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Veniet tempus quo posteri nostri tam aperta nos nescisse mirentur.


The time will come in which our descendants marvel at us not knowing such apparent things.


—Seneca the Younger1





Chapter 1



Weird Science


When I was an undergraduate I found a little nook in the library. It was far away from everything, in a section of the stacks that few people used. I remember it as a warm, quiet, secret place. Tall windows let in sunbeams that swam with motes of bookish dust. The desks and walls were splashed with ballpoint-pen graffiti, and one of the scrawls made me laugh. It had a little arrow pointing at nothing, with the caption Heisenberg may have been here.


This is a nerd joke. It refers to the Heisenberg uncertainty principle of quantum mechanics. Heisenberg was a physicist who was in the smithy when the theory was being forged, and his principle says that if you know exactly how fast something is going, you have no idea where it is. Conversely, if you know exactly where something is, you have no idea how fast it is going. This means you can’t ever know exactly where something is and where it will be the next moment. In the quantum theory this applies to very tiny specks of matter like electrons, but it’s funny to pretend it applies to Heisenberg too.


Back then, I was vaguely aware that “quantum,” as we called it, was attended by some question marks. I met another undergrad who was studying physics and my conversation starter was: Do you think quantum physics is right? (He didn’t.) This is a bad question, for a few reasons, but in my defense I had not studied the subject. My awareness of it was based on the farrago of poetic exclamations by popular science writers who describe the theory as “crazy, compared with common sense,”1 as well as the pseudoscience and nonscience about “quantum healing”2 and how “all the physicists have become mystics.”3 In the years since, I have come to understand just how deep the rabbit hole goes.


If you investigate the subject, you soon come across statements by very knowledgeable people like Richard Feynman: “I think I can safely say that nobody understands quantum mechanics.”4 Or Peter Holland: “Quantum mechanics is the subject where we never know what we are talking about.”5 Or Jean Bricmont: “It’s a fact that ordinary quantum mechanics does not make sense. Period.”6 Or John Bell and Freeman Dyson, who speak of the “fundamental obscurity in quantum mechanics”7 and the “fog of misunderstanding that still surrounds the interpretation of quantum mechanics.”8


The fog is one hundred years old. New attempts to dispel the fog always run into trouble. At least one famous descent into madness was blamed on such an attempt.9 The usual outcome is simply a new interpretation of quantum mechanics, of which there are now something like twenty. Every interpretation has some supporters, and there is division even at the highest levels of professional practice. As Steven Weinberg wrote in 2017: “It is a bad sign that those physicists today who are most comfortable with quantum mechanics do not agree with one another about what it all means.”10


The number of interpretations is not even the strangest thing. A striking feature of almost all of them is their extravagance. To see this, we can compress some of them into oversimplified formulas. According to these interpretations, quantum mechanics implies the following:




	The moon is not there when nobody looks at it.


	An entirely new universe is created each time something happens.


	The mind creates the physical world.


	The universe has more than one past.


	The future affects the past.


	Objects are not real, but their relationships are.





This list contains the two most popular views, a few minority ones, and at least one that was supported by famous physicists and mathematicians but is now mostly favored by people who are spiritual but not religious. As we can see, they share something rather glaring in common: each is an enormous modification of anything resembling common sense.


The question of what quantum theory means was discussed intensely for about twenty years, and physicists reached a majority consensus mere months after the mathematical theory was discovered. This consensus is still the most accepted view, and is formulated above by the denial of the moon’s ongoing existence. That is an exaggeration of sorts, but it came from Einstein so it can be trusted. In case you are doubtful that the formula is accurate, consider this assertion of David Mermin, not a fringe figure by any means: “We now know that the moon is demonstrably not there when nobody looks.”11


Scholars call the consensus view the Copenhagen-Göttingen school, after the two scientific centers where the majority of physicists subscribing to the consensus lived. In Copenhagen, Niels Bohr reigned over his very own institute; in Göttingen, Max Born had a chair in theoretical physics and, eventually, seventeen doctoral students. There was much communication between these two centers, and some of the most famous names in the field worked for a time at one or the other, or both.


Most people call it the Copenhagen interpretation, and I will discuss it extensively throughout this book. Let us here oversimplify and say that its main philosophical commitment, dramatized in the denial of the moon, is called antirealism. Antirealism rejects the following sentence: Objects (electrons, trees, people, stars) and their properties exist separately of any observation or substantiation. Outside of quantum physics, antirealism has never been a popular view. Nearly all people, including scientists, throughout history and today, are realists, because they believe the outside, objective world has a real existence that does not depend on humans. They disagree with Copenhagen implicitly. Consequently, much of the dissatisfaction with Copenhagen over the years has been centered on its antirealism.


Einstein in particular had an unshakable faith in the reality of objects, which he sometimes expressed dramatically. He said to the philosopher Hilary Putnam, on the one occasion that they met for tea at Einstein’s house,


Look, I don’t believe that when I am not in my bedroom my bed spreads out all over the room, and whenever I open the door and come in it jumps into the corner.12


This was in 1955, the year Einstein died, and about five years after Einstein had been walking home, discussing quantum measurement with Abraham Pais (another physicist who later became Einstein’s biographer). Einstein suddenly stopped and asked Pais if he really believed the moon only exists when he was looking at it. This is where the moon example comes from.


Einstein was the first to really push back against the Copenhagen interpretation, which he compared to the “system of delusions of an exceedingly intelligent paranoiac.”13 He called the position of its main supporters, Heisenberg and Bohr, a “tranquilizing philosophy—or religion,”14 and said that “this epistemology-soaked orgy should come to an end.”15 Over several decades, Einstein produced many barbed comments about the Copenhagen interpretation. But the criticism had little effect on his contemporaries. Einstein’s influence waned, and he withdrew, as he admitted, into “deep solitude.”16


Nevertheless, dissent against the standard interpretation has become a tradition. Einstein’s dissatisfaction continues to this day, carried forward by a minority of scientists and philosophers. Its main impulse is contained in the adjective classical. This can mean a variety of things, but all physics that is classical has a few distinguishing features. It deals with real-world quantities like motion, pressure, density, weight, and the like, and because of this it makes intuitive sense to human beings. It assumes that the quantities it needs to define in order to specify and predict a situation are, in fact, definable. For example, size is a real thing that is measurable, and it is presumed that both the Earth and the sun had a definite size before life emerged. The promise of classical physics at the turn of the twentieth century was that the universe is intelligible. In other words: everything that happens can be understood in terms of its underlying mechanism.


In the minds of the majority of physicists involved in the 1920s and ’30s, this idea of mechanism was vigorously attacked by the quantum theory. Abandoning the ideals of physics situated in space and time was, for Einstein and a few others, tantamount to abandoning science itself. Dissent against the quantum orthodoxy has two main impulses. The first is an unwillingness, some might say a shameful inability, to let go of classical concepts as a meaningful basis for physical analysis. The second is a dissatisfaction with antirealism and the other claims of the Copenhagen interpretation.


Having the first impulse means you will also have the second one, since classical physics is realist. But many have the second impulse alone. They abandon classical intuitions and keep realism. Some of the new quantum interpretations—for example, the idea that new universes are continually spawning from each other, most of them differing in imperceptible ways—arose out of this kind of approach.


