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Chapter 1

IF YOU’RE NOT SHOCKED, YOU HAVEN’T UNDERSTOOD

In the TV series Star Trek, and in its subsequent derivatives, the starship Enterprise travels throughout intergalactic space. Its five-year mission of exploration is to go where no human being has gone before. Using the imaginative technology of the distant future, the crew of the Enterprise travels at warp speeds, many times the speed of light, calls home to Star Fleet Command from a distance of many parsecs, using “subspace communication,” and scans approaching vessels and the surfaces of new planets, occasionally defending itself against hostile forces with photon torpedoes. And, perhaps most innovative of all, the starship crew members can “beam” themselves to the surfaces of many new worlds to explore strange landscapes and have face-to-face meetings with the leaders of alien civilizations, which are sometimes more, sometimes less, advanced.

In not one of the many episodes of Star Trek, however, or to our knowledge any other science fiction saga, has there ever been as bizarre an exploration of the universe as that which actually took place on planet Earth in the period 1900 to 1930 CE. The distances traveled by the explorers of the early twentieth-century scientific age were similarly vast, but not in the sense of the large scales of billions and billions of light-years of intergalactic space. Rather, it was a voyage into the deep, the unknown, and the unexplored space of the smallest objects that make up the entire universe, down to the scale of billionths and billionths of an inch.

The advancing technology and scientific skills at the turn of the nineteenth to the twentieth century enabled these scientist explorers to, in a sense, visit for the first time the domain of a remarkable and new alien civilization, the world of the atom. What they encountered was incredible, existential, and surreal: it was as if the art, music, and literature of the age—the eyes of Picasso, the ears of Schoenberg, and the pen of Kafka—were in lockstep with the physicists unraveling a weird, bizarre, and unfamiliar new world within the innermost depths of nature. Virtually all of science’s sophisticated and well-honed “classical” knowledge of the laws of physics, with its rules acquired and polished over the previous three hundred years, proved to be dead wrong in this strange new world. It was as if Captain Kirk and his Enterprise mates had landed on a planet in which the very laws of nature were as different as those encountered by Alice after she fell down the rabbit hole. It was a new kind of “dream logic” reality. Objects placed over here appeared over there, instantaneously. A smooth, hard stone began to blur and diffuse into seeming nothingness as scientists watched. Solid walls could be promenaded straight through, effortlessly. Things jumped wildly about in space and time.

Plenty of “particles” of matter existed in this strange new world, swarming around, to and fro. By carefully observing these particles the scientists learned that they did not simply pass uniformly from starting point A to arrive at a well-defined time at destination point B. Motion was nothing as Galileo or Newton had conceived it three hundred years earlier.1 Instead, the “fundamental particles” of nature, out of which everything is composed, such as the tiny electron, were seen to explore all possible paths in getting from A to B—all at once! Particles were always nowhere and yet everywhere at the same time. They arrived at their destinations with a spooky knowledge of every available path they could have, or might have, taken, with no certainty as to which path they actually did take. The scientists toyed with the particles, blocking off some of the available paths they might have taken from A to B, and they found that their arrival at B could be influenced in this way—merely changing one of the many available paths a particle may have taken, whether it did so or not, could cause it to arrive at B more often—or not at all.

Particles, little pinpoints of matter with no apparent or discernable internal clockwork or organs, leave sharp tracks in detectors and little dots of light on fluorescent screens and cause Geiger counters to go “click… click… click, click… click.” Yet, these minute dots of matter now also appear to be waves. They display wavelike, cloudlike, blurry patterns of motion, with crests and troughs like the waves on the surface of a lake or the sea. And things that were thought to be waves, like radio waves and light, were now found to be particles. Waves became particles and particles became waves. Neither, or, yet both, and all at once. It was as if the radical artists, composers, and writers of the age were scripting the laws of nature.

In short, the world dramatically changed before the eyes of the early twentieth-century explorers—eyes that now peered through highly sophisticated instruments. The universe was now seen to work in a way starkly different from what science had taught over the previous three centuries of enlightenment, beginning with the Renaissance. This grand change of our understanding of the physical world marked the arrival of an entirely different way to view nature and was now giving rise to the birth of a whole new and more fundamental science—quantum physics.

Physicists wrestling with the new experimental data and theoretical ideas about the atom strained to use human language and metaphors that had been invented in the traditional world of the old classical era of Galileo and Newton, but they found them hopelessly inadequate to describe their new experiences. The world now seemed to require descriptors such as fuzzy, uncertain, and spooky action-at-a-distance, as if ghosts were running around influencing the outcome of experiments.

There emerged a new concept called “wave particle duality” to reconcile why waves were sometimes particles and why particles were sometimes waves, though scientists were still bewildered. So bizarre are the consequences of quantum physics that, perhaps to preserve their sanity, the quantum physicist pioneers were driven to denial that they were actually describing a vast new reality, preferring to objectively insist that they had “merely” invented a new method for making predictions about the results of possible experiments—and nothing more.


AN ADVANCE PEEK AT QUANTUM PHYSICS

Prior to the quantum era, scientists had been definitive in their statements about cause and effect and precisely how objects move along well-defined paths, as they respond to various forces applied to them. But the classical science that had evolved from the mists of history, to the end of the nineteenth century, always involved descriptions of things that are collections of a huge number of atoms. For instance, some million-trillion atoms are contained in a single grain of sand.

Observers prior to the quantum age were like a distant alien civilization examining large collections of humans from afar, observing them only in crowds of thousands, tens of thousands, or more. They might have observed humans marching in parades, or breaking into applause, or scurrying to work, or about in every which way. Nothing would have prepared such remote alien observers for what they would find upon examining individual human behavior up close. New behaviors would then be encountered as humans displayed signs of humor, love, compassion, and creativity, traits that would be totally unexpected, given the experience of having only observed the behavior of human mobs from afar. The aliens, if they themselves were insects or automatons, may not even have a ready vocabulary to describe what they were now observing in up-close human behavior—indeed, even today the accumulated poetry and literature of the human race, for example, from Aeschylus to Thomas Pynchon, does not span all individual human experience.

Likewise, at the beginning of the twentieth century, the exacting edifice of physics with its precise predictions for the behavior of objects filled with huge orchestras of atoms, all crashed down to the floor. Through newly refined and highly sophisticated experimentation, the properties of individual atoms, and even the smaller particles that are contained within them, now came onto the stage, performing solo or in small ensembles, one’s, two’s, three’s and more. The observed behavior of the individual atom was shocking to the leading scientists, who were awakening from the classical world. These new world explorers, the avant garde “poets, artists, and composers” of the modern physics of the atomic epoch, included such luminary figures as Heinrich Hertz, Ernest Rutherford, J. J. Thompson, Niels Bohr, Marie Curie, Werner Heisenberg, Erwin Schrödinger, Paul Dirac, Louis-Victor de Broglie, Albert Einstein, Max Born, Max Planck, Wolfgang Pauli, among others. This group was as shocked by what they found inside the atom as the voyagers of the starship Enterprise would have been in encountering any alien civilization across the vast reaches of the universe. The new confusion produced by the earliest data gradually gave way to desperate efforts of these scientists to restore order and logic to this new world. Still, by the end of the 1920s, the basic logic of the properties of the atom, which define all of chemistry and everyday matter, was finally constructed. Humans had begun to comprehend this bizarre new quantum world.

