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INTRODUCTION


GIVEN THE DAZZLING HISTORY of twentieth-century scientific discovery, the story of Albert Einstein, Bertrand Russell, Kurt Gödel, and Wolfgang Pauli in conversation might seem trivial. Nothing really emerged from their meetings, as far as we can tell—neither momentous discovery nor earth-shattering weaponry.

Yet their confluence in the small town of Princeton, New Jersey, during the winter of 1943–44 is fascinating to ponder. They were giants divided by a generation. Einstein was schooled in classical physics; Russell began his career at the very dawn of mathematical logic. By the 1920s, when Pauli and Gödel came of age, certainties had dissolved. For Pauli, especially, the new quantum physics opened up endless possibilities for insight and production.

In this generational battle, Einstein fought desperately against the quantum mechanics so ably theorized by Pauli and his quantum brethren. Unable to refute the new physics, Einstein retreated into what now seems a doomed search for a unified theory. To his contemporaries, it seemed daft, even obstructionist. His failed search illustrates the pathos of science. For scientists, as for athletes, age does not correlate with creativity. The poet may begin a long career with an apprenticeship of pastoral poetry, progressing finally to the noble epic, a trajectory known as Virgil's wheel. But science and mathematics are notoriously the provinces of youth.

As Einstein fought his battle in the world of physics, history was busy transforming how physics worked. World War II turned theoretical physics into a race for the ultimate weapon. Robert Oppenheimer, once a student of Pauli, headed the project in America. Werner Heisenberg, Pauli's friend and partner in the founding of quantum mechanics, was integral to Germany's effort. Inevitably, the bomb conferred on physics both prestige and peril. It took a soldier to coin the phrase “military-industrial complex.” Well before Eisenhower's words of warning, physicists understood their plight. The war, said the scientist and novelist C. P. Snow in a speech on morality and science, turned physicists into “soldiers-not-in-uniform.”

The pretext for this book is the gathering of four great minds in an academic backwater during a war that would change science forever. “I used to go to [Einstein's] house once a week to discuss with him and Gödel and Pauli,” wrote Russell in his Autobiography. That these meetings occurred is generally accepted by the biographers of Einstein, Russell, and Pauli. However, as with all things human, there is disagreement, and to ignore contrary evidence would be unseemly, not to mention unscholarly. Thus, against Russell's recollection of those meetings at 112 Mercer Street, we must cast some doubt—that is, uncertainty of a mundane, rather than quantum, sort. Russell himself, speaking on the BBC in 1965, reported that in Princeton, Einstein “arranged to have a little meeting at his house once a week at which there would be some one or two eminent physicists and myself.” No mention was made of Gödel. Only in his Autobiography does Russell assert that he, Einstein, Pauli, and Gödel met regularly.

In 1971, Kurt Gödel learned of Russell's claim and drafted (but never sent) a rebuttal of sorts to a friend: “[t]he passage gives the wrong impression that I had many discussions with Russell, which was by no means the case (I remember only one)….” More pointed was Gödel's acerbic retort to Russell's assertion in the same passage that “Gödel turned out to be an unadulterated Platonist….” Gödel responded, “[My] platonism is no more ‘unadulterated’ than Russell's own in 1921.” As we shall see, Russell and Gödel enjoyed a tangled relationship—one that might have encouraged exaggeration about the question of their meeting from either man. It is possible, even likely, that Gödel turned up at Einstein's rather less than Russell's remark suggests, and equally possible that he showed up more than once.

Who was in attendance and when will forever be a matter of conjecture, as must our thoughts on what might have been said, beyond Russell's few (easily assailable) memories. More fascinating is the context—cultural, theoretical, biographical, and historical—of those meetings. The crosscurrents that made up this context are the subject of this book.

Finally, as must be obvious, the perspective of this book is not that of a scientist. Some might argue that the history of science is better left to scientists. For better or for worse, however, nonscientists are enthralled by that richly creative, densely coded world—beyond our grasp as laypersons, yet so enveloping of our lives.

To elucidate major characters and relevant concepts, we provide below brief biographical sketches and a glossary of terms. Terminology in boldface is cross-referenced in the Glossary.

ALBERT EINSTEIN (1879–1955)

With the publication of his theory of general relativity, Einstein, already well known among physicists, became world famous. No more ubiquitous a face has ever represented science in the popular imagination. Almost instantly, Einstein turned his fame into a platform for political and humanitarian causes: internationalism, support for Israel, antifascism, civil rights, socialism. At the end of his life, with Russell, he made a final plea for world peace.