The denial of classical models is a common feature of almost all quantum interpretations. This is why quantum physics was described by its founders as a “revolution,”17 and why all of the interpretations in the list above seem so strange. Whether or not Copenhagen is the right way of viewing things, there is a deep assumption that classical physics is not up to the task of describing reality. For example, after telling his students about the double-slit experiment, something we will explore in future chapters, Feynman calls it


a phenomenon which is impossible, absolutely impossible, to explain in any classical way, and which has in it the heart of quantum mechanics. In reality, it contains the only mystery. We cannot make the mystery go away by “explaining” how it works.18


It’s truly remarkable for any physicist to call any aspect of nature “impossible, absolutely impossible” to explain classically. Because this amounts to saying we must lower our standards of what constitutes understanding. We cannot make the mystery go away, or formulate things in terms of their causal mechanisms. Even more, Feynman makes explanation itself sound like a dirty or foolish thing to attempt when he refers to “explaining” in scare quotes.19 This attitude might surprise us, but it is common. As John Bell observed, “The founding fathers of quantum mechanics rather prided themselves on giving up the idea of explanation.”20


The attitude persists beyond the founding fathers and Feynman, who wrote those words in the 1960s. In their book on quantum mechanics, physicists Brian Cox and Jeff Forshaw say that it’s a good mental exercise to try to explain the stripes that are observed in the double-slit experiment, but not for the reason you might think:


It’s a good exercise because it’s futile, and a few hours of brain racking should convince you that a stripy pattern is inconceivable.21


One should not spend more than a few hours on this problem before concluding it is impossible to solve. Obviously this is not because the authors think that any problem can be solved in a few hours. The problem is assumed to be insoluble from the beginning. Trying to prove an impossibility is a waste of your time. If you must waste your time, don’t waste more than three hours.


The physicist Jim Al-Khalili, in his popular account of quantum mechanics, says much the same thing:


Physicists have been forced to admit that, in the case of the double-slit trick, there is no rational way out. We can explain what we see but not why.22


Beneath these quotes and many more like them is a debate, almost as old as the quantum theory itself, about “hidden variables.” Some people believe that quantum physics is a kind of approximation and that there is more detail hiding at a deeper level than quantum theory can describe. In other words, that quantum theory is incomplete and we will one day discover the underlying mechanism. Others deny this, saying that the quantum theory cannot be expressed in the terms of any deeper language, because the theory provides the deepest possible language, and therefore is complete. If the deepest possible language makes statements that are “inconceivable” and for which there is “no rational way out,” we have to suck it up. We have to accept that the universe is deeply extravagant and contrary to our quaint common sense.


As we discuss in Chapter 32, most people through the twentieth century believed quantum theory was complete. The philosophical implications of this view are still being worked out, but they are all deeply extravagant. Einstein, as you might have guessed, was certain that quantum theory was incomplete and provisional and that a deeper theory existed. His most cited paper was on this topic, “Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?”


The attitude today is that quantum physics is the correct underpinning of classical physics. As just mentioned, one of the defining features of classical theories is that they do not need interpretations because they make intuitive sense to the human mind. Because quantum theory does not make sense, we now must explain our commonsense world using a world that makes no sense. In the quantum world, explanation removes no mystery, which is why it is mere “explanation.”


Is this a problem? Many would say no, and that we are asking too much for the universe to be mathematically consistent and comprehensible. After all, why should God’s thoughts make sense to the human mind? This idea is summarized in J. B. S. Haldane’s maxim: “The universe is not only queerer than we imagine, it is queerer than we can imagine.”23 Unsurprisingly, this quote is sometimes attributed to Heisenberg.


And yet, it is likely that this fatalistic short selling of human knowledge will never be truly satisfying. Jim Baggott, talking about the quest to explain the mysteries of quantum mechanics, says “I honestly think that it goes against the grain of human nature not to try.”24 Aristotle would agree, as the first sentence of the Metaphysics makes clear: “Man by nature desires knowledge.”25 There will always be visionaries and explorers who strike out into uncharted seas, even if nobody ever returns from that voyage.


Whether the facts go against the grain of human nature or not, we must accept them. So it is important to ask: What is the fate of Einstein’s program of dissent? Is the spirit of classical physics dead? Has humanity truly passed a threshold, into a realm where mystery cannot be removed by “explanation”? Are we forced into antirealism, or a multiverse, or something equally extravagant?


As I will show in this book, the answer to these questions is “No.” Extravagance is not forced on us, at least not yet, because there is good reason to believe that classical physics may have reserves of unexpected richness that can give rise to quantum phenomena. New work has emerged that seems to strike decisively at the heart of the historic question of interpretations, and, as one would require of such a thing, to also point the way forward with unprecedented clarity.


This new work is called hydrodynamic quantum analogues. As this is something of a mouthful, I will often abbreviate it as HQA. They involve little drops of oil bouncing on vibrating baths of oil. The droplets can even move in straight lines across the surface of the bath, in which case they are called “walkers.” To be clear, the systems of HQA are not quantum mechanics, but an analogy of many quantum phenomena, generated in fluids. This in itself is highly fascinating for two reasons.


The first reason is that analogies have driven many of the greatest discoveries in the history of science. Kepler said “I especially love analogies, my most faithful masters, acquainted with all the secrets of nature. … One should make great use of them.”26 They were Thomas Young’s faithful masters as well, as we will see in Chapter 4. As the mathematician George Pólya said: “Analogy has a share in every discovery, but in some it has the lion’s share.”27 To somebody versed in the history of science, finding an analogy to quantum physics is good news, the kind of event that should be accompanied by a sunrise and flying cherubs blowing horns.


The second reason is that fluid mechanics is classical. As we have seen, since its creation, quantum mechanics has been considered the nonclassical theory par excellence, a “revolution” that swept away our understandable, classical (read primitive) view of the world. Classical and quantum have been treated as opposites. But what if this is wrong? The fact that we now have classical analogies to quantum phenomena raises the astonishing possibility that particles and atoms might be, in some sense yet unimagined, causally determined and fully comprehensible in terms of mechanism.


Probably the most encouraging feature of this discovery is that it is not new. The basic idea is that a particle interacts with a wave and its motion is guided by the wave. Called pilot-wave theory, it was imagined by Louis de Broglie, one of the most significant figures in the history of quantum mechanics.28 His pilot-wave interpretation and the Copenhagen interpretation were presented in the very same year.


Pilot-wave theory has a fascinating history which I will explore in Chapters 25 and 41. It is not taught in classrooms today. In 1927, it was criticized briefly and abandoned, and then rediscovered in a modified form in 1952 by David Bohm. The criticisms from twenty-five years earlier were all shown to be wrong, but rather than being welcomed, the theory was again dismissed. In the words of Oppenheimer: “If we cannot disprove Bohm, we must agree to ignore him.”29


People did ignore Bohm, or they paid attention to him and made his life hard. But pilot waves were not so easily forgotten after that, and the interpretation has maintained a small number of supporters. John Bell, whom we will meet in Chapter 42, became famous for his treatment of these problems, and he was shocked that Bohm’s work was ignored and that nobody had told him about it. Everyone said quantum theory was complete and that no deeper theory was possible, and yet Bohm had written down such a theory! As Bell said, “I saw the impossible done.”30 This was a figurative statement; what Bell actually saw were equations. But now, in bouncing droplets, pilot waves have been rediscovered again, and now you can literally see the impossible done with your own two eyes.


It may not be an exaggeration to say that HQA has started a revolution. Experiments are now being done in over a dozen laboratories worldwide, and a growing number of scientists and philosophers believe that this subtle hydrodynamic system is saying something important about quantum foundations. HQA has suggested classical reinterpretations of a number of traditionally bewildering quantum notions, many of which we will explore in this book. These include wave-particle duality, wave function collapse, superposition of states, statistical projection effects, single-particle diffraction and interference, nonlocality, uncertainty, and entanglement. Collections of droplets also have remarkable features, many of them resembling behaviors we see in matter. These include quantized static and dynamic bound states, crystal vibrations, and spin-spin correlations.


This work points in a direction that is probably the least extravagant possible explanation for quantum phenomena. Thus, rather than writing about weird ideas like retro-causality, multiple universes, or psychic wave-function collapse (all of which has already been done multiple times anyway), I can now write about classical physics, which everyone can understand. The emerging science of HQA is the opposite of weird, yet it is full of surprises. HQA systems give rise to physical and philosophical issues of considerable subtlety. As we examine these issues, we find ourselves traveling old paths with fresh eyes, and new paths with surprising vistas. For me, this is more exciting, and more likely to lead to progress, than the fun of wild metaphysical speculation.