However, whereas the Star Trek explorers could beam up and ultimately return to less threatening spaces, the physicists of the early 1900s knew that the weird new quantum laws that ruled the atom were primary and fundamental to everything—everywhere in the universe. Since we are all made of atoms, we cannot escape the implications of the reality of the atomic domain. We have seen the alien world, and it is us!

The shocking implications of the new quantum discoveries unnerved many of the scientists who discovered them. Much like political revolutions, the quantum theory mentally consumed many of its early leaders. Their béte noire was not the political machinations and conspiracies of others, but rather deep, unsettling new philosophical problems about reality. When the full force of the conceptual revolution emerged toward the end of the 1920s, many of the originators of the quantum theory, including no less than Albert Einstein, rebuked and turned away from the theory they had a significant hand in creating. Yet, as we plunge into the twenty-first century, we now have a quantum theory that works in every situation we have applied it to, that has delivered to us transistors, lasers, nuclear power, and countless other inventions and insights. There are still strenuous attempts by distinguished physicists to find a kinder, gentler understanding of the quantum theory, less disruptive to the comfort zone of human intuition. But we must come down to dealing with science, not bromides.

The prevailing science, before quantum theory, had successfully accounted for the world of the large: the world of ladders propped safely against walls, the flight of arrows and artillery, the spinning and orbiting of planets and itinerant comets, the world of functioning and useful steam engines, telegraphy, electric motors and generators, and radio broadcasting. In short, almost all the phenomena that scientists could easily observe and measure by the year 1900 were successfully explained by this classical physics. The attempt to accommodate the weird behavior of atomic-sized things was enormously difficult and philosophically jarring. The emergent new quantum theory was totally counterintuitive.

Intuition is based on previous human experience, but even in this sense, most of the earlier classical science was itself counterintuitive to the contemporaries of its discoveries. Galileo’s insight into the motion of bodies in the absence of friction was extremely counterintuitive in its day (few people had ever experienced or considered a world without friction).2 But the classical science that emanated from Galileo redefined our own sense of intuition for the three hundred years leading up to 1900, and it seemed impervious to any radical changes. That was until the discoveries of quantum physics brought on an entirely new level of counterintuitive and existential shock.

To understand the atom, to create a synthesis of the apparently self-contradictory phenomena that came out of the laboratories in the period of 1900–1930, meant that attitudes and disciplines had to be radicalized. Equations, which on the large scale made sharp predictions about events, now yielded only possibilities, and to each possibility one could now compute only a “probability”—the probability of the actual physical occurrence of an event. Newton’s equations of absolute exactitude and certainty (“classical determinism”) were replaced by Schrödinger’s new equations and Heisenberg’s mathematics of fuzziness, indeterminacy, and probability.

How does this indeterminacy exhibit itself in nature at the atomic level? It does so in many places, but a simple example can be given here. In the lab we learn that if we have a collection of some radioactive atoms, such as uranium, half of the number of atoms will disappear (we say that they “decay into other atomic fragments”) within a certain interval of time, called the “half-life.” After another period of time equal to the half-life, the remaining atoms are again reduced by half (so, after two half-life intervals we have only one quarter of the original number of radioactive atoms left; after three half-lives we have only one eighth the original number; and so on). We can, in principle, with enough effort and using quantum physics, calculate the half-life of uranium atoms. Many other atomic decay half-lives can similarly be computed for fundamental particles, which keeps atomic, nuclear, and particle physicists gainfully employed. Quantum theory, however, simply cannot predict when any one uranium atom will disappear.

This is a jarring result. If uranium atoms were truly governed by Newtonian classical laws of physics, then there would be some internal mechanism at work that, with sufficient detail of study, would allow us to predict exactly when a particular atom would decay. The quantum laws are not just blind to such an internal mechanism, giving us only a fuzzy probabilistic result out of mere ignorance. Rather, quantum theory asserts that probability is all one can ever possibly know about the decay of a particular atom.

Let’s consider another example of this quantum aspect of the world: if two precisely identical photons (the particles that make up light) are aimed in exactly the same way at a glass window, one or both photons may penetrate the glass or one or both may reflect back. The new quantum physics cannot predict exactly which one of the photons will do which—reflect or penetrate. We cannot, even in principle, know the exact future of a particular photon. We can only compute the probabilities of the various possibilities. We may compute, using quantum physics, that “each photon has a 10 percent probability of reflecting off the glass and a 90 percent probability of being transmitted through the glass.” But that’s all. Quantum physics, despite its apparent vagueness and inexactitude, provides a correct procedure, in fact, the only correct procedure, for understanding how things work. It also provides the only way to understand atomic structure, atomic processes, molecule formation, and the emission of radiation (all light we see comes from atoms). In later years it proved to be equally successful in understanding the nuclei of atoms, how quarks are eternally bound together inside the protons and neutrons of the atomic nucleus, and how the Sun generates its enormous energy output.

How, then, does the classical physics of Galileo and Newton, which dramatically fails to describe the atom, so elegantly predict exactly when solar eclipses will occur, the return of Halley’s comet in 2061 (Thursday afternoon), and the exact trajectories of space vehicles? We all depend on the success of Newtonian physics to ensure that airplane wings stay attached and can fly, or that bridges and skyscrapers remain stable in the wind, or that robotic surgical tools are accurate and precise. Why does it all work so well if quantum theory says emphatically that the world really doesn’t work this way after all?

It turns out that when huge numbers of atoms congregate together into large objects, as they do in all the above examples of wings and bridges, and even robotic tools, then the spooky, counterintuitive quantum behaviors—loaded as they are with chance and uncertainty—average out to the apparent proper and precise predictability of classical Newtonian physics. The short answer is that it’s statistical. It’s a bit like the statistically exact statement that the average American household has 2.637, residents, which can be a fairly precise and accurate statement, even though not a single household has 2.637 residents.

