accent and antics would later inspire writer C. P. Snow to quip that it was “as though Groucho Marx was suddenly standing in for a great scientist.”

Feynman’s mission wasn’t to conform to the styles and whims of the Ivy elite—or indeed to the expectations of anyone. Rather, he was passionately curious about the world and saw Princeton as a place that might equip him with the tools for unlocking its secrets. In particular, he had heard about its phenomenal cyclotron, a machine in the basement of Palmer Lab that used powerful magnets to whirl particles around in tight circles, voltage boosts to speed them up with each cycle, and targets for them to smash into once they were sufficiently energized. The machine had yielded bountiful results so far, and Feynman had been excited to see it.

CURIOSITY’S CHILD

Feynman’s father, who was in the uniform business by profession but had a strong amateur interest in science, had endowed him with an insatiable fascination with how things work at their very core. When he was a child—nicknamed “Ritty” during those early years—his father treated him to puzzle after puzzle, such as colorful tiles to assemble in certain patterns. They would often explore the wonders of nature, such as barnacles on the beach, and enjoyed poring through encyclopedia articles on various subjects.

Thanks to his dad’s encouragement, Richard picked up integral calculus when he was only thirteen. By then, the family had moved to a comfortable house in the Queens neighborhood of Far Rockaway, close to a popular beach. Richard’s mother, Lucille, who had once aspired to be a kindergarten teacher, supported her husband’s emphasis on science and math but also encouraged her son’s literary side by often sharing funny stories.

By secondary school, Far Rockaway High School, Richard was so advanced that one of his teachers, sensing his boredom, gave him a calculus book to read on his own during class. He learned about Pierre de Fermat’s principle of least time, a natural way of explaining why light travels in a straight line, around then. He also became familiar with the concept of time as the fourth dimension and other advanced topics in physics. A first-place finish in a New York University interscholastic math contest in 1935 won him a gold medal and mention in the New York Times.

Feynman often thought about how to explain things to his dad, who regularly peppered him with deep questions about fundamental physics, even after he went to college. “What makes it go?” his father would often ask him about natural occurrences. For example, one summer after Feynman had begun his undergraduate education at the Massachusetts Institute of Technology (MIT), his father asked him to explain an atomic process by which an electron drops to a lower energy level by emitting a photon (light particle). “Is the photon in the atom ahead of time, so that it can come out?” Melville asked him. “Or is there no photon in the atom to start with?”

Feynman tried valiantly to explain to his dad that like a boy uttering word after word in ordinary speech and not using them up, photons are unlimited. Just as there’s no maximum allotment of nouns that a person might say, there’s no bag of photons inside an atom that might become exhausted over time. Much to Richard’s disappointment, his father remained perplexed about what actually happened when an electron emitted a photon. Ironically, Feynman’s later Nobel Prize–winning work would involve such interactions.

Influenced by his father, Feynman would retain a childlike awe of the world throughout his life. As his friend Ralph Leighton later described, “He can always look at something the way a child does. He sees things with curiosity and wonder, finding something new and making a little puzzle out of it to think about.”

Even by the standards of one of the top universities in the world for science and technology, Feynman was a brilliant student. He was extraordinary at mental calculation and a powerhouse at integration and other techniques of calculus. In spring 1939, during his senior year at MIT, he was invited to participate in the prestigious Putnam Mathematics Competition as part of the university’s five-person team. At first he balked, protesting that he wasn’t a math major. Once he realized, however, that there weren’t enough suitable seniors to fill the team, he consented. Much to his surprise, he scored the highest by far in the country that year. His victory made national news and garnered him automatic admission to Harvard and a full scholarship in its graduate program.

Feynman was inclined, at first, to continue at MIT for his graduate studies. However, John Slater, the physics department chair and an accomplished quantum theorist, urged him to look elsewhere. After Feynman insisted that MIT was the best place to do science and that he should stay there, Slater rebutted that other institutions were comparable and offered novel opportunities. In the end, he put his foot down and barred Feynman from continuing.

While Harvard would have been another excellent choice, Feynman selected Princeton. Along with hearing about its cyclotron, he was familiar with the quantum physics research of Wigner and hoped to work with him. It was a bit of a shock to him when, upon arriving, he learned that Princeton’s administration had suddenly switched him to working for Wheeler instead. The decision proved pivotal to both of their careers.