If all this quantum weirdness actually had a logical, rational explanation that we could understand, and that made sense even in the framework of classical physics, wouldn’t that be the biggest surprise of all? This is what Einstein thought would happen. It would be incredible poetic justice if, long after the battle was judged in favor of the antirealists who gossiped about Einstein going senile, it turned out Einstein was right all along.


Only time will tell, and it is reasonable to be skeptical now. The bouncing droplet system could be a disanalogy, and the work built upon it a bizarre school of red herrings. But, for many reasons that we will explore, this is unlikely. The droplets are almost toys, an experimental system that classrooms can set up for fifty dollars to inspire children. But it seems clear that they are providing new and striking commentary on deep questions.


Though deep, these questions can be understood in essence by the layperson. In my opinion, the best way to grasp them is to take a historical view. It is always worth going back to the beginnings of things. Beginnings are surprising and extremely rich, and in the beginning, problems often present themselves in their simplest form. In this book I try to grasp the simple essence of things, and because of this I will usually consider problems as they first arose. Sometimes, it is worth following the development of the problem as well, what Nietzsche called the genealogical method. When we are able to trace the whole evolution of a question, we can say we understand it fully.


And so, to really understand the significance of these new experimental systems, I will try to impart a more expansive sense of particle-wave duality than is usually done. This duality, also called a “dilemma,” is almost synonymous with quantum physics, and it is much older than most people think. To see the first flash of the problem, we must go back more than two millennia, to the city of Alexandria and the very beginning of science.





Part I



Parable of Waves and Particles


The central philosophical puzzle posed by the quantum theory is what attitude should one adopt to the apparently mysterious dual nature exhibited in the microphysics of matter and radiation.


—M. L. G. Redhead1





Chapter 2



A Visual Fire


The personal life of Euclid (he flourished circa 300 BC) is lost to history. We know that he lived in Alexandria under the rule of Ptolemy I.1 Euclid was the author of the Elements, the standard textbook in mathematics and geometry for over two millennia, and the longest-read book in the history of science. Anybody who has even skimmed one of the thirteen books of the Elements will not soon forget the experience. As Byrne said, this work is “by common consent, the basis of mathematical science all over the civilized globe.”2 The name Euclid evokes clarity, the precision of logic, and conclusive demonstration that transcends time. He showed the world how mathematics is done.


Euclid also wrote a much less famous essay, called the Optics, in which he studies visual perception. This is the first known text on mathematical optics. The path that led ultimately to quantum physics starts here.


In the Optics, Euclid followed the same deductive scheme as the Elements, stating his assumed truths at the beginning and exploring the consequences. These assumptions are called axioms, from the Greek word for “worthy,” and so this type of inquiry is said to use the axiomatic method. In such a system, if the assumptions cleanly explain a lot of things, then you are probably onto something. Euclid was. With seven simple assumptions he was able to explain why things far away seem smaller, why the parallel lines of a hallway or road seem to converge as they recede, how to measure depths and lengths, why the wheels of chariots sometimes appear distorted, and much else besides.


As is often the case with first attempts at science, Euclid was not studying exactly the right thing. He was actually studying vision, how we see things and why they look the way they do. In so doing he uncovered the behavior of light, but this was not his primary goal. At that time, the theory of vision was mixed up with the theory of light. Euclid followed Plato, who believed that sight was more like touch: the eyes themselves shed an invisible, extremely fast substance. Plato called this a “visual fire” in the Timaeus, believing that visual rays extended from the eye and, touching the external light from the sun or a lamp, melded with it.3 This resulted in a visual perception, just as the vibration going up a cane can be felt in the hand.4


This theory of vision is today called extramission, Latin for “sending out.” The opposite idea, that something comes into the eyes, is the correct theory. Called intromission, it also had its supporters in the ancient world. Euclid believed in the extramission theory of vision. What had been to Plato an immaterial and visual fire became, in Euclid’s hands, sixty years later and six hundred miles away, a mathematical theory with assumptions, deductions, and predictions. For our purposes, the most interesting part of Euclid’s theory is his seventh axiom: Let it be assumed that things within several angles appear to be more clear.5


What he means by several angles is several lines. Thus, the more lines you can draw from the eye to a thing, the more clearly that thing will be perceived. Therefore the eye emits a finite number of visual rays. Otherwise, the same number of lines (infinity) would hit every object, and some other explanation for the varying clarity of vision would be needed. Euclid’s very first statement, after the axioms, is that Nothing that is seen is seen at once in its entirety. This is because the visual rays diverge from each other as they travel out, and so “they could not fall in a continuous line” upon any line in the distance. Again, this means there is a discrete set of rays, some finite number of them. To Euclid, the reason we seem to see things all at once is that “the rays of vision shift rapidly.”6


The discreteness of the rays also explains why close things appear clearer than distant ones: more visual rays can fall on close things. And it also explains why small things, at a certain distance, can no longer be seen: two visual rays that are right next to each other diverge as they travel outward, and the small thing lies between them.7 In a discussion of Euclid’s visual rays, Arthur Zajonc introduced a striking example: Imagine you are searching for a needle you dropped. All of a sudden, you spot it! You were looking straight at it before but did not see it because the rays shooting from your eyes were not hitting the needle.8 None of these, or any other explanations that Euclid gives about disappearance and clarity, would make any sense unless the visual rays were discrete. Maybe there are thousands or even millions of them, but the number is finite and there are spaces between the rays.
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The visual rays that Euclid imagined were drawn into the eighteenth century. This engraving is from Oculus artificialis teledioptricus sive telescopium by Johann Zahn, 1702, p. 210.


Some four hundred years after the death of Euclid, in the same city of Alexandria, the next decisive step in the science of optics was taken by a man named Claudius Ptolemy. He was named after the pharaoh (it was certainly a very popular name), but today, Ptolemy the thinker is more famous than Ptolemy the Savior, and more famous than the fourteen other Ptolemies in the Alexandrian dynasty.9 We know Claudius Ptolemy as the champion of the geocentric worldview placing the Earth at the center of the universe, orbited by the moon, sun, planets, and stars. These ideas were canonized in his Almagest, a book that, along with the Elements, had the furthest reach of any text in ancient science.10 It was accepted as truth for more than twelve hundred years.


Ptolemy also worked on the problem of visual perception. We are lucky to know what he said, because his book Optics was almost destroyed by time. It survived in only a single Latin text, created around 1160 AD.11 One of the most striking features of this text is “the formulation of theory based on experimental results, frequently supported by the construction of special apparatus.”12 In other words, proper science.


Like Euclid, Ptolemy assumed the extramission theory, but he went much further than Euclid in providing an account of how light reflected and bent when passing through different media. Most relevant for our purposes, however, is that Ptolemy differed from Euclid on a critical point. He agreed that the eye emitted what he called a “visual flux,” but he denied that it was formed by discrete rays:


On the contrary, it must be understood that, as far as visual sensation is concerned, the nature of visual radiation is perforce continuous rather than discrete. … For, according to that claim [of discreteness], every large object ought to appear fragmented [like a mosaic], rather than continuous, and small objects lying the same distance from the eye ought to appear and disappear by turns as they are moved to the sides.13


For Ptolemy, then, the eyes emitted a continuous substance that reached outward in a cone, and the rays of Euclid were little more than convenient mathematical fictions, helpful for tracing how the visual fire moved.


Ancient Alexandria was the cradle of science, and we have gone back to the beginning and retraced the very first dusty steps of the theory of light for one simple reason: this disagreement between Euclid and Ptolemy is much more serious than it appears.


One of the great advantages of Euclid’s theory is that the direction of the rays is unimportant. His many diagrams present the rays as completed lines, and their speed was considered to be so great (possibly infinite, otherwise how do you see the stars the moment you open your eyes?) that no effects of their travel were measurable. The rays shoot out, but they might as well shoot in, because the geometry is the same. This is why Euclid and Ptolemy were able to make so much progress, while simultaneously founding their theory on the wrong idea. The mistake does not affect anything much. We may reverse the direction of the rays and the theory is unchanged.