Best known among Einstein's works are the two relativity theories: the special theory of relativity (1905), which introduced the notion of spacetime, and the general theory of relativity (1916), which explained gravitation. In his “miracle year” of 1905, Einstein wrote a total of four papers, including that proposing special relativity. Ironically, it was not for either theory of relativity, but for the first of his 1905 papers that Einstein won the 1922 Nobel Prize in Physics. That paper, on the photoelectric effect, was an inaugural step in the development of quantum mechanics, much to Einstein's chagrin. He spent most of his later years in a failed search for a unified theory based not on quantum mechanics, but on relativity.

BERTRAND RUSSELL (1872–1970)

Best known for his political activism, Bertrand Russell played a major role in the development of twentieth-century analytical philosophy. At Cambridge, he majored in mathematics and scored well enough on the feared “tripos” exams to be ranked among the first division “wranglers.” That Russell was able to bridge such utterly disparate worlds speaks as much to the restlessness of his intellect as to its power.

Russell's startling discovery in 1901 of a paradox that would bear his name, Russell's paradox (the conundrum posed by imagining a set of all sets that are not members of themselves), launched him into a decade's worth of work. In 1903, he published The Principles of Mathematics, precursor to the much longer Principia Mathematica, written with Alfred North Whitehead and published in three parts from 1910 to 1913. This latter work broke philosophical ground by promoting mathematical logic, or logicism, and by introducing a theory of types and a powerful notation system. For the first time, mathematically based logic made its way into the mainstream of philosophy, long dominated by metaphysics and epistemology.

Political activism characterized the latter decades of Russell's life. Few left-wing causes escaped his energetic support: pacifism, Bolshevism, antifascism, anti-Stalinism, nuclear disarmament, de-colonization, the International War Crimes Tribunal. On the brink of war over the Cuban missile crisis, Kennedy and Khrushchev each received a telegram. (Kennedy's reaction, in private, was to call Russell a “son of a bitch.”) Even into his nineties, Russell did not flag. A letter transcribed and mailed on February 3, 1970, a day after Russell died, sent his greetings to representatives of South Vietnam's Provisional Revolutionary Government. A lifetime of writing on philosophy and politics won Russell the 1950 Nobel Prize in Literature.

KURT GÖDEL (1906–1978)

As a logician, Gödel has no modern rival. Not since Aristotle, some say, have one man's theories so utterly transformed the field of logic. He was a quiet, remote, unworldly mathematician, given to eccentricities and belief in ghosts. With Einstein, he would make his daily trek to the Institute for Advanced Study in Princeton. Their friendship was famous. In Gödel, Einstein found his intellectual equal.

As a graduate student at the University of Vienna, Gödel sat in on meetings of the Vienna Circle, a highly influential group of philosophers dedicated to empiricism (the idea that knowledge is derived through experience) and logical analysis (held to be the proper method for solving problems in philosophy). Yet in 1931, Gödel proposed his incompleteness theorems, ending once and for all attempts to find a complete and consistent set of axioms for all of mathematics. Russell's logicism and the Vienna Circle's logical analysis were dealt a fatal blow, insofar as they sought complete consistency within a system of logic.

Although Gödel contributed to mathematical and logical thought throughout his life, the incompleteness theorems and their metalogical system of notation known as Gödel numbering were his crowning achievements. Gödel left Vienna for Princeton in 1940 and never returned, gaining a professorship at the Institute for Advanced Studies in 1946 and publishing a tantalizing demonstration of time travel based on general relativity in 1949. He died in 1978 of starvation, so overcome by paranoia that he believed his food was being poisoned.

WOLFGANG PAULI (1900–1957)

Few outside the world of physics know of Wolfgang Pauli. His fame rests on two discoveries: the exclusion principle and the neutrino. The former is an esoteric explanation of how electrons behave in the atom. The latter is a bit more fathomable among laypeople—the neutrino being first of many particles found to exist within the atom, beyond the electron, proton, and neutron.

Within the world of physics, however, Pauli is legendary. His exclusion principle is indispensable to our understanding of matter. In 1930, he postulated the existence of the neutrino, the confirmation of which came a year before Pauli's death. Equally important, though, was his centrality to quantum theory. In the 1920s, as the world entered a depression and headed toward world war, Pauli helped foment a revolution that overturned classical physics. Among his fellow revolutionaries were Niels Bohr (the “father” of quantum theory), Werner Heisenberg, Erwin Schrödinger (of “Schrödinger's cat” fame), Paul Dirac, Max Born, and Louis de Broglie.

So integral was Pauli to the development of quantum theory and quantum mechanics that he became known as the repository of “conscience” within the movement. Personable, brash, painfully critical, intellectually honest, he was an inveterate collaborator and an indefatigable letter writer. He won the 1945 Nobel Prize in Physics for the exclusion principle. Having left Europe for the duration of the war, he returned to Switzerland in 1946 and headed the physics program at Zurich Polytechnic School (ETH) until his death.