BOYHOOD ANTICS

Born in Jacksonville, Florida, on July 9, 1911, Wheeler was less than seven years older than Feynman. Like him, Wheeler had been strongly influenced by educated, involved parents. Wheeler’s dad, Joseph Wheeler, was a respected librarian who headed several different libraries around the country, including Baltimore’s well-known Enoch Pratt Free Library, and advocated for and supervised the construction of many branches. As the family moved from place to place—including California, Ohio, Vermont, and Maryland—as his father switched jobs, one mainstay was that their household was always full of books. John’s mother, Mabel (nicknamed “Archie”), also a librarian, loved to read and bestowed upon him a lifelong love of the printed word. As a child, he often barraged her with questions about the universe such as, “If I keep going out into space, will I ever come to an end?”

Though each would become a theorist, Feynman and Wheeler shared a childhood passion for hands-on experimental science. Each was ardently curious about how things work. Both loved chemistry sets, radios, motors, and electrical kits. Prompted by a remark from his father about the importance of electrochemistry, Feynman once wired up a pile of dry chemicals to see what would happen. Finding countless ways to tinker with household items, he set up a makeshift intercom system in the house and motorized his little sister Joan’s crib so that it would rock automatically.

Wheeler, as a child, was similarly adept at building things from scratch. He constructed crystal radio sets, a telegraph between his house and a friend’s, an adding machine, and a combination lock. He experimented with gunpowder and almost lost a finger igniting dynamite caps near a pig barn.

If Feynman and Wheeler had grown up together, they likely would have had many hours of mischievous fun finding creative ways to make things light up and chemicals explode. When they met as young adults, an undercurrent of boyish exuberance charged their interactions. They loved to tinker together with everything from mechanical equipment to the fabric of space and time itself.

A REMARKABLE SYMMETRY

The relationship between a PhD advisor and his student is often imbalanced. After all, the former has enormous power over the latter’s career. A poor or malicious supervisor might dole out bad advice to a student, drag out his thesis work, block him from receiving his degree, and effectively prevent him from pursuing an academic career.

The case of Feynman and Wheeler offers the rare exception in which the student-mentor relationship blossomed into a genuine, egalitarian friendship. The kinship between the two physicists only strengthened over the years, as each nurtured the other’s growth. Each was a bold, open-minded thinker prepared to entertain even the wildest of suggestions. Bizarre notions flowed from both of their creative minds—from particles traveling backward in time to parallel strands of reality; from a universe crafted from pure geometry to one based on digital information. Arguably, much of the visionary work in theoretical physics in the late-twentieth and twenty-first centuries derives from their bold discourse, including the basis of the Standard Model of particle physics and all manner of astrophysical concepts, such as the properties of black holes and wormholes.

Each kept in his heart a youthful vision of the world as a wonderful place to explore: full of puzzles to piece together, secret codes to decipher, hidden passages to map out, and riddles to solve. Like Tom Sawyer and Huckleberry Finn, they were unsatisfied with mundane doings and pined for adventure.

Some symmetries are not immediately obvious. Judging from their outward personas, it would be hard at first to sense Feynman and Wheeler’s common perspective. While Feynman hated stodginess, often spoke off-the-cuff in unadorned language, and exuberantly defied public expectations of a “serious scientist,” Wheeler was quiet, measured, and polite in his speech and actions. Openly, Feynman was certainly the more unconventional of the two. Yet Wheeler was in his scientific pursuits even less mainstream. Beneath his veneer of conformity raged a nonconformist. In tandem, they were unafraid to toss out the old textbook explanations and begin anew. Perhaps two words could best describe their interactions: “crazy ideas.”

Starting with Feynman’s unexpected appointment as Wheeler’s teaching assistant for a mechanics class, their explorations took off from there. Formality dissolved in a flash as the two quickly bonded as explorers of extraordinary possibilities in physics. Ultimately they reshaped the concept of time itself, allowing for alternative realities and backward journeys.






CHAPTER ONE

WHEELER’S WATCH


This chap from MIT: Look at his aptitude test ratings in mathematics and physics. Fantastic! Nobody else who’s applying here at Princeton comes anywhere near so close to the absolute peak.… He must be a diamond in the rough. We’ve never let in anyone with scores so low in history and English. But look at the practical experience he’s had in chemistry and in working with friction.

—John A. Wheeler, on the Graduate Committee’s reaction to Feynman’s application to Princeton


John Wheeler took his watch out of his pocket and put it on the table. He wanted to clock the meeting with his new teaching assistant, Richard Feynman. For a young assistant professor with teaching responsibilities and research interests, time is of the essence. Lecturing takes time. The deep concentration needed to tackle fundamental questions in physics takes time. Marking papers takes time. Meeting with students takes time.