Let us therefore modernize Euclid and Ptolemy, imagining that they were intromissionists all along. This allows us to sidestep the confusion of false ideas. Now that the eyes are not sending out a visual fire, what kind of visual fire is coming into them? The answer, obviously, is light. When they talked about the visual fire propagating in straight lines, reflecting at equal angles and refracting through water and glass, Euclid and Ptolemy were actually studying the behavior of light, without even knowing it. However, the dispute still exists.


Euclid thought the visual rays were discrete, like infinitely long, rapidly shifting needles shooting out of the eyes. So for a modernized Euclid, light is a bunch of discrete rays converging on the eye. He might say that the things that we see emit an endless shower of fast sparks that bounce off things in all directions and converge upon us. The rays are the paths of the sparks; they grow longer as the spark advances. On one end of a ray is the spark’s origin, and on the other, the spark’s current location.


Ptolemy thought there were no rays, and that a continuous substance, a flux, shot out and filled the visual cone completely. Our modernized Ptolemy does not believe in the sparks. He would say that the objects we look at emanate a continuous flame, much like a vibrating rock in a pool sends ripples out in all directions. Because this continuous visual fire fills all of space, Ptolemy might liken it to flame without gaps. This flame, somehow emanated by all visible objects, converges on us and enters our eye.


Is light discrete or continuous? Is it a stream of tiny sparks, or an unbroken flame? This is the particle-wave debate in its most basic form.





Chapter 3



Baroque Animadversors


Entering the Great Gate of Trinity College, Cambridge, walking down the path of stones between the sacrosanct lawns, taking the first right to pass beneath the clock tower and through the archway of a Victorian porch, you come into the college antechapel. Here can be seen six imposing statues. The one with pride of place has an inscription: Qui genus humanum ingenio superavit: Who surpassed humankind in genius.1 Standing above this (arguably correct) hyperbole is a likeness of Isaac Newton. He is leaning slightly backward, with short hair and a distant look. In his delicate hands he holds something small, trifling. It has a triangular cross-section. What is it? A little case? On closer examination, one sees it is a child’s toy. Newton is holding a prism.


This prism was the beginning of Newton’s fame, and it reminds us that “the man who has been to all subsequent generations the archetype of preeminent scientific creativity”2 came to the world’s attention by fine observation and reasoning, after curiosity led him to convert a plaything into a sophisticated optical instrument.


Newton’s very first paper, entitled “A Theory Concerning Light and Colours,” was published in early 1672 in the newly established Philosophical Transactions of the Royal Society. It tells of an experiment he did with a prism six years earlier.3 He darkened a room and, with a single quarter-inch hole in his “window-shuts,” placed a prism in the path of the light ray. He was surprised that, on his wall twenty-two feet away, he did not see the circular image of the hole, with a simple glow of light, as predicted by the current theory of refraction. Rather, he saw a long spread of different colors, with semi-spherical caps on the end. These caps were the projection of the circular hole. Bizarrely, the prism had pulled and stretched the circle into a long band, with the very colors of the rainbow in the middle.


Newton realized that the unexpected length of the image on his wall, and the fact that it was separated into a rainbow-like spectrum of colors, occurred because white light consists of a mixture of colors, and that each one refracts at a specific angle.4 And a truly profound implication followed immediately: color is an inherent quality of light itself. As Newton wrote (and this one sentence became the summary of the entire theory), “Colours are not Qualifications of Light, derived from Refractions, or Reflections of natural Bodies (as ’tis generally believed), but Original and connate properties, which in divers Rays are divers.”5


In this paper Newton also reveals, only slightly, what he thinks light is. Early on in his investigations, Newton suspected that the diverse refraction of colors was caused by light moving in curved lines, and “I remembered that I had often seen a Tennis ball, struck with an oblique Racket, describe such a curve line.” In the same paragraph, he says, “If the Rays of light should possibly be globular bodies.” He discards both of these ideas early on, as though they are incidental. Indeed, little can be made of these two brief mentions, and Newton’s contemporaries did not try. But with the benefit of scholarship we know that these discarded ideas were in fact an integral part of Newton’s thinking, and that the mention of little globes is revealing of his process. Newton used that image as a guide to help him conceptualize light. His notebook from 1661 to 1665 is full of mentions of light rays composed of globules, which he thought of mechanically, “traveling with finite velocities and interacting in accordance with the known laws of impact.”6 He would, for example, speculate about balls of light of different sizes hitting different bodies and losing different degrees of their speed, which he computed.7 It is clear that already, at the age of twenty-nine, Newton was inclined more toward Euclid’s theory of discreteness, imagining the sparks of light as “multitudes of unimaginable small and swift corpuscles of various sizes, springing from shining bodies.”8


At the time, Latin was the language of academia, and inevitably some Latin terms snuck into English discourse. Among these were several derived from animadvertare, which breaks down into “adversarial mind.” An animadversor was a critic or objector to a scientific claim, and the criticisms themselves were animadversions. These Baroque chaps also used animadverting, a jewel of a verb that everyone should deploy at the nearest cocktail party.


Within only a couple of days of Newton’s paper being read “to so much applause,” an animadversor emerged. This was Robert Hooke. Almost ten years Newton’s senior, Hooke was professor of geometry at Gresham College London, the Royal Society’s curator of experiments, a skilled architectural surveyor, artist, and mapmaker, and that’s just a fingernail clipping of what he got up to. Hooke studied springs in the attempt to make a decent pocket watch, leading to a force law named after him, and his invention of the spring balance.9 Hooke discovered the cell (and coined the term), was the first person to image a microorganism, and from his observations of fossils he advocated for biological evolution almost two hundred years before The Origin of Species. He had a theory about the Earth, which, like many of his other theories, was “startlingly on target.”10 Hooke had a lot of good ideas.


One of Hooke’s good ideas was that light is a wave. He had already expressed this seven years before Newton’s publication, and among his animadversions, Hooke brought up his wave theory no fewer than three times, saying, for example, that “all the experiments and observations” he had made in his life, and even Newton’s new experiments, seem to him to prove that light is a wave motion, “propagated through a homogenous, uniform, and transparent medium.” This medium was called the ether, and was relied upon by generations of scientists to account for many mysterious physical effects. Ether itself was not in dispute— Newton believed in it as much as Hooke—but Newton thought particles of light traveled through the ether like tennis balls through air, or even like stones skipping on a pond, and Hooke thought that the ether supported the light the way air supports sound or a pond supports ripples.


Hooke’s clearest statement of his view on light took the form of a statement of fact, not opinion:


The motion of light in an uniform medium, in which it is generated, is propagated by simple and uniform pulses or waves, which are at right angles with the line of direction.11


This is an extremely prescient claim, about 150 years ahead of its time. Along with this gem, Hooke raised some specific problems with Newton’s theory. If light is a body and the different colors go along with different types of bodies, how exactly is white light created? Newton says white light is a combination of all the colors. But it is hard to imagine bodies combining to change their qualities, precisely because bodies are solid. As Hooke puts it, “All the coloured bodies in the world compounded together should not make a white body.”12


Newton was most displeased by Hooke’s various criticisms, and his reply was “caustic.”13 To him, Hooke’s idea “it self seems impossible,” for how can light be a wave if it travels in straight lines? One expects waves to travel outward in all directions. The waves of any fluid travel with “a continual and very extravagant spreading and bending every way into the quiescent Medium, where they are terminated by it.”14 If light was a wave, then the hole Newton made in his window-shuts should not generate a shaft of light as it actually did, but rather just a low-level diffuse glow through the entire room. Newton made this same point a few years later, saying that if light were a vibration, it “ought always to verge copiously in crooked lines … and to comply readily with any crooked pores or passages, as sounds do.”15


This argument became classical, and is probably the strongest one against Hooke’s ideas. About 150 years later, it was repeated and simplified by the French philosopher d’Ortous de Mairan, into what has been called the “night argument”: if light was a wave, then shadows ought always to be destroyed, and there would never be night because the sunlight would just curve around the dark side of any planet, the way sounds can be heard when huge boulders or even houses are in the way. If light is a body, however, it should travel in straight lines just like any other piece of matter, creating shadows and darkness. Furthermore, Newton’s point about the termination of waves is also troubling. Sound waves in water travel farther than waves in air, but they both dissipate before long.16 Waves in the earth propagate even farther still, but even they die out eventually, thank goodness. But the light from the stars reaches us from extreme distances. What kind of wave can travel that far?