J. ROBERT OPPENHEIMER (1904–1967)

Erudite and precocious, Oppenheimer left Harvard in 1925 with a degree in chemistry and sufficient background in physics to join the Cavendish Laboratory in Cambridge. At twenty-three, he was awarded a doctorate from the University of Göttingen, where he worked with such giants in quantum mechanics as Wolfgang Pauli and Max Born. Having gained respect from his European colleagues, he accepted a position at the University of California, Berkeley, in 1929.

Oppenheimer made no great discovery in physics. As an intellectual and administrative leader, he was second to none. Over the next decade, he mentored dozens of graduate students, dabbled in leftist politics, and favorably impressed the great Ernest Lawrence, who ran the Berkeley Radiation Laboratory. As the American bomb effort began taking shape, Oppenheimer rose from adviser to director of Los Alamos, the secret and central laboratory where the greatest minds in physics concocted the atomic bomb. At the first successful test of an atomic weapon, he later said, words from the Bhagavad Gita echoed in his mind: “I am become death, the destroyer of worlds.”

During and after the war, he was targeted by government security forces for his leftist politics. His support of an international approach to the uses of atomic fission and his opposition to the hydrogen bomb led to investigations by the House Un-American Activities Committee, and in 1954, his security clearance was revoked. He continued to lecture and work on the fringes of power. From 1946 to 1965, he was director of the Institute for Advanced Study in Princeton. He won the Fermi Prize for Physics in 1963. He died in 1967, having never regained his security clearance.

WERNER HEISENBERG (1901–1976)

Unlike his friend Pauli and his mentor Niels Bohr, Heisenberg tended to think in flashes of brilliance. In 1925, he took on the murky question of quantum mechanics. If we cannot see within an atom, he reasoned, let us use what we can observe, namely, how atoms emit and absorb light. From that thought came quantum mechanics. To calculate the movements of particles, Heisenberg stumbled into what became matrix mechanics. Meanwhile, Erwin Schrödinger countered with a less abstract explanation likening electrons to waves (wave mechanics). To reconcile the seemingly bizarre quantum world with the more familiar classical physics, Heisenberg came up with the uncertainty principle: It is possible to measure the location of an electron and the momentum of an electron, but never both simultaneously. For his work on quantum mechanics, he was awarded the Nobel Prize in 1932.

Heisenberg was a fervent nationalist. When the Nazis came to power, he continued his atomic work, participating at the highest levels in the German effort to harness fission. He traveled often to conferences and, on one famous occasion, to visit his old friend and teacher Bohr. That conversation became the subject of Michael Frayn's drama Copenhagen. At the end of the war, Heisenberg was interned along with nine other German scientists at Farm Hill in England, where from July through December 1945 their conversations were secretly recorded by British agents. From the end of the war until his death, Heisenberg labored to rebuild atomic physics in Germany.
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GLOSSARY


Beta-decay: radioactive decay, or the emission of a beta particle or electron from an atom

Black-body radiation: thermal radiation (that is, heat radiating) from a closed system heated to a particular temperature

Born's probability interpretation: a reconciliation of wave mechanics with quantum mechanics that explains waves as containing the probable location of an electron

Bose-Einstein statistics: first proposed by S. N. Bose and championed by Einstein, these statistics explain the behavior of bosons.

Bosons: one of two general classes of elementary particles (along with fermions) determined by how they spin

Bright-line spectra: the unique spectral lines formed when an element is heated and its atoms emit light; every atom has its own signature of bright lines.

Brownian motion: in fluids, the seemingly random movements of tiny particles as they are struck by the molecules of the fluid; Einstein applied statistical mechanics to explain the movements.

Copenhagen interpretation: under Niels Bohr, the most persuasive, complete framework for understanding quantum mechanics

Double-slit experiment: a method for analyzing light by diffracting light beams through two slits and observing the resulting patterns on a screen

Exclusion principle: Pauli's discovery, expressed as a law, that no two particles occupy the same space at the same time

Fermions: see Bosons

Field: the extension of a physical quality throughout space (as the electromagnetic field); in classical or quantum physics, field theory describes the dynamics and effects within the field.

General Relativity: Einstein's generalization of his theory of special relativity to include gravity. It reconceived Newton by showing that apples fall to the ground because the earth's mass curves the adjacent space-time, forcing apples to move in a special way, that is, towards the surface of the earth. It has proven extremely difficult to unify general relativity with quantum mechanics. String theory is currently the best hope.