A clock was ticking globally as well. The Nazis were on the march and had to be stopped. If they continued their conquest of Europe, it was only a matter of time before the United States would find itself obliged to join the war effort. Combatting terrible weapons possibly being developed by the Nazis might require scientific breakthroughs. As Wheeler had learned in January 1939 via his mentor Niels Bohr and Bohr’s assistant, Leon Rosenfeld, researchers in Germany had discovered that massive uranium nuclei could divide under certain circumstances, releasing a store of energy in a process called “fission.”

The “chain reaction” that led to the startling news had been swift. Austrian physicist Lise Meitner, who had worked with German chemists Otto Hahn and Fritz Strassmann on the fission discovery, had told her nephew Otto Frisch. Based at the time at the Institute for Theoretical Physics in Copenhagen, Denmark, Frisch conveyed the results to Bohr, its director. Immediately realizing the monumental significance, Bohr told Rosenfeld and decided to make an announcement during an upcoming conference on theoretical physics, to be held at George Washington University in Washington, DC, on January 26. However, during a meeting of the Princeton physics department’s Journal Club, held on January 16, the day Bohr and Rosenfeld arrived in the United States, Rosenfeld spilled the beans, letting Wheeler and others at Princeton know about the fission discovery. When Bohr somberly announced the findings at the Washington conference, the gravity of his words resonated within the broader physics community.

Many physicists who learned of this development—particularly those who had recently fled fascist regimes in Europe—were horrified by the idea that the Nazis might develop a bomb that tapped energy released by splitting atomic nuclei. Those especially concerned about the prospect of a German arsenal of nuclear weapons included Enrico Fermi, who had left Benito Mussolini’s Italy for the United States, as well as Eugene Wigner, Leo Szilard, and Edward Teller, all émigrés from Hungary. Two months after Bohr’s announcement, Fermi met with navy officials in Washington, DC. That summer Szilard, accompanied alternatively by Wigner and Teller, alerted Albert Einstein, who famously sent a warning letter to President Franklin Roosevelt. Given the Nazi threat and the possibility of American involvement, who knew when the US government might entreat nuclear theorists to drop their abstract endeavors and switch to military research?

Through work with Bohr, Wheeler had become one of the world’s foremost experts in nuclear fission and would likely be tapped for his knowledge in the case of American entry into the war. The pair’s joint research had begun five years earlier, in the fall of 1934, when Wheeler visited Bohr’s institute. Fresh from PhD studies at Johns Hopkins, under the supervision of Austrian American physicist Karl Herzfeld, and a postdoc at New York University, mentored by Gregory Breit, Wheeler was eager to crack the mysteries of the atomic nucleus. He saw an apprenticeship with Bohr, the revered sage of quantum physics, who attracted scientists from around the world, as an ideal way to gain expertise in the topic. Wheeler worked in Copenhagen until June 1935, focusing on the interactions between nuclei and cosmic rays (energetic particles from space).
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Informal portrait of John Archibald Wheeler at Niels Bohr’s Institute for Theoretical Physics in Copenhagen, mid-1930s (Source: AIP Emilio Segre Visual Archives, Wheeler Collection).





Bohr’s style of investigation had a powerful effect on Wheeler. Though notoriously soft-spoken and known to mumble, Bohr had a knack for asking penetrating questions that revealed novel ways of thinking about a subject. As Wheeler recalled, “Bohr has this probing approach to everything, wanting to get down to the brass tacks and just test the uttermost limits to which a thing can be defended.”

After returning from Europe, Wheeler enjoyed a three-year stint at the University of North Carolina, Chapel Hill, before being appointed assistant professor at Princeton in the fall of 1938. Even before Bohr announced the German fission program, times for the region were scary. That Halloween, according to a radio report, a Martian invasion hit nearby Grover’s Mill. The fake broadcast, recounted in the authoritative voice of Orson Welles, sparked a panic. The public’s terrified reaction reflected widespread fear of horrific new weapons. When, several months later, Bohr alerted physicists at the Washington conference about the nuclear fission discovery in Germany and the concomitant possibility of the Nazis building atomic bombs, visions of devastating terror attacks occupied everyone’s worst nightmares.