Hooke reproduced Newton’s experiment and confirmed the result, but denied the conclusions, saying that “these experiments were not cogent to prove, that light consists of different substances or divers powders, as it were.”17 Newton, likewise, would continue to pursue the idea of the corporeity of light, despite the animadversions of Hooke. Neither man could disprove the other, and so both battled on.


The Royal Society would debate these issues for years to come. Newton’s ideas, inspired partly by tennis, would come to be called the emission theory, after the idea that luminous bodies like candles were emitting countless tiny pieces of matter in every direction. Hooke’s ideas, inspired partly by water, became known as the undulation theory, from the Latin undus, or wave. The particle-wave dilemma, implicit and latent for fifteen hundred years, had now come to life in a battle between two Englishmen.


We know how this battle played out: the spirit of Euclid triumphed. A poetic expression of the outcome can be found in Westminster Abbey. This place, central to British cultural identity, is where William the Conqueror was crowned in 1066, and where the world said goodbye to Princess Diana. On the floor is a stone commemorating the death of Robert Hooke 1703. It was installed in 2005, a mere 302 years after his death.


Newton also has a memorial in Westminster Abbey, but unlike Hooke, Newton’s bones rest in this glorious building. His tomb is carved with cherubs, comets, planets, pyramids, and weighty books. The sarcophagus and sculpture are enclosed in carved and painted wood. The sheer grandeur, dare one say ostentation, of this monument expresses the esteem in which the British held Newton during and after his lifetime. Even Alexander Pope was reduced to gushing in his epitaph for Newton, which was not allowed on the tomb despite being of matching aesthetic sentiment:


Nature and Nature’s laws lay hid in night;


God said Let Newton be! And all was light.18


Newton believed that light was a stream of “multitudes of unimaginable small and swift corpuscles,” and Newton was sent by God, as the epitaph says. The epitaph rhymes, and things that rhyme sound true.19 Newton had, as Clairaut said, gloire. Glory. He was so right about everything, so universally acclaimed, so why would anyone doubt emission theory? Plus, look at his tomb in Westminster Abbey. He was buried there a week after he died in 1727. Hooke wasn’t smart enough to be buried in the abbey; he only got a crummy little floor tile, hundreds of years later.


What I am describing, of course, are animal instincts and the irresistible deference to status that seems burned into human nerves. It has nothing to do with real science, as anyone can see. But real science is done by real animals, it is an animal institution, and as such it is subject to many unscientific forces. The spirit of Euclid triumphed not because of any arguments that Newton made, per se, but because it got a free ride into history on Newton’s long coattails. As Kuhn put it, “The next great step in optics, the development of an adequate wave theory, was retarded by the grip of Newton’s corpuscular hypotheses upon the scientific mind.”20


While most scientific work on light for the next century assumed Newton’s emission theory, there were some exceptions. The great mathematician Leonhard Euler attempted to construct a wave theory of light in his New Theory of Light and Colors, in 1746, but this was not successful in the end. Euler did get the nature of colors right, attributing them to different lengths of the waves, and in this he was following a speculation that Newton made in toying with Hooke’s ideas. Euler’s work also influenced others, including the man who was to raise the first real challenge to Newton in over a century. This was another Englishman, a gifted prodigy and polymath named Thomas Young.





Chapter 4



The Doctor and the Engineer


It is a commonplace when talking about Young to mention that he could read by the age of two, had read the Bible twice a few years after that, and upon growing up was fluent in over a dozen languages. His linguistic acumen was instrumental in using the Rosetta stone to decipher hieroglyphics. He was a man of “unrivalled acquirements,” who if asked a most difficult scientific question would answer “in a quick, flippant, decisive way, as if he was speaking of the most easy.”1 And yet, by trade, Young was not a scientist but a doctor. He lived in London. In his spare time he followed a wide-ranging and voracious curiosity. He has been called “a jack of all trades and a master of them all,”2 “the last man who knew everything,” and “the man who knew too much.”3 In other words, Young would have been an awesome guest at a dinner party.


Just for fun, here are the titles of some of his papers:


“An Essay on Music”


“Hydraulic Investigations”


“On the Functions of the Heart and Arteries”


“A Numerical Table of Elective Attractions”


“Remarks on the Astronomical Measurements of the Ancients”


“An Algebraical Expression for the Value of Lives”


“On the Habits of Spiders”


It so happened that, working as a doctor, Young got interested in how the throat produces sound. From this it was a short step to becoming interested in sound itself. Nobody doubted that sound was carried through the air in all directions, just as ripples traveled outward in a pond. So Young began thinking about waves. On January 16, 1800, over seven decades after Newton’s death, a letter on these investigations was read before the Royal Society. Young discussed the speed of sound, how one can see sound using smoke, how sound decayed, the harmonics of pipes, and other things as well. The tenth section was entitled “Of the Analogy Between Light and Sound,” and it begins like this:


Ever since the publication of Sir Isaac Newton’s incomparable writings, his doctrines of the emanation of particles of light … have been almost universally admitted in this country, and but little opposed in others.4


Young then added his voice to those who, through history, supported the undulation hypothesis. He also noted a fresh objection to the emission theory: if light corpuscles are so small, capable of being generated by even the slight friction of two pebbles, a burning candle, the white heat of a wind furnace, the putrefaction of fish, turning on your iPhone, biting into a LifeSavers candy, and so on, then why do these tiny bodies always move with the same speed? Presumably they should move like other physical bodies, with a wide variety of speeds depending on the motion that sent them flying. On the other hand, undulations in a wave medium, like sound, always move with the same speed, because that speed depends on properties of the medium, not on the state of motion of the emitter. Whether you are standing on a cliff or falling toward the base of it, your yodels will always travel at about 767 miles per hour.


This slim section in a letter otherwise devoted to sound waves had little effect on anybody. However, two years later the same author was invited to give the Bakerian Lecture before the Royal Society. These lectures, first begun in 1776, are an institution that continue to this day. Such an invitation revealed the esteem afforded the good doctor. He did not disappoint.


Young chose to elaborate and magnify upon his previous speculations, and made a conceptual exploration of the undulation theory. In doing this, he took a stand directly against Newton, and was soon violently attacked for it in the pages of a young yet influential cultural journal, the Edinburgh Review. The author of this attack, Young deduced later, was a cofounder of the journal, an amateur scientist and bully who went on to become a lawyer and then a member of parliament. His name was Henry Brougham.


The Edinburgh Review’s motto was Judux damnatur cum nocens absolitur, which is a saying by the pithy Publilius Syrus meaning “The judge is condemned when the guilty is absolved.”5 Clearly, the Edinburgh Review set itself up as a very smart gatekeeper and protector of all true culture.


Brougham’s review is not pleasant to read, unless you are entertained by public executions. The tone of unbridled contempt is revealed by a few choice sentences:


We demand, if the world of science, which Newton once illuminated, is to be as changeable in its modes, as the world of taste, which is directed by the nod of a silly woman, or a pampered fop? Has the Royal Society degraded its publications into bulletins of new and fashionable theories for the ladies, who attend the Royal Institution? Proh pudor!6


Pudor is “shame,” the root of the word pudenda (that for which one should be ashamed). So proh pudor is for shame!


Young ignored Brougham’s poisonous attack, and instead focused on where his ideas were leading. He realized his ideas could explain a most curious feature of light that had been known for hundreds of years, called diffraction. It was first studied by an Italian Jesuit named Francesco Maria Grimaldi in the book A Physicomathematical Thesis on Light, Colors, the Rainbow, and Other Related Topics published in 1665, two years after his death.7 The first line of this book is: “Of light we can speak only darkly,”8 certainly a true statement at the time. Grimaldi understood that light did not always travel in straight lines, the way both Euclid and Ptolemy and everyone since had thought. His book contains sixty propositions, the very first of which is


Light is propagated or spread not only in lines, in refraction, and in reflection, but also in another specific fourth mode: in diffraction.