Gödel numbering: the assignment of numbers to mathematical symbols and formulas, to allow for mathematical statements about mathematics (that is, metamathematical statements)

Incompleteness theorems: Gödel's demonstrations that in any formal system, there are statements that are true, but are not provable using the axioms of that system. The paper containing the theorems was entitled “On Formally Undecidable Propositions of Principia Mathematica and Related Systems,” a reference to the work by Russell and Whitehead.

Induction: reasoning that begins with information from particular instances and leads to general propositions

Locality: in classical physics, the idea that two objects in separate places are independent and cannot interact, a restriction seemingly disproved by recent experiments demonstrating quantum particles to be “entangled” no matter what the distance between them

Logicism: an approach to philosophy in which mathematics is subsumed into logic

Matrix mechanics: the first complete definition of the laws and properties of subatomic particles using matrices to describe their properties

Maxwell's equations: four equations that describe electric and magnetic fields and their interaction with matter

Neutrino: an extremely light particle, the existence of which was hypothesized by Pauli

Paradox: in logic, reasoning that leads to contradiction, revealing false assumptions or faulty processes

Particle physics: the study of the basic subatomic elements and the forces acting upon and among them

Photoelectric effect: the emission of electrons when exposed to electromagnetic radiation and the subject of Einstein's first 1905 paper, in which he proposed that rather than waves, light was made of quanta (later called photons)

Photon: the elementary particle that forms light

Planck's constant: the ratio of a photon’s energy to its frequency

Quantum mechanics: a theory of subatomic systems that derives information about particles through an application of statistics, conceives of electrons and protons as both particle and wave in their behavior, and acknowledges uncertainty in measuring both movement and position simultaneously

Quantum physics: the entire body of modern, postclassical physics incorporating quantum mechanics and treating both large and small scale forces

Russell's paradox: a conundrum discovered by Russell in 1901. The problem occurs when, in attempting to account for and classify all sets, one imagines a “set of all sets that are not members of themselves.” A set can be a member of itself: Imagine the set of all objects that are not cars. Since the set of all noncars is not a car, it can be a member of itself. Now, we must move up a rung in abstraction, because set theory conceives of “sets of sets.” The set of all sets that are members of themselves is, indeed, possible: e.g., the set of all sets of cars can be a member of itself. But the set of all sets that are not members of themselves is a paradox. Is it a member of itself? It must be, since it is a set that includes just that: sets that are not members of themselves; and yet it cannot be, since by being a member of the set of all sets that are not members of themselves, it would become a member of itself.

Special relativity: Einstein's explanation of the relationships among light, energy, and matter, introducing the concept of space-time and defining the speed of light as the one constant not dependent on the observer

Spin: in quantum mechanics, a particle's angular momentum—either half-integer (fermions) or integer (bosons)

String theory: a theory (as yet unproven) that attempts to unify all of the known forces (weak, strong, electromagnetic, and gravitational). In this theory, matter is made not of particles that behave like waves, but of strings that vibrate.

Strong and weak nuclear forces: within the atom, the strong force holds neutrons and protons in the nucleus; the weak force allows beta decay, or radiation, to occur.

Ultraviolet catastrophe: a false prediction, based on classical physics, that when black-body radiation reaches equilibrium, it will emit infinite heat

Uncertainty principle: a cornerstone of quantum mechanics; Heisenberg's assertion that it is impossible to measure and determine both the position and the momentum of a particle simultaneously

Unified theory: a theory of everything, that is, all of the elemental forces (weak, strong, electromagnetic, and gravitational)

Wave mechanics: Erwin Schrödinger's explanation of quantum behavior, in which electrons move like waves around the nucleus

Wave/particle duality: in quantum mechanics, the idea that all objects exhibit the properties of both waves and particles
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PART 1

THE PATHOS OF
SCIENCE





PRINCETON, WINTER 1943–44

IN PRINCETON, DURING THE COLD, wartime winter of 1943–44, four men—scientists and luminaries all, with common interests and uncommon theories—met once a week over the course of several months. These casual meetings took place far from the horrific battlefields of the World War and far from Los Alamos, the (then) secret lair of experimental atomic physicists.

They were extraordinary meetings, although they probably did not contribute to the advancement of the sciences. The four participants were uniquely matched within the adversarial and communal culture of a pure and disinterested science: Albert Einstein (at whose 112 Mercer Street house the men met); Bertrand Russell, the British logician, philosopher, and gadfly; Wolfgang Pauli, the boy wonder of quantum physics, who formulated the “exclusion principle” in 1925 and postulated the existence of the neutrino in 1930; and Kurt Gödel, whose “incompleteness” theory of 1931 shattered the link between logic and mathematics that Russell's monumental work Principia Mathematica had attempted to forge.