Bohr stayed in Princeton from January until May 1939, working in an office on the same floor as Wheeler’s in the building then known as Fine Hall (and now called Jones Hall) and residing at the Nassau Club. Trying to determine the precise mechanisms for fission, the two men employed Bohr’s “liquid drop model,” a flexible picture of the nucleus as something like a distended egg yolk that if stretched far enough could divide. Working together throughout the spring of 1939, they carefully determined the conditions under which fission might transpire when a uranium sample is bombarded with either fast (high-energy) or slow (low-energy) neutrons.

Wheeler drew pictures of the energy barriers the neutrons would need to cross for various isotopes (nuclear types) of uranium in order to seed themselves in their nuclei and split them apart. He modeled these barriers as something like hills skiers would need to ascend before reaching a summit and beginning a speedy descent. For the most common isotope, uranium-238, the initial hill was very steep and required fast neutrons—something like Olympic skiers—to make the jump. For a rare isotope, uranium-235, the barrier was lower and crossable by slow neutrons—something like novice skiers. Therefore Bohr and he concluded that uranium-235 was much more readily fissionable than uranium-238. Moreover, they discovered that a certain artificial isotope yet to be produced, later to be called plutonium-239, could similarly be split using slow neutrons.

Given that the fission process creates more neutrons, these, if slowed down, could induce other nuclei to decay, leading under certain circumstances to a chain reaction and the controlled production of energy—or perhaps a massive explosion. Bohr and Wheeler published their results in a seminal paper, “The Mechanism of Nuclear Fission,” which appeared on September 1, 1939—precisely the date Adolf Hitler invaded Poland and World War II began in Europe. Their findings would later prove indispensable for the Manhattan Project, the American wartime program to develop a nuclear bomb.

By that fall, Wheeler had set this collaborative work aside and was eager to make his own mark in theoretical physics. He also hoped to be a trusted mentor, as Bohr was to him. In the ideal professorial mix, deep reflection and quiet calculations, the private side, precisely balanced pedagogy, the public side. Maintaining the symmetry required perfect timing—hence the watch on the table.

Only twenty-eight years old, Wheeler scarcely could have known that he’d have almost seven decades left on this earth to ponder perplexing questions such as “How come existence?” (as he would often ask in his later years). The older Wheeler might have advised his young self to relax and enjoy his interactions with the students. But as the second hand made its rounds again and again only to push the minute hand farther and farther ahead, the young Wheeler took the task of balancing his responsibilities quite seriously.

FINE SILLINESS

Wheeler’s office at the time, Room 214, was on the second floor of Fine Hall. Named after Henry Burchard Fine, the founder of Princeton’s mathematics department, who had died tragically in 1928 when hit by a car while riding his bike, the building had been endowed by his friend Thomas D. Jones as an ornate temple of mathematical research. This mission became extended to theoretical physics. Each office included oak paneling, a blackboard, built-in filing cabinets, and windows overlooking a leafy enclave of Princeton’s campus. The crisp aroma of autumn met with whiffs of chalk dust as professors attempted to characterize the natural world outside through their scrawlings within. It was a splendid location to do fundamental research.

Jones, mathematician Oswald Veblen, and others had designed Fine Hall to be as collaboration friendly as possible. To that end, a cozy tearoom, where faculty could congregate and discuss ideas, capped the rectangular array of offices on its second floor. Carved above the tearoom’s fireplace was an inscription in German taken from one of Einstein’s lectures: “Raffiniert ist der Herrgott, aber boshaft ist er nicht” (the Lord is clever, but He is not malicious). The saying reflected Einstein’s belief that though the search for the proper equations of theoretical physics might have many twists, turns, and dead ends, nature would be cruel not to provide an ultimate solution.

The corner stairwells and interconnected corridors in the building were well used. Professors and students often retreated to the third floor, where a spacious library held thousands of volumes related to mathematics and physics. Sometimes they headed down to the first floor to attend seminars in a central lecture hall. Or, as did Bohr and Wheeler when they worked together, they paced around the cyclic hallways of the second floor, deep in discussion. As intended, the structure pulsed with the circulatory flow of researchers: up, down, and around.
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To promote collaboration between mathematicians and physicists, a bridge connected Fine Hall to Palmer Laboratory, the main physics building, where classes were held and research conducted. Given the need for ample room for equipment, Palmer was far more spacious. To inspire experimenters, statues of two titans of American physics—Benjamin Franklin and Joseph Henry—framed the building’s main entrance.

Upon meeting Wheeler, Feynman first noticed how youthful he appeared. He was certainly no statue, preserved for appearances like professors retained long past their prime; rather he was very young and vital. Feynman felt very much at ease. Then he observed Wheeler take out the watch and put it on the table to time their meeting. They discussed Feynman’s responsibilities and made plans to meet again.