In the modern world of the twenty-first century, quantum physics has become the staple of all atomic and subatomic research, as well as much material science research and cosmic research. Many trillions dollars a year are generated in the US economy by exploiting the fruits of quantum theory in electronics and other areas, and many trillions more dollars are generated due to the efficiency of productivity that an understanding of the quantum world has brought forth. A few mavericks, however—physicists who are cheered on by the existentialist philosophers—are still working on the foundational ideas that define quantum theory, trying somehow to make sense of it all, hoping, perhaps, that there is a deeper inner exactitude within quantum theory that has somehow been missed. But they are in the minority.




WHY IS QUANTUM THEORY PSYCHOLOGICALLY DISTURBING?

Albert Einstein famously said: “You believe in a God that plays dice, and I in complete law and order in a world where objectivity exists, and which I, in a wildly speculative way, am trying to capture…. Even the great initial success of the quantum theory does not make me believe in a fundamental dice game, although I am well aware that your younger colleagues interpret this as a consequence of [my] senility.”3 And Erwin Schrödinger lamented: “Had I known that my wave equation would be put to such use, I would have burned the papers before publishing…. I don’t like it, and I’m sorry I ever had anything to do with it.”4 What disturbed these eminent physicists, who turned away from their own beautiful babies? Let’s examine the above complaints of Einstein and Schrödinger, often summed up as quantum theory, revealing that “God plays dice with the universe.” The breakthrough that led to modern quantum theory came in 1925 when a young German, Werner Heisenberg, on a lonely vacation to Helgoland—a small island in the North Sea where the German scientist sought relief from severe hay fever—had his big idea.5

A new hypothesis was garnering strength in the scientific community, that atoms were composed of a dense central nucleus with electrons orbiting around it, like planets orbiting the Sun. Heisenberg pondered the behavior of the electrons in atoms and realized that he did not require any knowledge of the precise orbital paths of the electrons around the nucleus. The electrons seemed to undergo mysterious jumps from one orbit to another that were accompanied by the emission of light of a very precise and definite color (colors are the “frequencies” of the emitted wave of light). Heisenberg could make some mathematical sense of this, but he did not need a mental picture of an atom as a tiny solar system with electrons moving in definite orbits to do so. He finally gave up trying to compute the path of an electron if it was released at point A and detected at point B. And Heisenberg understood that any measurements made on the electron between A and B would necessarily disturb any hypothetical path the electron was on. Heisenberg developed a theory that gave precise results for emitted light from atoms, but that didn’t require knowledge of the path taken by the electrons. He saw that, ultimately, only possibilities for events and their probabilities of occurring, with intrinsic uncertainties, exist. This was the emerging new reality of quantum physics.

Heisenberg’s revolutionary solution to the results of a set of baffling experiments on atomic physics freed up the thinking of his predecessor, Niels Bohr, the father, grandfather, and midwife of quantum theory. Bohr carried Heisenberg’s radical ideas a major step forward, so much so that even Heisenberg was shocked. Ultimately he recovered to join in Bohr’s zealotry, while many of his elder and distinguished colleagues did not. What Bohr argued was that if knowledge of the particular path of an electron was not relevant to determine atomic behavior, then the very idea of a particular, well-defined electron “orbit,” like that of a planet going around a star, must be a meaningless concept and must therefore be abandoned. Observation and measurement is the ultimate defining activity; the act of measurement itself forces a system to choose one of its various possibilities. In other words, reality is not merely disguised by the fuzziness of an uncertain measurement—rather, it is wrong to even think about reality as yielding certainty in the conventional Galilean sense when one arrives at the atomic level of nature.

In quantum physics, there appears to be an eerie connection between the physical state of a system and conscious awareness of it by some observing being. But it’s really the act of measurement by any other system that resets, or “collapses,” the quantum state into one of its myriad possibilities. We’ll see just how spooky this is when we consider electrons, one at a time, passing through one of two holes in a screen, and how the observed pattern of the electrons, detected far from the screen, depends on whether anyone or anything knows which hole the electron went through (or didn’t go through), in other words, whether a “measurement” of which hole the electron passed through has been made. If so, we get a certain result. But if not, we get an entirely different result. The electrons seem eerily to take both paths at once if nothing is watching, but a definite path if someone or something is watching! These are not particles and not waves—they are both and neither—they are something new: They are quantum states.6

Small wonder that so many of the physicists who had participated in the formative phases of atomic science could not accept these strange occurrences. The best face to put on the Heisenberg/Bohr interpretation of quantum reality, sometimes called the “Copenhagen Interpretation,” is that when we measure something in the atomic domain, we introduce a major interference into the state itself, in other words, the measuring instruments. In the end, however, quantum physics simply doesn’t correspond to our innate sense of reality. We must learn to get used to quantum theory by playing with it and testing it, by doing experiments and setting up theoretical problems that exemplify various situations, getting familiar with it as we go along. In so doing, we develop a new “quantum intuition,” as counterintuitive as it all may initially feel.

Another major quantum breakthrough, totally independent of Heisenberg’s, took place in 1925 by another theoretical physicist, also on vacation but not quite as lonely. Erwin Schrödinger, the Viennese-born theorist, formed one of the most famous scientific collaborations, with his friend, the physicist Herman Weyl. Weyl was a powerful mathematician who was instrumental in the development of relativity and the relativistic theory of the electron. Weyl helped Schrödinger with his math, and in return, Schrödinger allowed Herman to sleep with his wife, Anny. We don’t know how Anny felt about this, but such experiments in marital relationships were not uncommon among intellectuals of late Victorian Viennese society. This arrangement had the collateral benefit of allowing Schrödinger the freedom to indulge in copious extramarital affairs, one of which led (sort of) to one of the great discoveries in quantum theory.7

In December 1925, Schrödinger departed for a two-and-a-half week vacation to a villa in the Swiss Alpine town of Arosa. He left Anny at home and was accompanied by an old Viennese girlfriend. He also took with him some scientific papers, by the French physicist Louis de Broglie, and two pearls. Placing a pearl in each ear to screen out any distracting noise, and poring over de Broglie’s papers (we don’t know what the lady friend was doing), Schrödinger invented “wave mechanics.” Wave mechanics was a novel way to understand the nascent quantum theory in terms of simpler mathematics, equations that were already essentially familiar to most of the physicists of the day. This breakthrough significantly promoted the fledgling science of quantum physics to a much broader audience of physicists.8 Schrödinger’s now-famous wave equation, often called the “Schrödinger equation,” may have accelerated the progress of quantum physics, but it drove its founder to distraction because of its eventual interpretation. It is astonishing that Schrödinger later regretted publishing this work due to the revolution in thought and philosophy that it inspired.