We know of these meetings only from passing remarks in Russell's Autobiography:

While in Princeton, I came to know Einstein fairly well. I used to go to his house once a week to discuss with him and Gödel and Pauli. These discussions were in some ways disappointing, for, although all three of them were Jews and exiles and, in intention, cosmopolitans, I found that they all had a German bias toward metaphysics, and in spite of our utmost endeavour we never arrived at common premises from which to argue.1

Eventually, the conversations seem to have sputtered out. Russell gives us no other details about what was said, and perhaps nothing worth reporting was said.

That such exemplars of our scientific age had occasion to chat in the cloistered world of Princeton's Institute for Advanced Study might seem fodder for yet another London stage play set in the world of physics—Heisenberg and Bohr had met in Copenhagen in 1941, and from that meeting, with its uncertainties and relative perspectives, can be seen, in retrospect, angled perspectives into the collision of particles that is war.

Indeed, it was war and Hitler that had brought all four to Princeton. Einstein, Pauli, and Gödel, having fled the chaos of Europe, found refuge at the Institute (Einstein in 1933, Pauli and Gödel in 1940). Russell was in temporary exile from England, yearning to return, but as yet unable, owing to travel restrictions. Solidly entrenched in the small-town atmosphere, the four men spent their days thinking, writing, and, periodically, lecturing, either within the Institute or elsewhere at professional meetings.

For years, Einstein had enjoyed world fame. Princeton was no different. Shop owners hoarded his signed checks, children pleaded for help with homework, strangers approached him on the street or in museums. He and his second wife, Elsa, had moved to the modest white house at 112 Mercer Street in 1935, just a year before Elsa's death. During Elsa's illness and after her death, Elsa's daughter, Margot, and Helen Dukas, Einstein's secretary, who had been part of the family since 1928, ran the household. They were joined by Maja, Einstein's gifted and beloved sister, in 1939. By 1943, then, Einstein's household consisted of himself and three exceedingly intelligent women. One of the three would surely have served tea to the guests.

The colonial-style house (which Einstein paid for by selling a manuscript to the Morgan Library) was filled with solid German furniture rescued from the couple's apartment in Berlin. Typically Biedermeier, a style associated with the pretentious nineteenth-century German bourgeoisie, the cumbersome, clumsy, outmoded furniture was relegated to the first floor at 112 Mercer—Elsa's domain. His own study, on the upper floor, was furnished in much plainer fashion, with tall bookshelves and a paper-strewn table.2 It was there that Einstein often entertained colleagues, and there, presumably, that the four men met.

Clearly, the meetings did not make history. But they certainly embodied it. Einstein's special and general theories of relativity had reshaped modern physics; Pauli's exclusion principle helped launch the revolution in quantum physics; Russell's early eminence as a logician resulted in the towering Principia Mathematica (written with Alfred Whitehead), which laid out the foundations of symbolic logic; Gödel's incompleteness theorem quashed any hope (including Russell's) of mathematics as a universal, consistent, and complete system.

A more illustrious scientific group of friends probably never gathered, at least not in such a relaxed and intimate setting as Einstein's study. After all, Einstein was Einstein, and Gödel was considered the most important logician since Aristotle. In terms of stature, their only equivalents would be Newton and Leibniz in the seventeenth century, two geniuses who never met. Of course, conferences and congresses were typical meeting places, with their rituals of podium, prepared papers, and hallway talk. But the conversations Russell alludes to would have had nothing in common with academic conferences.

It was an intimate little group. Gödel and Pauli were among Einstein's closest friends in Princeton. Einstein was fond of Russell, who, as the only nonmember of the Institute for Advanced Study, might have seemed a bit of an interloper. Later, Russell would develop a friendship of sorts with Wolfgang Pauli.

It was also a pot simmering with outsized personalities. Pauli, then aged forty-three, was famously intimidating, given his brilliance and rough sarcasm—and he looked the part: florid and barrel shaped, with strangely slanted eyes in a moonface. (George Gamow, the mathematician, once sketched Pauli as a plump devil, an allusion to his reputation as an intense critic, as well as to his devilish wit.) Gödel, aged thirty-seven, a mathematical Platonist happily married to a former cabaret dancer from Vienna, was a notorious recluse, shadowed by bad health and nervous breakdowns. He was thin and intense, his eyes shielded by horn-rim glasses with tinted lenses—he might be staring at you, but it was hard to tell. The seventy-two-year-old Russell, small and bony-featured, was famous for his lightning mind, malicious wit, and boundless energy; he was now the third Earl Russell and one of the world's leading philosophers, but he was also impoverished and had been in America since 1938 trying (vainly) to find a paying job. Then there was Einstein, his hair wild as ever, wearing a sweatshirt with a handy pen clipped to its neckline.