Not quite sure what to make of the timepiece, Feynman decided to play the same game. He bought a cheap watch and prepared for their next encounter. The second time they met, as soon as Wheeler reached into his pocket, Feynman did the same. Feynman’s watch immediately followed Wheeler’s onto the table, like a countering move in a chess game.

Feynman’s sly imitation shattered the seriousness of their relationship. Wheeler started laughing hard. Feynman did too. The fits of hysterical laughter seemed to go on and on, as each did his best to crack the other up. The meeting had devolved into pure silliness.

Finally Wheeler decided it was time to get back to business. “Look, we have to get serious here and get going,” he said.

“Yes, sir,” replied Feynman with a smirk, and the two guffawed some more. Time and time again, meeting after meeting, discussions led to jokes, breathless fits of laughter, gasping pleas for seriousness, and then back to creative discourse. Feynman was used to switch-hitting; his mom, Lucille, often joked around, and his dad, Melville, was scientific and serious. With Wheeler, Feynman could express both sides of his personality. The stage was set for a long, productive—but often silly—friendship.

THE MECHANICS OF TEACHING MECHANICS

Wheeler took much pride in teaching and delivered a well-organized class in classical mechanics. He’d assign challenging homework problems, which the students would complete and turn in. Then it was Feynman’s turn to test the students’ mettle. He’d peruse the papers meticulously, looking for signs of logical flaws or calculation errors, make detailed comments in the margins, and return stacks of painstakingly marked homework to his mentor. The students had little chance of getting away with careless work or misconceptions.

Overjoyed that his assistant was doing such an exemplary job, Wheeler even let Feynman deliver at least one of the mechanics lectures, offering him valuable teaching experience. Honored by the invitation, Feynman stayed up all night preparing. He wrote to his mother that he was proud of the lecture, which went “nicely and smoothly,” and expected to do a lot of that someday. Under Wheeler’s wing and later on his own, Feynman would develop into a renowned explainer of physical ideas.

One of Wheeler’s hallmarks as a lecturer, which had a profound influence on Feynman, was his use of clever diagrams. When framing an idea, he would almost always start off with a sketch, delineating the players involved and their interactions, as if planning a football strategy. As he later related, “I don’t know how to think without pictures.”

Both physicists saw teaching a subject as the best way to learn it. That might seem paradoxical: How can you explain something if you are not an expert? True, in the case of something relatively static, such as Latin or ancient Greek, you need to be fluent before delivering a solid lecture. However, physics is built from the ground up, based on fundamental principles that might be stated or interpreted in many ways. Even concepts typically addressed in the first weeks of an introductory physics course, such as force and inertia, are nuanced.

Inertia is the concept that objects at rest remain at rest, but those in motion keep going at the same speed in the same direction, unless acted on by an external force. It is why a bowling ball rolling on a flat, frictionless surface keeps going in a straight line before striking pins. Strangely, it is not a force but rather the lack of force that keeps the ball heading steadily toward its target. Intuitively we think that a force must be doing this, but reality tells us otherwise. Helping students understand that distinction is an intellectual challenge that sets the mind thinking about other aspects of the physical world. Explaining such notions might reveal new connections that elucidate the fundamental workings of nature.

For example, planning the mechanics course motivated Wheeler and Feynman to discuss Mach’s principle, the idea that the distant stars somehow cause inertia. In contrast to Isaac Newton, whose physics frames inertia in terms of abstractions called “absolute space” (fixed yardsticks) and “absolute time” (abstract clocks ticking the same everywhere for all times), physicist Ernst Mach proposed that inertia must have a physical cause. He conjectured that the combined tugs of remote bodies induce a stationary object to remain at rest and a moving object to maintain its velocity.

EINSTEIN’S COSMIC VISION

As Wheeler knew well, Einstein’s general theory of relativity—his masterful set of equations describing gravitation—attempted to realize Mach’s principle and toss aside the unphysical Newtonian notion of an invisible, absolute framework for measuring inertia. Newton imagined spatial distances and temporal durations as invariant from point to point and moment to moment, like the fixed coordinate axes used by mathematicians. Nothing physical can affect those inert yardsticks. Sharply contrasting with Newton’s steely, permanent measuring rods, in general relativity matter and energy warp the fabric of spacetime (space and time combined), like a heavy nest on a flimsy tree branch.