What Schrödinger did was to describe the electron—in mathematical terms—as a wave. The electron, previously thought to be a hard little ball, indeed also behaves like a wave in certain experiments. Wave phenomena are familiar to physicists. There are countless examples—water, light, sound in air and solids, radio, microwaves, and so on. These were all well understood by physicists in those days. Schrödinger insisted that particles, such as the electron, were actually at the atomic quantum level a new kind of wave—they were “matter waves.” As odd as that sounded, his equation was convenient for physicists to use and seemed to come up with all the right answers in a straightforward manner. The wave mechanics of Schrödinger gave a certain comfort to the physics community, the members of which were grappling to understand the burgeoning area of quantum theory and who, perhaps, found Heisenberg’s theory too abstract.

The key factor in Schrödinger’s equation is the thing that is the solution to the wave equation, which describes the electron wave. It is denoted by the Greek symbol Ψ (“psi”). Ψ is known as “the wave function,” and it contains all we know or can know about the electron. When one solves the equation, it gives Ψ, as a function of space and time; in other words, Schrödinger’s equation tells us how the wave function varies throughout space and how it changes in time.9

Schrödinger’s equation could be applied to the hydrogen atom and it completely determined exactly what kind of dance the electrons are doing in the atom: the electron waves, described by Ψ, were indeed ringing in various wavelike patterns, much like the ringing patterns of a bell or other musical instruments. It is like plucking the strings of violins or guitars; the resulting vibrations of the matter waves could be assigned a definite and observable shape and a certain amount of energy. The Schrödinger equation thus gave the correct values of the vibrating energy levels of the electrons in an atom. The energy levels of the hydrogen atom had been previously determined by Bohr in his first guess of a quantum theory (now relegated to the term “old quantum theory”). The atom emits light of definite energy—the “spectral lines” of light—and these are now seen to be associated with the electrons hopping from one vibrational wave-state of motion, say, “Ψ2”, to another vibrational state, say, “Ψ1”.

Such was the newfound power of Schrödinger’s equation. One could readily visualize the wave patterns by looking at the mathematical form of Ψ. The wave concept could be readily applied to any system requiring a quantum treatment: systems of many electrons, whole atoms, molecules, crystals and metals with moving electrons, protons and neutrons in the nucleus of the atom, and—today—particles composed of quarks, the basic building blocks of protons and neutrons and all nuclear matter.

In Schrödinger’s mind, electrons were exclusively waves, like sound or water waves, as if their particle aspect could be forgotten or was illusory. In Schrödinger’s interpretation, Ψ was a new kind of wave of matter, plain and simple. But ultimately Schrödinger’s interpretation of his own equation turned out to be wrong. While Ψ had to represent some kind of wave, what exactly was this wave? Electrons still behaved, paradoxically, like pinpoint particles, producing pinpoint dots when impacting a fluorescent screen. How was this behavior to be reconciled with the matter wave Ψ?

The German physicist Max Born (grandfather of singer Olivia Newton-John) soon came up with a better interpretation of Schrödinger’s matter wave, and it has become the major tenet of the new physics to this day. Born asserted that the wave associated with the electron was a “probability wave.”10 Born said that it is actually the mathematical square of Ψ, that is, Ψ2, that represents the probability of finding the electron at a location x in space at time t. Wherever, in space or time Ψ2 is large, there is a large chance of finding the electron. Wherever Ψ 2 is small, there is little chance. Where Ψ2 = 0, there is no chance. Like the Heisenberg breakthrough, this was the ultimate shocking idea, yet in the clearer, easier-to-comprehend, Schrödinger picture of things. Everyone now understood it, finally and once and for all.

Born was clearly saying that we don’t know—and can’t know—exactly where the electron is. Is it here? Well, there’s an 85 percent chance that it is. Or is it there? It might be, with a probability of 15 percent. The probability interpretation clearly defined what you could or couldn’t exactly predict about any given experiment in the lab. You can do two apparently identical experiments and get two quite different results. Particles appear to have the luxury of where to be and what to do, with no regard to ironclad rules of cause and effect that one normally had associated with classical science. In the new quantum theory, God does in fact play dice with the universe.

While it rattled Schrödinger that he had been a major player in this unsettling revolution, a further irony is that Born was inspired in his probability interpretation by a speculative paper that appeared in 1911 written by, of all people, Albert Einstein. Schrödinger and Einstein would remain an antiquantum tag team for the rest of their lives. So too, Max Planck: “The probabilistic interpretation put forth by the group from Copenhagen must surely go down as a treasonable behavior towards our beloved physics.”11

The great theoretical physicist of turn-of-the-century Berlin, Max Planck, was upset with the emerging meaning of quantum theory. This was an extraordinarily ironic development when you consider that Planck was the true grandfather of the new theory and that he had even coined the term quantum to describe this new science back in the nineteenth century.

We can appreciate why some would consider as treasonous the endorsement of probability as ruling the universe rather than exact cause and effect. Take an ordinary tennis ball and throw it against a smooth concrete wall so that it bounces back to you. Stand in the same spot, and keep hitting the ball with your racket with the same force and toward the same point on the wall. All other things being equal (wind speed, etc.), as you develop your skill, the ball will always come back to you in exactly the same way, time after time, until your arm gets tired or you wear out the ball (or the wall). Andre Agassi depended on such principles to win at Wimbledon, just as Cal Ripken Jr. made his reputation judging the caroms of baseballs off Louisville Sluggers in Camden Yard. But what if you couldn’t depend on the bounce? What if, on one occasion, the ball passed right through the cement wall? And what if it was only a matter of percentages? Fifty-five times the ball bounces back to you; forty-five times it passes through the wall! Some fraction of the time it is returned by the tennis racket, while other times, at random, it passes right through the racket. Of course, this never happens when we are dealing with the macroscopic Newtonian world of tennis balls. But the atomic world is different. An electron impinging upon an electronic wall has a finite probability of passing through the wall (a phenomenon called “tunneling”). So you can imagine the quantum tennis with quantum tunneling would be very challenging and very frustrating.

One can see the probabilistic behavior of photons in ordinary everyday occurrences. Suppose you look at a window display at your favorite Victoria’s Secret lingerie store. Superimposed over the shoes of the sexy mannequins you observe a faint image of yourself in the window. What is happening? Light is a stream of particles—photons—that produce a bizarre quantumlike result. Most of the photons—say, coming from a source like the Sun—reflect off your face and pass right through the store window, providing a clear image of you (handsome devil!) to anyone who happens to be on the other side of the window (the window mannequin dresser?). But some small fraction of the photons are reflected back from the glass to provide that dim image of you overlaying the skimpy undergarments in the window display. All photons are identical, so why are some transmitted and others reflected?

In careful experiments it becomes clear that there is no way of predicting which photons will be transmitted and which will be reflected. Only the probability of transmission or reflection can be computed for any given photon. Applying quantum theory to a photon headed for the store window, the Schrödinger equation might tell us that 96 percent of the time the photon will pass through the glass, and 4 percent of the time it will be reflected. But which photon does what? It can’t be determined even with the best instruments one could ever imagine building. God rolls dice to find out, or so goes the quantum theory (well, maybe it’s a roulette wheel, but it’s all about probability, whatever He or She is using).