This mode of diffraction occurs when light encounters obstacles. Going through a small pinprick hole, for example, does not result in a tiny point of light on the other side, but a diffuse circle. The smaller the pinprick, the larger the circle becomes. The light spreads in a cone from the pinprick. Again, if you shine light directly at a knife blade, there will be alternating bands of shadow and light just beyond the edge of the blade’s shadow.


Newton was made aware of Grimaldi’s work shortly after his own publication on the prism, and he devised an explanation that involved light corpuscules wiggling back and forth when encountering obstacles. The particles underwent “fits of easy reflection and transmission” that altered their course and gave rise to the observed interference fringes. His ideas were accepted, unsurprisingly, and became known as the theory of fits.


It was this behavior of diffraction that Young realized the wave theory could explain. He was interested in the possibility that light waves, when you combine them properly, might cancel each other out as water waves do. Water waves do this all the time because of something called interference.


This notion of interference is crucial, and easy to understand with waves. The idea is that when two disturbances in water meet, they simply add up. Because a disturbance in water can be higher or lower than the flat surface of the water at rest, the result of the interference can be high + high = higher, low + low = lower, or, the important one: high + low = zero. This region of zero disturbance, when it comes to light, is a shadow. If light was a wave, the shadows of diffraction could potentially be explained by interference.


This line of thought led Young to devise the famous double-slit experiment, in which a wave is passed through a screen with two small holes in it, and then measured on a second screen on the other side. The waves generated from each hole spread out spherically, just as Hooke said, and then they interfere with each other. In 2002 readers of the Science Times voted Young’s double-slit experiment to be among the most beautiful in the history of physics. The winner was actually just a modification of Young’s original idea, which we will discuss in Chapter 19. So this London doctor, working by himself, devised arguably the most beautiful experiment in the world.
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Young reported his latest results in another Bakerian Lecture, in 1803. Then came more attacks, from Brougham again, in the Edinburgh Review. This time, Brougham’s sarcasm became abuse. He spoke of “more fancies, more blunders … all from the fertile, yet fruitless, brain of the same eternal Dr Young.” The effect of this invective upon public opinion was surprisingly large, and it seriously damaged Young’s reputation as a scientist.


Young composed a “masterly reply” to this new attack, and published it as a pamphlet that would have devastated Brougham if it had sold more than a single copy. In it, Young’s superiority is plainly on display. He called the articles “the repeated anathemas of the self-erected Inquisition of the North.” He observed that “they have much less the appearance of the impartial discussion of a long disputed question in natural philosophy, than of the buffoonery of a theatrical entertainment, or of the jests of a pert advocate, endeavoring to place in a ridiculous light the evidence of his adversary.”9 He said that “to answer such an attack in similar language would be degrading; to attempt to oppose it by argument would be futile,”10 because Brougham “misapprehends and misrepresents completely the whole subject,”11 and “his business is to censure others, and not to inform himself,”12 and “it is unfortunate that he either has not patience enough to read, or intellect enough to understand, the very papers that he is criticising.”13


And yet, Young had taken these attacks to heart. He ended his reply by saying, “With this my pursuit of general science will terminate: henceforwards I have resolved to confine my studies and my pen to medical subjects only.”14 If you ever needed evidence that science is a delicate human affair, look no further than this heartbreaking comment. It is as though a bird, having had its wings clipped for executing an original dive, vowed never to fly again. Naturally, birds must fly, and Young got over the sting of shame. He went on to exercise his brilliant mind for decades. But he did begin publishing anonymously more and more, and he did not pursue studies in the interference of light. As such, Young never formalized his ideas. In his hands they remained analogies, glowing signposts. The next step was left to another.


When he was a child, Augustin Fresnel was considered by adults to be dim, because his verbal skills were far behind those of his friends. His friends, however, called him “the genius.” This was because Fresnel, when he was nine years old, did precise experiments to determine the best designs for toy guns and bows. These experiments were so successful that the children, upon following the genius’s designs, made not toys but real weapons. The parents were obliged to call a meeting and expressly forbid their use.


Fresnel began his career at the age of sixteen. He was an engineer who built roads throughout many areas of France. Very exacting by temperament, for the most part a calm, quiet, and astute man, he could apparently explode upon being given a sloppy form by a subordinate. Because he was so good at his job, he advanced easily. But because most people were less detail-oriented than him, Fresnel did not like managing others.


Around 1810, seven years after Young’s last ill-fated publication, Fresnel developed an interest in optics. He was twenty-eight years old, and came to the subject fresh, with neither the skills nor prejudice of training. For a long time he thought about light, in isolation. To him, the constant speed of light was a big clue that light was a wave.


Fresnel compiled a short essay of his thoughts, and passed the manuscript to his uncle, Jean François Léonor Mérimée, who was a professor at the École Polytechnique. The uncle submitted it to Ampère, one of the leading physicists of the day and the man after whom the amp, a measure of electric current, is named. Ampère did not respond, and it may be some consolation to modern professors who are always receiving the attempts of amateurs in their email that this is not a new phenomenon. Later, Mérimée had dinner with both Ampère and François Arago, another member of the Academy of Sciences, where he mentioned his nephew’s attempts. Arago agreed to look at Fresnel’s essay.


Through Newton, the spirit of Euclid reigned in Paris at the time. All of the fashionable scientific work assumed that light was a stream of tiny particles. However, Arago happened to be a close personal friend of Thomas Young’s, who remained the sole champion of the wave theory. The two of them visited each other in London and Paris; they wrote letters back and forth in English and French. So it was natural for Arago to take this engineer of roads under his wing, and at least tell him about Young’s work.


When Arago met briefly with Fresnel in Paris in 1815, Arago used a French saying that no researcher wants to hear: vouz enfonçez les portes ouvertes: you are breaking down open doors. In the fashion of a good supervisor, he suggested that Fresnel familiarize himself with the literature, and passed along a reading list. Fresnel had no interest in languages and could not read English. Moreover, he was on the wrong side of Napoleonic politics at the moment and, dismissed from his position, was on the way to the small town of Mathieu where his mother lived. He would not have access to any specialized books there.


Nevertheless, Fresnel continued with his investigations. In a darkened room of his mother’s house, he focused sunlight through a drop of honey.15 He placed small objects in the way of this light and then a lens beyond them. The lens focused the light to a delicate micrometer that he had designed himself. In this way, Fresnel was able to measure shadows with a precision that was probably greater than anyone before him.


What he saw, clearly for the first time, were images of shadows that we now call Fresnel diffraction. He placed, for example, a thin wire in the way of the light and observed fringes of alternating light and shadow, just as Grimaldi, Newton, and Young had done. But he also noticed something else. When he covered one side of the wire, so that the light was essentially just hitting the edge of a screen, the fringes were very different.


Fresnel reported his results to Arago, who helped sift what was new from what was already known. And Fresnel indeed was making new discoveries. With Arago’s support, he got more time off from his post in the Corps des Ponts, and published his research in a journal that Arago edited. In the same journal, and just a month earlier, the scientist Biot had been explaining the same facts using Newton’s theory of fits. Young stood alone in England, and Fresnel stood alone in France. The battle between the spirits of Euclid and Ptolemy was joined again, but it was hardly a fair fight. Biot, like Ampère, was a professor of physics in the Collège de France and a member of the French Academy of Sciences. Fresnel was a nobody, in a dark room in his mom’s house.


For Fresnel, the natural way to explain diffraction is with Young’s idea of waves overlapping and interfering with each other. When light can bend around both sides of the wire, the effect is very different than if it can only bend around one side of a screen. In this respect, Fresnel was essentially walking in the same field that Young had explored years earlier. The difference is what he did with Young’s brilliant idea. Always fastidious, always practical, he began looking for a mathematical principle that explained the diffraction patterns.