German accents mingled with upper-class British tones: Einstein talked very softly, Russell in a snapping high pitch, Pauli in a growl, and Gödel quietly and precisely. It would have been a smoke-filled room as well: Einstein, Russell, and Pauli were incessant pipe smokers.

One fascinating topic probably never came up. Two of the four scientists dabbled in the realm of the irrational. Pauli the physicist was a scourge of any idea that did not meet the most rigorous, objective standards of proof. But privately he subscribed to Carl Jung's psychology, with its archetypes and archaic myths. Indeed, he had been Jung's patient in the early 1930s, and Jung had mined his client's rich dream life in several lectures and articles, suppressing Pauli's name, of course. Among Jung's writings on Pauli's dreams is the chapter “Individual Dream Symbols in Relation to Alchemy,” which alludes to another of Pauli's extrarational interests: medieval alchemy. Pauli found in alchemy a model for how matter could be joined to spirit—a task he felt urgent for the modern mind. As for Gödel, the astringent logician was highly sympathetic to telepathy, reincarnation, and the existence of ghosts—not despite being a logician, but because of it: He thought such phenomena rationally justifiable. The young Gödel may have attended a séance; certainly he read widely on parapsychology throughout his life.

Had they been aired, Pauli's Jungian affinities and Gödel's excursions into the paranormal would have startled the two elder scientists. Einstein and Russell both adhered to more conventional metaphysical views. Einstein, though close to both Pauli and Gödel, seems to have been unaware of their otherworldly interests. Perhaps it is no wonder, as Russell complained, that the group could not find common premises, at least when it came to philosophizing about science.


AGING GENIUS

Besides tangled friendships and rivalries, the four men who met in Einstein's living room shared something else: the common fate of being past their prime. By 1944 each had already done his important scientific work. Einstein had already spent the last twenty years pursuing his hope of a grand unified theory for physics—a pursuit destined for failure. Russell's creative years in logic lay more than thirty years in the past; now, he was busily churning out popularizing books to earn badly needed money. (The History of Western Philosophy, which he was finishing up, surprised him by becoming a runaway best seller the following year.) Pauli's many achievements included his 1925 discovery of the exclusion principle, one of the great clarifying insights in physics, and his daring prediction in 1930 of the neutrino; but there were no more such triumphs ahead. Gödel's startling theorem of 1931 proved that mathematics must remain incomplete—the “most significant mathematical truth of this century,” as his honorary degree from Harvard later put it; but by 1944, he had shifted from logic to make a new start in philosophy.

The history of science is a long procession of figures, some famous, many forgotten, who come forward, work their special wonders, make their mark, lose the power of genius, and make their exit. That scientific careers peak early is, of course, a commonplace—some might say a myth. Yet it would seem that those exits are, on the whole, earlier than those of poets and artists. Aging genius has been a topic of much discussion among scientists and their anatomists. Like any myth, that of the coupling of youth and scientific discovery is both exaggerated and compelling. Indeed, those to whom scientific genius is ascribed have done as much as any to propel the myth. G. H. Hardy, a numbers theorist who continued to produce well beyond middle age, nevertheless wrote in his memoir, A Mathematician's Apology, “No mathematician should ever allow himself to forget that mathematics, more than any other art or science, is a young man's game.” And we have Russell's own account of his dogged work on the Principia to remind us that scientific creativity requires immense energy:

So I persisted, and in the end the work was finished, but my intellect never quite recovered from the strain. I have been ever since definitely less capable of dealing with difficult abstractions than I was before.3

Mathematical theorizing seems especially suited to the young, nor is theoretical physics a country for old men. Thus, we have John Nash at twenty-two (equilibrium and game theory); John von Neumann at twenty (a definition of ordinal numbers); Carl Friedrich Gauss at twenty-one (the fundamental theorem of algebra); Evariste Galois at twenty-one (recognized posthumously for his algebraic theories); Alan Turing at twenty-four (the Turing machine). Arguably, the average age of discovery has risen in recent years. Jordan Ellenberg reminds us that modern mathematics is itself a mature field, requiring years of study well beyond that of an eighteenth or nineteenth or even early twentieth century prodigy.

Still, Gödel was only twenty-five when in 1931 he proved the “incompleteness” of mathematics. And the early days of quantum physics saw a procession of theorists remarkable for their youth as well as their genius: Wolfgang Pauli and Werner Heisenberg were both twenty-five, and Paul Dirac was twenty-four, when they published their landmark contributions. Newton's insights into gravity and optics came when he was twenty-three, “in the prime of my age for invention” or his “annus mirabilis.” Einstein published his special theory of relativity at the age of twenty-nine in his own annus mirabilis of 1905. In the last four centuries, only Newton and Einstein among major theorists were able to surpass their earliest work—Newton with his universal law of gravitation in 1686 and Einstein with his general theory of relativity in 1916.