Along with banishing absolute space and time, Einstein’s use of geometry to explain gravity eliminated another conundrum in Newtonian physics, called “action at a distance”: forces, such as gravitation, acting instantly and remotely. For any two massive objects, Newton imagined a kind of abstract “thread” linking them together through their mutual gravitation. Nothing tangible in space would serve as an intermediary.

In Newton’s approach, instantaneous tugs over great distances steer the planets in their orbits around the sun. If the sun suddenly disappeared, the “strings” would vanish, and planets would immediately begin to move in straight lines, following their own inertia. That change of behavior would happen even before the last rays of sunlight reached each planet, as light takes time to travel.

Thinking that such instant and remote action was unphysical, a bit like telepathy, Einstein constructed general relativity in a manner such that the crinkled fabric of spacetime serves as the go-between. The sun’s massive presence creates a gravitational well by warping spacetime in its vicinity, a bit like when one steps into a bathtub and displaces the water. Such disturbances ripple away from the source, affecting the motion of other things. In the bathtub that might mean that rubber ducks, little boats, and other floating toys start to bob up and down. In the case of the solar system, the sun’s gravitational disturbance radiates outward throughout spacetime at the speed of light, creating troughs that compel planets to move in curved orbits. The planets strive to move in straight lines, but the warped geometry in their regions forces them into curves.

After Einstein completed the general theory of relativity in 1915, he attempted to use it to model a universe that is static overall. Believing in ironclad determinism and eternal cosmic laws, he hoped that while mass might cause local perturbances, the global state of the cosmos would remain unaltered over time
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Praise for The Quantum Labyrinth:

“[The Quantum Labyrinth] provides a portrait of a rather neglected era in physics. Following the twin revolutions of quantum theory and relativity in the early 1900s, the 1940s to the late 1960s can appear like a time when already challenging ideas became all but incomprehensible beyond the academy. But Halpern shows that it was every bit as significant as the pre-war period that looks now to be an age almost of gods and legends.”

—Physics World

“Feynman was a doer, Wheeler a dreamer. So Paul Halpern aptly describes them in The Quantum Labyrinth, his book about their lives, work and friendship, and the virtues of their complementary styles… Feynman was one of the greatest intuitive problem-solvers in twentieth-century physics, a world-class doer. But I suspect that many readers will take most pleasure from the account of Wheeler’s inspired dreaming.”

—Nature

“Paul Halpern brings the full story of these men to life in a brilliant way… Feynman’s contributions to the development of quantum field theory… are not only covered, they’re explained in gloriously in-depth and simultaneously comprehensible fashion… Well-researched, well-written, and highly accessible.”

—Forbes/Starts with a Bang!

“Excellent… [Halpern] brings onto the stage two of the key developers of the modern quantum theory.”

—Nature Physics

“[Halpern] paints an evocative picture of the tension between cooperation and competition felt by researchers at the cutting edge.”

—Library Journal

“Readers soon see that Feynman achieved his breakthroughs in physics by collaborating with his mentor, John Wheeler… With the same clarity that has attracted readers to Einstein’s Dice and Schrödinger’s Cat (2015) and his other books of popular science, Halpern retraces the way this unlikely pair smashed traditional understandings of time… A compelling reminder that even the most triumphant science comes from vulnerable humans.”

—Booklist (starred review)

“The Quantum Labyrinth is the thoughtful and moving story of two great physicists and their entangled lives. Feynman and Wheeler’s exuberant creativity allowed them to explore the extremes of reality, finding the cracks and fissures of contemporary physics. Yet at the same time, they were instrumental in setting the foundations of our modern understanding of physical law.”

—Pedro G. Ferreira, Professor of Astrophysics at the University of Oxford

“In this exciting new book, Paul Halpern explores the strange counter-balance between two remarkable scientists. Everyone knows of Richard Feynman as a showman, but Halpern brings out Feynman’s true depth as a careful researcher of meticulous integrity and the perfect artisan to carry out John Wheeler’s revolutionary ideas. The result is a fascinating story.”

—Frank Close, author of Half-Life and The Infinity Puzzle

“Go to any physics meeting and ask each person there for their list of the top ten most influential physicists of the 20th century. Lots of different names will appear, but everybody will name Einstein (of course!). Nearly all will mention Feynman and Wheeler, too. After reading Halpern’s thought-provoking book, you’ll understand why.”

—Paul J. Nahin, Professor Emeritus of Electrical Engineering at University of New Hampshire and author of In Praise of Simple Physics
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