There was one classic of optics that Fresnel could read, the Traité de la Lumière or Treatise on Light, by Christiaan Huygens. This Dutch scientist discovered the rings of Saturn, tutored Leibniz in mathematics, and took Hooke’s side in the dispute with Newton. The main idea of his treatise was that light was a wave, and its shape could be computed by thinking of each point on a wave as its own little emitter of waves. Then, you could evolve the current shape forward in time by drawing a lot of circles and tracing their furthest envelope. Fresnel took this idea and added something fundamental: he said that the waves were not just any shape, but oscillating back and forth, unendingly. This is the famous Huygens-Fresnel principle, called by Born and Wolf “the basic postulate of the wave theory of light.”16


The physical idea behind the principle is so clear that it can be expressed in an extremely simple equation. Computing the results was another matter, and mathematical tricks were required to sum up so many waves all at once. Though it makes some approximations, Fresnel’s formula is probably the primary tool of optical science to this day. It predicts that light will move in straight lines, reflect from mirrors at equal angles, refract at specific angles through water and glass, and diffract upon encountering obstacles, just as water waves do. It explains everything.


The way Fresnel’s ideas became known was rather dramatic. In 1817, the Academy of Sciences in Paris announced an essay competition on the subject of diffraction. By this time Fresnel was working in Paris, close to Arago and the center of French science. He took some time off from his job and wrote his ideas in their most comprehensive form. In 1818, he submitted his Mémoire sur la Diffraction de la Lumière: Paper on the Diffraction of Light. Poisson, who sat on the review committee, used the theory to deduce the existence of a bright spot in the center of the shadow of a small opaque disk and concluded that the theory was absurd. Luckily for Fresnel, Arago was the head of the committee. He did the experiment and found the prediction confirmed.
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A simulation of a laser of wavelength 633 nanometers illuminating a four millimeter diameter disk. One meter behind the disk, this shadow would be observed. Credit: Thomas Reisinger.


The existence of this tiny pinprick of light was a striking victory for the wave theory, snatched directly from the particle theorists when they felt most sure of themselves. Fresnel won the grand prize, and began lengthy correspondences with career scientists, including Poisson, Laplace, and Young himself. His careful investigations drove the optics research program in both Europe and Great Britain for the next sixty years. The outsider had become, to use Arago’s phrase, “one of the greatest savants of his day.”17


The wave theory had been a joke only a few years earlier, but from this moment, the particle theory was on the defensive. Its believers now had to fight. It was not a rout, and the debate would remain lively for many years. But at this stage, Ptolemy’s idea of continuity seemed more flexible, accounted for more facts, than Euclid’s idea of discreteness. Sometimes. Other observations seemed better explained by particles. One continuing problem, raised even by Young when he was informed of Fresnel’s ideas, was Newton’s “night argument,” the observation that waves bend around obstacles and so sunlight should bend around the Earth, destroying night.


Fresnel answered this objection. There is, as it turns out, a big difference between waves of sound and of light. For example, the pitch Gᅈ5 (in the upper range of a piano) is produced by something moving back and forth about 740 times per second. The color red, on the other hand, is produced by something moving back and forth about 740 ten trillion times per second. Fresnel answered Newton by pointing out that waves bend around objects only when the wavelength was comparable to the size of the object. We make sound by moving large things, like strings and vocal cords, back and forth. That does not happen very fast, so sound waves have very large wavelengths, and will bend around large objects like boulders and houses. Light, on the other hand, is produced by vibrations ten trillion times faster, and has a wavelength that much smaller. On any human scale, therefore, light will appear to move in straight lines and cast sharp shadows. To observe the bending of diffraction, you must zoom in to very small scales.


This explanation, and others that Fresnel was able to make, brought an increasing number of scientists over to the wave theory. Finally, Arago devised an experimentum crucis to decide once and for all between particles and waves. Because Newton predicted that light particles should speed up as they entered a denser medium, and Huygens predicted they would slow down, it only remained to send light through some water or glass and measure its speed. This is a hard experiment to do but it was finally done in the 1850s, by Fizeau and Foucault. The result was unambiguous. Light slowed down. The emission theory was dead. Euclid and Newton and Biot and all the rest of them were wrong. Ptolemy, Hooke, Huygens, Euler, Young, and Fresnel were right. Light is a wave.


Fresnel did not live to see this moment of victory. He had struggled with tuberculosis most of his life, and was often haunted by thoughts of death. In 1827, at the age of thirty-nine, the man known by his childhood friends as “the genius” finally succumbed to his ill health. On his deathbed, he received the Rumford Medal from the Royal Society of London. Thomas Young had a hand to play in this, and in the letter to Fresnel informing him of the award, dated one month before Fresnel’s death, Young wrote:


I trust you will no longer have to complain of the neglect which your experiments have for a time undergone in this country. I should also claim some right to participate in the compliment which is tacitly paid to myself in common with you by this adjudication, but … I can only feel it a sort of anticipation of posthumous fame, which I have never particularly coveted.18





Chapter 5



Seemingly Monstrous Assumptions


Forty-four million years ago, during the Eocene epoch, the area near the Baltic Sea was covered with an enormous forest of pine trees. For time unimaginable they swayed in the wind, glimmered in the sun, stood dark and dripping under storms. The resin from this ancient forest collected on the forest floor and hardened with the millennia into copal, and then amber. This forest generated the largest known amber deposits in the world, and to this day amber washes up on the shores of the Baltic Sea.


Most of the amber in ancient Greece originated from this far more ancient forest. The Greek name for amber was elektron. They also used this word to mean a pale gold produced when gold was mixed with a small amount of silver, and also for shining things like sunbeams. The Greeks noticed something interesting about amber: after being rubbed with a cloth, little things, such as a piece of straw, would fly through the air and stick to it. Amber is electrical, probably the first electrical material known. But to the Greeks, electricity was ambery, and this is why electrons are named after it.


Magnets have a similar poetry to them. The most amusing story of their discovery, cited by Pliny the Elder, tells of a shepherd named Magnes, who was tending his flocks on a hillside in the Greek region of Magnesia. Walking innocently along, he suddenly felt the iron nails in his shoes adhere to the stones of the mountain. The story is very old, and is held by some to date from around 900 BC.


In the 1800s, amber and magnets made a startling appearance in the story of light. The details have occupied entire books, but the essence can be stated in a single paragraph.


The Londoner Michael Faraday was thirty-five when Fresnel died. Like Fresnel, Faraday was largely self-taught and yet wound up among the greatest savants of his day. His experiments into electricity and magnetism expanded minds by showing how certain objects, such as a piece of amber or a magnetic stone, threw their forces beyond their bodies, through space. The carrier of these forces came to be known as a “field.” Next, the Scot James Clerk Maxwell organized and systematized Faraday’s work in a series of papers that Einstein called “the most profound and fruitful [change] that has come to physics since Newton.”1 Maxwell regulated all of the observed facts of electricity and magnetism into a set of mathematical relationships. In the process, he revealed that they were two aspects of the same thing— electromagnetism. Maxwell also discovered that the electromagnetic field could support wave propagation. Most amazingly, the speed of the wave, easily calculated from the known constants of the theory, was exactly the speed of light. This was in 1865, fifteen years after light had been proved definitively to be a wave, and it remains not only the crowning achievement of nineteenth-century physics, but a landmark in the history of our species.


The wave theory had been vindicated by its elegant explanation of diffraction, by Huygens and Fresnel’s mathematical model which could explain all the observed properties of light and also by Fresnel’s defeat of Newton’s night argument. It had been vindicated by the experiments of Fizeau and Foucault, showing that light slowed down in water and glass, according to Huygens’s and not Newton’s prediction. With Maxwell, however, the wave theory was vindicated in an entirely new and uniquely powerful way—by the first unification ever accomplished in physics. Nothing like this had happened before and it raised the tantalizing possibility that there was one single theory, and that the human mind was capable of formulating it. In terms of light, at least, there was no doubt any longer. Newton and Euclid were defeated, and each passing year was more dirt on their proverbial graves.