But even Einstein's gifts finally failed. In the late 1920s, while in his late forties—an almost Methuselah-like age for topflight creative work in theoretical physics—Einstein began his exit.

Why such a “running down” of energy happened to him, or happens to other scientific theorists, is a puzzle, as mysterious as the initial outburst of genius that occurs early in such careers. Explanations range from the physiological (a decrease in testosterone, according to the psychologist Satoshi Kanazawa) to the sociological (math and physics reward brash, revolutionary discoveries, and thus brash, youthful thinkers) to the biohistorical (age statistics are affected by life expectancy or the relative “age” of the field).4 Despite a mountain of studies, we know very little about why such supreme gifts appear or disappear.

“Genius” is a word that only gives a local habitation and a name to an unfathomable phenomenon: Would we call it genius otherwise? Genius eludes definition partly because it points not to a single ability, but to a web of abilities and coincidences that must hang together delicately yet powerfully to work at all. In physics and logic, mathematical prowess is obligatory; but so are audacity and courage, penetrating insight, imaginative vision, tenacity—and luck. And luck must occur not only within the arena of study—for instance, finding the right equations—but in a larger sense as well: In order to ponder gravity, Newton must first have survived the plague; in order to develop his general theory of relativity, Einstein must first have had the leisure and salary offered by the Kaiser Wilhelm Institute of Physics and must first have accepted the post in late 1913, before World War I had barred him from entering Germany. Accident not only historical, but emotional can loose creative genius. Take, for instance, Einstein's separation from his first wife, Mileva, in the year prior to general relativity, and Gödel's serendipitous marriage to a cabaret singer who kept him sane.

At some point, however, one or another of these powers—or the way they join together—changes, and “genius” departs. Perhaps insight fails, or else ambition or energy, or the theorist becomes too cautious, or is surpassed by students (as the great physicist Max Born confessed of Pauli, his onetime assistant), or can't keep up with new ideas. (Paul Ehrenfest, Einstein's cherished friend, committed suicide at fifty, an act Einstein attributed in part to the “difficulty that adaptation to new ideas inevitably imposes on a man of fifty.”5) Or perhaps the theorist simply finds physics no longer quite so important—as with Newton, who in middle age took up theology.

The “middle-aged” scientist often seems to his or her colleagues to be a flawed version of that younger, more brilliant self. Those phenomenal gifts are still evident, but something seems “off” or amiss.

Einstein's seeming failure to produce theoretical insights after the mid-1920s is an example. In 1916, when he published his theory of general relativity, he was thirty-eight, still at the height of his powers. His last contributions, on wave theory and quantum statistics, came in 1925. By then, Einstein was launched on his quest for a unified theory—as quixotic a journey as that of any hapless knight. Many critics think that Einstein misjudged the problem of a unified theory as he would never have done before. But even so, something slowed him down. He was stymied at every step. Only his old boldness and tenacity kept him doggedly going, decade after pointless decade. Some crucial power seems to have left that marvelous mind, and Einstein eventually became resigned to it.

Something similar happened to Pauli in physics and to Russell and Gödel in logic. In his thirties, Pauli was already becoming more of a critical than a creative force within physics. In their thirties, Russell and Gödel both began to abandon logic for philosophy.

Why do physicists and mathematicians seem more susceptible to this fading of creative energy and genius than, say, artists and composers and writers? Johann Sebastian Bach, after all, kept building incomparable structures of abstract musical symbols until his death at seventy-five; Yeats wrote great poems into his seventies. Goethe's artistic maturation continued until his death at eighty-three. Picasso worked successfully into his nineties, DeKooning into his eighties, Braque until his death at eighty-one. No such example of late-stage genius and production can be found in the sciences.

This striking difference between the worlds of science and art was noted by the eminent astrophysicist S. Chandrasekhar, who, musing on artistic genius, thought of Beethoven's words: “Now, I know how to compose.” At forty-seven, Beethoven had already written eight symphonies, five piano concertos, eleven quartets, and twenty-five of his thirty-two piano sonatas.

Scientists do not develop this way, suggests Chandrasekhar. Their genius flowers young and does not “mature.”6 No major scientist has continued to grow through life as did Beethoven, or Shakespeare, or Rembrandt—not to mention Verdi, Titian, Picasso, or Thomas Mann. To paraphrase F. Scott Fitzgerald, there are a great many triumphant third acts in art and literature, but even second acts are rare in science.