You can duplicate the store window experience—at much greater expense—by firing electrons at an electric barrier, consisting of a wire screen in a vacuum connected to the negative battery terminal with a potential of, say, ten volts. If the electrons have an energy of only nine volts, they should be repelled, in other words, “reflected.” Nine volts of electron energy is not enough to overcome the ten-volt repulsive force of the barrier. But Schrödinger’s equation shows that some part of the electron wave penetrates and some is reflected, just like light quanta through the store window. However, we never see a fraction of an electron or a fraction of a photon. These particles do not come apart like a wad of Silly Putty. The particle is always either completely reflected or transmitted. A 20 percent reflectivity means that there is a probability of 20 percent that the entire electron is reflected. Schrödinger’s equation gives us the solution, in terms of Ψ2.

It was just this type of experiment that led the physics world to abandon Schrödinger’s interpretation of Silly Putty–like electrons as matter waves and accept the more bizarre idea that Ψ, a mathematical wave function, when squared, describes the probability of finding the electron somewhere. If we fire, say 1,000 electrons at a screen, a Geiger counter might indicate that 568 penetrate the screen and 432 are reflected back. Which ones will do which? We don’t know. We can’t know. That’s the maddening truth about quantum physics. Only the probabilistic odds, Ψ2, can be calculated.




SPOOKY ACTIONS AT A DISTANCE

Albert Einstein further declared: “I cannot seriously believe [in the quantum theory] because it cannot be reconciled with the idea that physics should represent a reality in time and space, free from spooky actions at a distance.”12

Einstein thought he had found a fatal flaw in one of the basic principles of quantum physics. Its proponents (especially Bohr) insisted that a particle’s various attributes have no real objective reality until they are measured. To Einstein, it was nonsense that objects do not exist until we measure them. To him, particles exist, and have properties like position, velocity, mass, and charge, even when we don’t observe them, even when we are ignorant of what values they have. He agreed only with the commonsense idea that measurement of a tiny particle can disturb it and introduce unknown changes. The notion that a quantum state can abruptly change (as in being “reset” as described in chapter 7, note 8) throughout the entire universe, by merely observing it, conjured a notion that signals (information) were somehow being transmitted instantaneously over vast distances, faster than the speed of light, which is impossible. Nothing can exceed the speed of light, according to Einstein’s own theory of relativity.

So in 1935, Einstein described a thought experiment that would put an end to the notion that reality is only “enforced” or comes into being by measurement. It was called the EPR Thought Experiment, after Einstein and his two collaborators, Boris Podolsky and Nathan Rosen. The EPR Thought Experiment examined the case of two particles that are produced from the radioactive disintegration of a “parent particle,” and whose properties, velocities, spins, electric charges, and so on, are correlated. For example, suppose an electrically neutral radioactive “parent particle” disintegrates somewhere in distant space into two “daughter particles,” an electron of negative charge (called Molly) and a positron of positive charge (called June). The two particles stream off in opposite directions with equal and opposite electric charges, but we don’t know which one goes which way. June may go to, say, Peoria, and Molly to the distant star Alpha Centauri. But it could be reversed, with Molly heading to Peoria, and June to Alpha Centauri. In classical physics, it is one or the other. But in quantum theory, the actual physical quantum state can be described as an indefinite mixture of both possibilities, an “entangled state”:


(June→Peoria, Molly→α Centauri) + (June→α Centauri, Molly→Peoria)



This property of adding together, or “superimposing,” two (or more) definite possibilities, to create a “mixed” or “entangled” state,” is characteristic of the quantum theory that enjoys the privilege of encompassing all possibilities at the same time.13 Which of the two possibilities corresponds to reality is simply unknown until a definite measurement is made, at which point the quantum state instantaneously changes to reflect the result of that measurement.

So, here’s the weird part: When we measure the electric charge arriving in Peoria, we instantaneously learn, without measuring it, the electric charge that arrived at Alpha Centauri, way out there en route to the stars, instantaneously. That is, if we observe June in Peoria, we immediately learn that it is Molly who arrived at Alpha Centauri. The quantum state then immediately changes, or “collapses,” throughout the entire universe, to become a “pure state”:


(June→Peoria, Molly→αCentauri)



It could be the other way around, (Molly→Peoria, June→αCentauri), as the quantum theory carries both options and merely predicts the probability for either option.

Some might argue that if classical physics were true, we would learn the same thing. But classical physics doesn’t require any change in the state of nature upon making this observation—we just happen to learn what that classical state of nature actually is. Classical states are never mixed states and they always have a definite reality. In observing a classical state only our own personal ignorance has changed. However, in the quantum theory, once we make the measurement, the actual physical state—or wave function—of June and Molly is suddenly changed, instantaneously and everywhere throughout the whole universe, and is now a new quantum state.

To Einstein, this required a seeming instantaneous propagation of information throughout the universe, at least from Peoria to Alpha Centauri, in violation of the ultimate speed limit in nature, the speed of light. Einstein must have exclaimed to Bohr: “Gotcha!”

This, indeed, confronted Bohr with what seemed to be a devastating refutation to his interpretation of the quantum state. Since the location of June can be deduced without measuring the electron Molly, whose properties are correlated by the initial quantum state of the radioactive parent particle, the properties of the particle arriving at Alpha Centauri must seemingly have an objective reality. However, Bohr insisted that a definite property does not exist until a measurement brings it into being. Einstein’s conclusion was that quantum theory, in determining the properties way over there by measurements here, implied some “spooky actions at a distance” and that Bohr’s interpretation implied signals traveling faster than the speed of light, ergo the quantum theory is incomplete or flawed. This is the kind of problem that caused such physicists as Planck, de Broglie, Schrödinger, and Einstein to reject the form that quantum theory had taken.

Did the EPR Thought Experiment put a silver stake through the heart of the quantum theory? Obviously not! It’s still around, alive and well and arguably the most successful theory in the history of science. How did the quantum champions counter Einstein’s powerful argument? Essentially, the skinny on this is that “yes, the state indeed resets,” or “collapses” instantaneously throughout the entire universe, to one of the two possibilities, but try as you might, there is no experiment that can ever reveal any consequence of a spooky action at a distance. No message can be transmitted to Alpha Centauri faster than the speed of light. The observer there doesn’t know that Molly is arriving until he observes who arrived. Likewise, the observer is unaware of the collapse of the entangled quantum state into one of its definite possibilities until he does the measurement. Ergo, the EPR Thought Experiment does not violate the “causality of nature,” by which signals travel at speeds less than or equal to the speed of light. Reality, so said Bohr, is still conditioned by the act of measurement. So added Bohr: “Anyone who is not shocked by the quantum theory must not have understood.”14

A saving grace was that the EPR headache seemed confined to the remote and obscure domain of the atom, in which Newtonian laws had been revoked. But not for long. After all, we are all made of atoms.