The nineteenth century brought more than theoretical breakthroughs. The use of electricity had, in a very short time, transformed the cultural and economic landscape of Europe, and the wider world. The maddening speed and technocracy of our life today began here, with a great bull market in electromagnetic innovation. A short handful of decades generated light bulbs, electrical motors, the telegraph, the telephone (billed as an improved telegraph), the radio (billed as a wireless telegraph), the electric dynamo, and much more. It was the age of Morse, of Edison and Siemens, of Tesla and Marconi. Two and a half millennia after Magnes walked the windblown hills, humanity could say for the first time that it was beginning to understand nature at a deep level.


So rapid was the rate of innovation, so complete were Maxwell’s equations in their success, that the optimism of the age became hubristic. In 1894 Albert Michelson said in a speech at the University of Chicago that


While it is never safe to affirm that the future of Physical Science has no marvels in store even more astonishing than those of the past, it seems probable that most of the grand underlying principles have been firmly established and that further advances are to be sought chiefly in the rigorous application of these principles. … An eminent physicist has remarked that the future truths of Physical Science are to be looked for in the sixth place of decimals.2


This comment has become rightly famous for how completely wrong it was. Michelson, though cautiously, dared to speculate that physical theory had reached its end and was now complete. It was not the first time (Michelson was, after all, quoting someone else, probably Lord Kelvin). Moreover, the sentiment seems to have been rather widely shared. In the exact same year that Michelson gave his talk, Robert Millikan was a graduate student at Columbia. He recalled of his roommates: “I was ragged continuously by all of them for sticking to a finished, yes, a dead subject, like physics.”3


It was in this atmosphere—an ever-expanding vista of electrical engineering victories, a satisfying sense of finality and completion in physics, the complete triumph of the wave theory—that an unknown patent clerk named Albert Einstein suggested that light was made of particles after all.


After graduating with a teaching diploma in 1900, Einstein tried for two fruitless years to secure an academic position. For a while, he sought employment offering private lessons in math and physics (the first lesson was free). Necessity finally forced his hand and, in the year 1902, he obtained a position as “patent examiner, third class,” with the help of a friend’s father. Shortly after, he married Mileva, the only girl of the five students in his mathematics classes. A year after that, they had a son, Hans Albert.


While he examined patents for gravel sorters and electric typewriters, Einstein worked to finish his PhD thesis. He finally accomplished this shortly after his twenty-sixth birthday. The year was 1905, and it holds a special place in the history of science. In this year, in the space of about seven months, Einstein published four papers in Annalen der Physik, the leading physics journal of the day. Every one of them was a significant advance. Collectively, they shook the world, and are now fundamental to modern science. It was an outpouring of scientific creativity that rivaled Newton’s miraculous year in 1666.4


One of Einstein’s papers was titled “Concerning a Heuristic Point of View Toward the Emission and Transformation of Light.” It begins with the observation that “a profound formal distinction exists” between matter and light. According to the theory of the day, a particle of matter is localized to one small region of space, whereas a light wave is continually spread over an endlessly growing volume of space, precisely like Hooke’s wave in water.


This is the duality of discrete and continuous. It lies at the heart of the dispute between Euclid and Ptolemy. Einstein admitted that the wave theory of light “will probably never be replaced by another theory,” but nevertheless, he warned, this theory only described time averages of processes. Thus, it is conceivable that something else is going on at a deeper level, much faster than we can see. Only after some period of time (which is practically instant to us lumbering giants) does the deeper behavior become identical with the wave theory. Einstein’s heuristic point of view was that


when a light ray is spreading from a point, the energy is not distributed continuously over ever-increasing spaces, but consists of a finite number of energy quanta that are localized in points in space, move without dividing, and can be absorbed or generated only as a whole.5


Almost a century after Young, Einstein was standing up in exactly the way Young had done, but in the opposite direction. Einstein knew that, given the climate of the day, not to mention the experimental fact of interference, supporting Newton’s emission theory was bordering on scientific heresy. And yet he was compelled to argue for it. The most likely outcome after publishing a paper like this (other than being attacked in the pages of a literary journal) would have been deafening silence from the scientific community. Einstein, however, could not be ignored after 1905. His other papers of that year, particularly the special theory of relativity, which was immediately hailed as a work of genius, had established his name.


For several years Einstein’s reputation grew, largely based on relativity theory. He continued, throughout this time, to promote Euclid and Newton’s ideas, not called the emission or particle theory, but now the “light quantum hypothesis.” In a talk in Salzburg in 1909, he claimed that Newton’s particle theory “seems to contain more truth,” despite the fact that some of its support rests on a “seemingly monstrous assumption.”6 He admitted that diffraction made everyone believe in the wave theory of light, and he was keenly aware of its usefulness. His concluding sentence was: “The two structural properties … (the undulatory structure and the quantum structure) displayed by radiation … should not be considered as mutually incompatible.”7


Max Planck, the sober Prussian and professor of physics at the University of Berlin, was in the audience at Salzburg. He had, by that time, realized that his own work of a decade earlier had something to say about discreteness. But Einstein’s proposal was a step too far for him. In the discussion following the talk, Planck expressed a very reasonable opinion.


I, too, emphasize the necessity of introducing certain quanta.… The question is now where to look for these quanta. According to the latest considerations of Mr. Einstein, it would be necessary to … give up Maxwell’s equations. This seems to me a step which in my opinion is not yet necessary.8


This opinion was nearly universal. The early supporters of relativity theory, for example Planck, Laue, Wien, Sommerfeld, and Lorentz, all rejected Einstein’s light quantum hypothesis. Maxwell’s equations worked (they still work, unchanged, to this day). But it was the interference of light, predicted by Young and so beautifully captured in mathematics by Fresnel, that was the coup de grâce that made almost all physicists confident in rejecting this bizarre revival of Newton and Euclid. There were two notable exceptions who did support Einstein: Stark in Germany, and Ehrenfest in Russia. And so it was that in a few short years, the particle theory of light went from being totally dead to actively debated.


Impossibly, the battle had been joined again.





Chapter 6



Lifting a Corner of the Great Veil


And now we come to Louis Victor Pierre Raymond de Broglie, the physicist who plays a most important role in this book. He was born in August 1892 in Dieppe, France. His family were aristocrats, and for hundreds of years influenced the political and military life of France. Louis’s father was a duke (the title eventually fell to Louis himself in 1960); his mother was the granddaughter of one of Napoleon’s marshals; his older sister by seven years, Pauline, was a countess and writer of belles lettres; and his older brother by seventeen years, Maurice, was a naval officer.


Actually, Maurice was more than an officer. Shortly after 1906, the year his father died and the title duc de Broglie fell to him, Maurice took a leave of absence and, in his Paris town house on the rue Chateaubriand, set up a little laboratory. Work on experimental physics was more pleasing to him, and he soon withdrew from the navy entirely. His family was dismayed. “Tinkering with strange pieces of apparatus, even if at the beginning it was practiced only as a hobby in his own house with his own mechanic, instead of becoming a general, a statesman, or at least an admiral, did not seem right for a Duc de Broglie.”1 Maurice’s grandfather put the same point rather more pointedly, saying that science was “an old lady content with the attractions of old men.”2


Yet this tinkering was the seed of the greatest fame to ever accrue to the famous house, for the younger brother Louis was strongly influenced by his older brother, and it is doubtful whether, without this laboratory, Maurice and Louis would have become physicists at all.


Louis was the youngest of four living siblings, the baby of the family. He was described by his sister in her memoirs as


a charming child, slender, svelte, with a small laughing face, eyes shining with mischief, curled like a poodle. Admitted to the great table, he wore in the evenings a costume of blue velvet, with breeches, black stockings and shoes with buckles, which made him look like a little Prince from a fairy tale. His gaiety filled the house. … He had a prodigious memory and knew by heart entire scenes from the classical theatre that he recited with inexhaustible verve.3
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