Something systemic—peculiar to scientific endeavor—seems to be involved. Genius is an individual matter—one that varies from person to person and is expressible in a myriad of forms. But science is a collective enterprise. It progresses and builds, dependent on a process of incremental contribution. Even revolutions in science—Thomas Kuhn's paradigm shifts—require structures to build upon (or tear down).7

Scientists thus often live to see their greatest work superseded, modified, or refuted. None escapes the relentless march: Immortal Newton was displaced by Einstein, and Einstein fully expected that his work would be corrected or surpassed. In 1949, he wrote to a friend:

You imagine that I look back on my life's work with calm satisfaction. But from nearby it looks quite different. There is not a single concept of which I am convinced that it will stand firm, and I feel uncertain whether I am in general on the right track.8

Einstein's humble reflection reveals from within what can be called “the pathos of science.” Neither artists nor philosophers are prey to this pathos: Nothing can “improve” upon Socrates’ Oedipus Rex or Mozart's Don Giovanni or Plato's Republic, though these works are subject to the vicissitudes of changing tastes and interpretations. Indeed, poets are especially caught up in intimations of immortality, as distinct from mere fame. Milton invokes the “Heavenly Muse” to ensure that his Paradise Lost would “soar / Above th’ Aonian mount, while it pursues / Things unattempted yet in prose or rhyme.”

Scientists, on the other hand, create only to be superseded. The greatest scientific achievements will be scrutinized and, eventually, proven inadequate. After two thousand years, Euclid's geometry was shown to be limited and was augmented by the non-Euclidean geometry of Carl Friedrich Gauss. Within twenty years, a fellow German, Georg Friedrich Bernhard Riemann, improved on Gauss—and Riemann's geometry helped lead Einstein to his general theory of relativity.

Science is a community of interlocked, perpetual, cumulative effort. No one can be successful except by working within its common premises and rules of procedure and proof—however “revolutionary” the work. But the cumulative nature of science also means that each individual effort will be supplanted. Discoveries keep occurring—and every discovery means that some previous finding becomes modified or discarded. Thus, most productive scientists become half-forgotten figures in the public mind, existing in textbooks as abbreviations, symbols, and identifiers: Boyle's law, the joule, the fermi, Planck's constant. The incessant construction of science provides new and exalted triumphs (Einstein, after all, can build on Newton), but also ensures one's own “defeat” or limitation—sometimes within a few years.

The four men in Einstein's study provided striking examples of this “pathos of science.” Here were two aging scientists paired with upstart revisionists: Einstein and Pauli, Russell and Gödel. At stake were none other than the fundamental structures of modern physics and logic.

Wolfgang Pauli was only sixteen when Einstein's general theory of relativity turned physics upside down. Within four short years, Pauli was to write a definitive explanation of relativity for the Encyclopädie der Mathematischen Wissenschaften—an account so clear that forty years later, Niels Bohr lauded it as “still one of the most valuable expositions” of Einstein's theory. Five years later, Pauli presented his “exclusion theory,” the first in a number of successive discoveries by Pauli and Werner Heisenberg that defined the nascent field of quantum mechanics.

Behind it all was Einstein, who, using Planck's concepts, “launched” quantum physics in 1905. But Einstein's quantum physics was built on classical physics. No “uncertainty” there. The new quantum mechanics, formulated by Bohr, Heisenberg, and Pauli, no longer postulated an objective reality that could be observed and measured. To Einstein's horror, physics had become a matter of statistical laws rather than certainty. “God does not play dice with the world!” he exclaimed.

Pauli and the quantum physicists had triumphed, however. At the Fifth Solvay Conference in 1927, quantum physics took on classicism from the lectern and in the corridors of discussion. Einstein, who did not present a paper, spoke against the new world of physics heralded by Niels Bohr and his young followers, among them Pauli and the German wunderkind Werner Heisenberg. Stubbornly, Einstein held out against the tidal wave of quantum physics. All indeterminacy was temporary, he insisted, a passing stage within the history of physics. Sooner or later, with more knowledge and insight, physicists would be able to lay aside uncertainty. He never gave up that belief.

But quantum physics, argued Bohr and his quantum conscripts, was here to stay. Uncertainty was not an imposition of humanity onto nature, but a fundamental state. However distressed the Solvay participants might have been by Einstein's vehement opposition, the conference shifted the ground so vigorously that, during the three years between the Fifth and the Sixth Solvay Conference, Einstein found himself in a rearguard position. He was by far the most visible and vocal critic of quantum physics. He devoted the remainder of his life to the search for a unified theory, in hopes of proving Pauli and his quantum mechanics wrong. But in the intervening years, Einstein's position had gained no ground. Pauli and his quantum associates held sway in a world of physics that had passed Einstein by.
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