SCHRÖDINGER’S TABBY

We can’t leave the domain of quantum philosophical hand-wringing without a brief look at the now-famous Paradox of Schrödinger’s Cat, which links the squishy quantum microworld and its statistical probabilities to the Newtonian macroworld with its exact statements. Like Einstein, Podolsky, and Rosen, Schrödinger took issue with a world that had no objective reality until measured, one that was just a roiling mass of possibilities, until observed. Schrödinger’s paradox was intended as a derisive comment on that worldview, but it’s turned out to be one that tantalizes scientists to this day. He figured out a way, by using a thought experiment, to make the quantum effects of the atom dramatically apparent in the ordinary macroscopic world. To help him make his case he again enlisted the phenomenon of radioactivity, in which particles decay at a predictable rate, though one cannot predict when any given particle will decay. That is, one can predict what percentage of atoms will decay in, say, an hour’s time, but one cannot predict which of the individual atoms will decay.

So here’s Schrödinger’s recipe: Put a cat in a box, with a flask of lethal gas. In a Geiger tube, place a small quantity of radioactive material, such a minute amount that in the course of an hour we have only a 50 percent chance of detecting a single atomic disintegration. Arrange a “Rube Goldberg” device where the decaying atom will set off the Geiger counter, which will activate a relay that will trigger a hammer, that shatters the flask of gas, that will kill the cat. (Oh, those turn-of-the-century Viennese intellectuals…)

So, after one hour, is the cat dead or alive? If one uses the quantum wave function to describe the entire system, the living and dead cat would be a mixed state, “smeared out (pardon the expression) in equal parts.” Ψ, the wave function, would tell us that the situation is a mixture of “cat alive” and “cat dead,”15 that is, there would be a mixed quantum state of the form ΨCat Alive + ΨCat Dead. So, even at the macroscopic level we could only determine the probability of finding the cat alive (ΨCat Alive)2 or of finding the cat dead (ΨCat Dead)2.

But here’s the question: is the reset of the quantum state to “cat alive” or “cat dead” is determined the moment who (or what) looks in the box? Isn’t the cat already in there, nervously looking at the Geiger counter and making the measurement himself? Or the “who crisis” can be extended: the radioactive decay can be monitored by a computer and the state of the cat at any instant can be printed on a slip of paper in the box. Is the cat certainly either dead or alive when the computer first detects it? At the time the complete printed message says so? When I look at the printout? Or when you look at the printout? Or does it happen when the atomic transition produces a cascade of electrons moving in the Geiger tube sensor that yields the Geiger counter “tick,” where we transit from the subatomic back to the macroscopic world? Schrödinger’s cat-in-the-box paradox, like the EPR experiment, appears to be a strong argument challenging the basic principles of the new quantum theory. By our intuition we obviously can’t have a “mixed” cat, half dead, half alive—or can we?

As we shall later see, experiments show that Schrödinger’s macroscopic cat, as a metaphor for a large macroscopic system, may in fact exist in a mixed state; in other words, quantum theory can lead to mixed states on the macroscopic level, so quantum physics triumphs yet again.

Quantum effects can indeed range from the level of the tiny atom to the grand scale of macroscopic systems. Such is the quantum phenomenon of “superconductivity” where, at extremely low temperatures, certain materials become absolutely perfect conductors of electricity. Currents will flow in circuits forever without batteries, and magnets can levitate over rings of superconducting current forever. Such is also the phenomenon of “super-fluids,” where a stream of liquid helium can move up and down the walls of a vessel, or pump continuously from a pool through a fountain and back again, continuously, forever, without consuming energy. Such is the


























NO MATH, BUT PERHAPS A FEW NUMBERS






	One meter (about 3 feet) is a typical human dimension: the height of a child, the length of an arm, the length of a marching step.

	One centimeter, or 10-2 meters (say it “ten-to-the-minus-two meters”) is about the size of a thumbnail, a honeybee, or a cashew nut.

	Ten to the minus four (10-4) meters gets us to the thickness of a pin or an ant’s leg. This is still in the domain of classical Newtonian physics.

	Another plunge to 10-6 (a millionth) meters brings us to large molecules found in living cells, such as DNA. Here we begin to see the onset of quantum behavior. This is also near the “wavelength” of visible light.

	An atom of gold is 10-9 (a billionth) meter in diameter. The smallest atom, hydrogen, is 10-10 meters in diameter.

	The nucleus of an atom is 10-15 meters; the diameter of a proton or a neutron is 10-16 meters, below which we find the quarks inside the proton. 10-19 meters is the smallest distance scale the most powerful particle accelerator (the world’s most powerful microscope), the Large Hadron Collider (LHC) in Geneva, Switzerland, can directly observe.

	10-35 meters is the smallest distance scale we believe exists, at which point quantum effects cause distance itself to lose meaning.







WHY DO WE CARE ABOUT A “THEORY”?
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APPENDIX: SPIN

We include as part of this book an appendix on spin. We have also prepared additional appendixes on general topics in classical and quantum physics and on Bell’s theorem. These will be available through our website, http://www.emmynoether.com, as downloadable pdf files.


WHAT IS SPIN?

Welcome to the quintessential quantum property of “spin.” Any rotating body has spin—a top, a CD player, Earth, the washing machine basin on the rinse cycle, a star, a black hole, a galaxy—all have spin. So, too, quantum particles, molecules, atoms, nuclei of atoms, the protons and neutrons in the nucleus, the particle of light (photons) electrons, the particles inside protons and neutrons (quarks, gluons), and so on. But while large classical objects can have any amount of spin, and can stop spinning altogether, quantum objects have “intrinsic spin” and are always spinning with the same total intrinsic spin.


An elementary particle’s spin is one of its defining properties. For example, an electron is an elementary particle that has spin. We can never halt an electron from spinning, or else it would no longer be an electron. However, we can rotate a particle in space, and the value of its spin, as projected along any given axis in space, will change, just as it does for a classical spinning top. The difference in quantum physics is that we can only ask what the value of the spin is when projected along a given axis because that is what we can measure—asking about things we cannot measure is meaningless in quantum physics.


Let’s discuss the rotational motion of a classical object. Linear physical motion is measured by something called momentum, which is simply mass times velocity. Note that this combines the concept of matter (mass) and concept of motion (velocity), so it represents a kind of overall measure of “physical motion.” This is a vector quantity, since the velocity is a vector, having both a magnitude (speed) and a direction (of motion) in space. In general, a vector can be visualized as an arrow in space with both magnitude and direction.


Likewise, physical rotational motion is measured by a vector quantity called “angular momentum.” Classically, angular momentum involves the way in which mass is distributed throughout the object, which is the “moment of inertia.” If a body is large, with a large radius, when it spins there is a lot more matter spinning than if the same amount of mass were distributed within a smaller radius. So, not surprisingly, the moment of inertia, I, increases with the size of the body. In fact, it is mass times “the (approximate) radius of the body squared,” or roughly I = MR2, with M the mass and R the “radius” of the body. This can be made very precise using calculus.1


Spin also involves the angular velocity—how fast the object is actually rotating. Angular velocity is usually denoted by ω (omega) and is “so and so many radians of rotation per second.” (360 degrees equals 2π radians; so, for example, 90 degrees corresponds to π/2 radians. Radians are a more mathematically natural way to measure angles than degrees because a circle with a radius of one has a circumference of 2π.) So spin is just the product of the moment of inertia times the angular velocity, or S = I ω. (Compare: momentum is mass times velocity and describes motion in a straight line, while spin is moment of inertia times angular velocity—these are very similar constructs.) Spin is also a vector quantity, pointing along the axis of the spin rotation. Here we use the “right-hand rule” to establish the direction of the spin vector: curl the fingers of your right hand in the direction of the spinning motion, and your thumb will point in the direction of the spin vector.


Spin (or, more generally, angular momentum) is a conserved quantity (like energy and momentum) such that the total angular momentum of an undisturbed isolated system remains forever constant. As a consequence of this, we see that an ice skater, viewed as a physical system, can dramatically increase her spin motion (angular velocity) as she draws her arms inward. The spin angular momentum is S = I ω = MR2ω, and it must stay the same as she pulls her arms in. Pulling her arms in decreases R, while M stays the same. So the angular velocity ω must increase to compensate the decrease in R. In fact, R2 becomes four times smaller if the skater simply decreases her arms’ outward distance, R, by a half, so her angular velocity must increase approximately fourfold, which is why this is such a dramatic stunt. Angular momentum is a very important effect in nature. Frisbies are a popular application of the principle of the conservation of angular momentum. Pilots, however, must always avoid the dreaded “flat-spin,” where they can inadvertently get an airplane spinning like a Frisbie, and the conservation of angular momentum makes it very difficult to recover control of the airplane.



[image: fig_291_1.jpg]
FIGURE 37: The “right-hand rule” defines the direction of a spin vector. Curl the fingers of your right hand in the direction of rotation, and your thumb defines the orientation of the spin vector. For classical objects, the spin can be arbitrary with any value along any direction. The electron when its spin is measured along any chosen direction will always have either spin 1/2 or spin-1/2 in units of ħ= h /2π.




Angular momentum, which was a continuously varying quantity in Newtonian physics, also changes its character drastically in quantum mechanics. It becomes quantized. Angular momentum is always quantized in quantum mechanics. All observed angular momenta as measured along any spin axis are discrete multiples of ħ= h /2 p, where h is Planck’s constant. All the particle spin and orbital states of motion we find in nature have angular momenta that can have only the exact values

0,ℏ2,ℏ,3ℏ2,2ℏ,5ℏ2,3ℏ
and so forth. Angular momentum is always either an integer or a half-integer multiple of ħin nature. We don’t see this quantization effect for very large classical objects because they can have such enormous angular momenta, many times greater than ħ. Only at the level of exceedingly tiny systems, atoms, or the elementary particles themselves, do we observe the quantization of angular momentum.


Angular momentum is therefore an intrinsic property of an elementary particle or an atom. All elementary particles have spin angular momentum. We can never slow down an electron’s rotation and make it stop spinning. An electron always has a definite value of its spin angular momentum, and that turns out to be, in magnitude, exactly ħ/2. We can flip an electron and then find its angular momentum is pointing in the opposite direction, or – ħ/2. These are the only two observed values of the electron’s spin when measured along any chosen direction in space. We say that “the electron is a spin-1/2 particle,” because its angular momentum is the particular quantity ħ/2.


Particles that have half-integer multiples of ħfor their angular momentum, that is


ℏ2,3ℏ2,5ℏ2
and so on, are called fermions, after Enrico Fermi, who helped pioneer these concepts (with Wolfgang Pauli and Paul Dirac). The main fermions we encounter in most of our discussions are the electron, the proton, or the neutron (and quarks, which make up the proton and neutron, etc.), and each has angular momentum ħ/2. We refer to all of these as “spin-1/2 fermions.”


Particles, on the other hand, that have angular momenta that are integer multiples of ħ, such as


0,ℏ,2ℏ,3ℏ
and so on, are called bosons, after the famous Indian physicist Satyendra Nath Bose, who was a friend of Albert Einstein, and also who developed some of these ideas. There is a profound difference between fermions and bosons that we’ll encounter momentarily. Typically, the only particles that are bosons and that will concern us presently are particles like the photon, which has “spin-1,” or one unit of angular momentum; the particle of gravity, the graviton, which has yet to be detected in the lab and has “spin-2,” or 2 ħunits of angular momentum; and other particles made of quarks and antiquarks, called mesons, that have “spin-0,” or 0 units of angular momentum. Orbital motion also has angular momentum. All orbital motion, in quantum theory, has integer units of ħfor angular momentum, hence 0, ħ, 2 ħ, 3 ħ, and so on.


EXCHANGE SYMMETRY

A symmetry that is of paramount importance in shaping the physical world is the symmetry of identical particles in quantum mechanics. All elementary particles are so fundamental that they have no identifying labels, and any two of them absolutely cannot be distinguished from each other. There is no difference between any two electrons in the universe. The same is true of photons, muons, neutrinos, quarks, and so on. The quantum effect of identity depends strongly upon spin.


We can understand the origin of these effects as a symmetry in the language of Schrödinger’s wave function. Let us consider a physical system containing two particles. For example, this could be a helium atom, which has two orbiting electrons. In general, we describe the two-particle system by a quantum mechanical wave function that depends now upon the two different positions of the two identical particles as


ψx→1,x→2,t
Again, according to Max Born the (absolute) square of the wave function is the probability ψx→1,x→2,t2 = probability of finding particle (1) at x→1 and particle (2) at x→2 at time t.


Now consider the act of exchanging one particle with the other particle. In other words, we rearrange our system with the swapping of the two positions x→1↔x→2 Hence the new “swapped” system is described by the wave function: Ψx→2,x→1,t, where we have simply interchanged the two particles’ positions. But is this really a new system or just the original system we started with? To put it another way, is this the wave function describing a new swapped system or is it the same original system?


Now, in everyday life, the category of “things” that we encounter called “dogs” is very large, and no two dogs are identical. However, all electrons are precisely identical to each other. Electrons carry only a very limited amount of information. Any given electron is exactly identical to any other electron. The same is true of the other elementary particles. Therefore, any physical system must be symmetrical, or invariant, under the swapping of one such particle with another. Swapping identical particles in the wave function is a fundamental symmetry of nature. In a sense, nature is very simple-minded in the way it treats electrons in that it cannot detect the difference between any two (or more) electrons in the whole universe.


This “exchange symmetry” of the wave function must leave the laws of physics invariant because the particles are identical. At the quantum level, this implies that our swapped wave function must give the same observable probability as the original one: Ψx→1,x→2,t2=Ψx→2,x→1,t2 This con dition, however, implies two possible solutions for the effect of the exchange on the wave function:


 either: or Ψx→1,x→2,t=Ψx→2,x→1,t or Ψx→1,x→2,t=−Ψx→2,x→1,t
So the exchanged wave function can either be symmetrical, that is +1, times the original one, or else it can be anti-symmetrical, or −1 times the original one. Either case is allowed, in principle, because we can measure only the probabilities (the squares of wave functions).


In fact, quantum mechanics allows both possibilities, so nature finds a way to offer both possibilities, and the result is astonishing.


BOSONS

It turns out that when we are talking about bosons , then the rule is that, upon swapping two particles in the wave function, we would get the + sign:



Exchange Symmetry of Identical Bosons: Ψx→1,x→2,t=Ψx→2,x→1,t




With this result, we immediately see an important effect—two identical bosons can easily be located at the same point in space, that is, x→1=x→2 This means that Ψx→1,x→2,t can be nonzero for someplace in space. In fact, by considering lots of bosons localized in the same region of space, described by one big wave function, we can actually prove that the most probable place for all the bosons in a system is piled on top of one another! So it is possible to coax a lot of identical bosons to share the same little region in space, almost an exact pinpoint in space. Or, the identical bosons can be coaxed readily into a quantum state with all the particles having the exact same value of momentum. Thus, we say that bosons condense into compact, or “coherent,” states. This is called Bose-Einstein condensation.


There are many variations on Bose-Einstein condensation and all kinds of phenomena that have many bosons in one quantum state of motion. Lasers produce coherent states of many, many photons all piled into the same state of momentum, moving together in exactly the same state of momentum at the same time. Superconductors involve pairs of electrons bound by crystal vibrations (quantum sound) into spin = 0 bosonic particles (called “Cooper pairs”). In a superconductor the electric current involves a coherent motion of many of these bound pairs of electrons sharing exactly the same state of momentum. Superfluids are quantum states of extremely low-temperature bosons (as in liquid 4He) in which the entire liquid condenses into a common state of motion which becomes completely frictionless. It has to be the isotope 4He in order to have a superfluid (2 protons + 2 neutrons in the nucleus), because the isotope 4He is a boson, while the other common isotope 3He is not (with 2 protons + 1 neutron in the nucleus, it is a fermion; see below). Bose-Einstein condensates can occur in which many bosonic atoms condense into ultracompact droplets of very large density, with the particles piling on top of one another in space.


FERMIONS

If, on the other hand, we exchange a pair of identical electrons (fermions) in a quantum state, the rule is that we get the (–) sign in front of the wave function. This holds for any particle with fractional spin, such as the electron with spin-1/2.



Exchange Symmetry of Identical Fermions: Ψx→1,x→2,t=−Ψx→2,x→1,t




We can therefore see a simple yet profound fact about identical fermions: No two identical fermions (with their spins all “aligned”) can occupy the same point in space: Ψx→1,x→2,t. This follows from the fact that if we now swap the position with itself, we must get Ψx→1,x→2,t=−Ψx→2,x→1,t, and therefore Ψx→1,x→2,t=0, because only 0 equals minus itself.


More generally, no two identical fermions can occupy the same quantum state of momentum either. This is known as the “Pauli exclusion principle,” after the brilliant Austrian-Swiss theorist Wolfgang Pauli. Pauli proved that his exclusion principle for spin-1/2 comes from the basic rotational symmetries of the laws of physics. It involves the mathematical details of what spin-1/2 particles do when they are rotated. Swapping two identical particles in a quantum state is identical to rotating the system by 180° in certain configurations, and the behavior of the spin-1/2 wave function then gives the minus sign.2


The exclusion property of fermions largely accounts for the stability of matter. For spin-1/2 particles, there are two allowed states of spin, which we call “up” and “down” (“up” and “down” refer to any arbitrary direction in space). Thus, in an atom of helium, we can get two electrons into the same lowest-energy orbital state of motion. To get the two electrons in one orbital requires that one electron has its spin pointing “up” and the other has spin pointing “down.” However, we cannot then insert a third electron into that same orbital state because its spin would be either up or down, the same as one of the two electrons already present. The exchange symmetry minus sign would force the wave function to be zero.


In other words, if we try to exchange the two electrons whose spins are the same, the wave function would have to equal minus itself and must therefore be zero! Hence, to make the next atom, lithium, the third electron must go into a new state of orbital motion, that is, a new orbital. Thus, lithium has a closed inner orbital or “closed shell” (i.e., a helium state inside it) and a sole outer electron. This outer electron behaves much like the sole electron in hydrogen. Therefore, lithium and hydrogen have similar chemical properties. We thus see the emergence of the periodic table of elements as in chapter 6. If electrons were not fermions, and did not behave this way, every electron in the atom would rapidly collapse into the ground state. All atoms would behave like hydrogen gas. The delicate chemistry of organic (carbon containing) molecules would never happen.


Yet another extreme example of fermionic behavior is that of the neutron star. A neutron star is formed as the core of a giant supernova imploding while the rest of the star is blown out into space. The neutron star is made entirely of gravitationally bound neutrons. Neutrons are fermions, with spin-1/2, and again the exclusion principle applies. The state of the star is supported against gravitational collapse by the fact that it is impossible to get more than two neutrons (each with spins counter-aligned) into the same state of motion. If we try to compress the star, the neutrons begin to increase their energies because they cannot condense into a common lower-energy state. Hence, there is a kind of pressure, or resistance to collapse, driven by the fact that fermions are not allowed into the same quantum state.


All these bizarre macroscopic phenomena come from the exchange symmetry of the quantum wave functions of elementary particles. We don’t observe this exchange symmetry in the case of poodles, or people, or any other everyday macroscopic objects. This is “simply” a consequence of their complexity. Complexity requires that the individual particles have to be far apart from one another so that many different physical states are possible, and the particles never come at all close to being in the same quantum states at the same time. One poodle differs from another because of this complex arrangement of its quantum components. Thus the effects of identity are not obvious in complex extended systems that are far removed from the quantum ground state.
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