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Not only is the universe stranger than we imagine, it is stranger than we can imagine.

Sir Arthur Eddington






PREFACE

All the rivers run into the sea; yet the sea is not full; unto the place from whence the rivers come, thither they return again.

Eccl. 1 : 7

 

 

 

There are two conflicting primal impulses of the human mind—one to simplify a thing to its essentials, the other to see through the essentials to the greater implications. All of us live with this conflict and find ourselves pondering it from time to time. At the edge of the sea, for example, most of us fall into thoughtfulness about the majesty of the world even though the sea is, essentially, a hole filled with water. The vast literature on this subject, some of it very ancient, often expresses the conflict as moral, or as tension between the sacred and the profane. Thus viewing the sea as simple and finite, as an engineer might, is animistic and primitive, whereas viewing it as a source of endless possibility is advanced and human.

But the conflict is not just a matter of perception: it is also physical. The natural world is regulated both by the essentials and by powerful principles of organization that flow out of them. These principles are transcendent, in that they would continue to hold even if the essentials were changed slightly. Our conflicted view of nature reflects a conflict in nature itself, which consists simultaneously of  primitive elements and stable, complex organizational structures that form from them, not unlike the sea itself.
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The essence of life.

The edge of the sea is also a place to have fun, of course, something it is good to keep in mind when one is down there by the boardwalk being deep. The real essence of life is strolling too close to the merry-go-round and getting clobbered by a yo-yo. Fortunately, we physicists are fully aware of our own sententious tendencies and go to great lengths to keep them under control. This attitude was artfully expressed in a letter my colleague Dan Arovas, a faculty member at the University of California at San Diego, wrote to the humor columnist Dave Barry: 



Dear Dave, I am a passionate fan of yours and read your column every day. I would give anything to be able to write like you. I have built a tree house in your honor and live in it. Yours, Dan

 

Dan reports that Dave wrote back:

 

Dear Dan, Thanks for the fan letter. By the way, do they let you anywhere near nuclear weapons? Best, Dave



 

A few years ago I had occasion to engage my father-in-law, a retired academician, on the subject of the collective nature of physical law. We had just finished playing bridge late one afternoon and were working on a couple of gin and tonics in order to escape discussing movies of emotional depth with our wives. My argument was that reliable cause-and-effect relationships in the natural world have something to tell us about ourselves, in that they owe this reliability to principles of organization rather than microscopic rules. The laws of nature that we care about, in other words, emerge through collective self-organization and really do not require knowledge of their component parts to be comprehended and exploited. After listening carefully, my father-in-law declared that he did not understand. He had always thought laws cause organization, not the other way around. He was not even sure the reverse made sense. I then asked him whether legislatures and corporate boards made laws or were made by laws, and he immediately saw the problem. He pondered it for a while, and then confessed that he was now deeply confused about why things happen and needed to think more about it. Exactly so.

It is a terrible thing that science has grown so distant from the rest of our intellectual life, for it did not start out that way.1 The writings of Aristotle, for example, despite their notorious inaccuracies, are beautifully clear, purposeful, and accessible.2 So is Darwin’s Origin of Species.3 The opacity of modern science is an unfortunate side effect of professionalism, and something for which we scientists are often pilloried—and deservedly so. Everyone gets wicked pleasure from snapping on the radio on the drive home from work to hear Doctor Science give ludicrous answers to phone-in questions such as why cows stand in the same direction while grazing (they must face Wisconsin several times a day) and then finish up with, “And remember,  I know more than you. I have a master’s degree in science.”4 On another occasion my father-in-law remarked that economics had been terrific until they made it into a science. He had a point.

The conversation about physical law started me thinking about what science had to say about the obviously very unscientific chicken-and-egg problem of laws, organizations of laws, and laws from organization. I began to appreciate that many people had strong views on this subject but could not articulate why they held them. The matter came to a head recently when I realized I was having the same conversation over and over again with colleagues about Brian Greene’s The Elegant Universe, a popular book describing some speculative ideas about the quantum mechanics of space.5 The conversation focused on the question of whether physics was a logical creation of the mind or a synthesis built on observation. The impetus for the discussion was never an existential problem, of course, but money, the lack of which is the universal common denominator of world science. But the subject always seemed to drift from there to the pointlessness of making models of the world that were beautiful but predicted no experiments, and from there to the question of what science is. After this happened a number of times in such disparate venues as Seattle, Taipei, and Helsinki, it struck me that the disagreement spawned by Greene’s book was fundamentally the same problem that had occupied us that day after bridge. Moreover, it was an ideological dispute: it had nothing to do with what was true and everything to do with what “true” was.

It is commonly said in physics that good notation advances while bad notation retards. This is certainly true. A phonetic alphabet takes less time to master than a pictorial one and thus makes writing more accessible. Decimal numbers are easier to use than roman numerals. The same idea applies to ideologies. Seeing our understanding of nature as a mathematical construction has fundamentally different implications from seeing it as an empirical synthesis. One view  identifies us as masters of the universe; the other identifies the universe as the master of us. Little wonder that my colleagues down in the trenches of experimental science had become so animated over this question. At its core the matter is not scientific at all but concerns one’s sense of self and place in the world.

The threads of these two world views run very deep. When I was a kid I drove with my parents to Yosemite for a rendezvous with my aunt and uncle, who had driven in from Chicago. My uncle was a brilliant and highly successful patent attorney who seemed to know everything and was not shy about sharing this fact. For example, he once gave me a long sermon on how lasers work after learning that I had just had a lecture on the subject from Charles Townes, the laser’s inventor. Evidently, he knew more about it than Professor Townes. On this occasion he and my aunt checked in at the Ahwahnee, the fanciest hotel in the place, held court there with us, consumed a few buffet breakfasts, and then left to drive over Tuolumne Pass to the desert and home. I don’t think they saw a single waterfall up close. There was no point, since they had seen waterfalls before and understood the concept. After they left, my family and I hiked up the Merced river, amid the violence and roar, to Nevada Falls and had a picnic on a massive piece of granite next to a meadow full of wildflowers. We understood the concept too but were wise enough not to take our understanding too seriously.

The world view motivating my uncle’s attitude toward Yosemite, and arguably also Brian Greene’s attitude toward physics, is expressed with great clarity in John Horgan’s The End of Science, in which he argues that all fundamental things are now known and there is nothing left for us to do but fill in details.6 This pushes my experimental colleagues beyond their already strained limits of patience, for it is both wrong and completely below the belt. The search for new things always looks like a lost cause until one makes a discovery. If it were obvious what was there, one would not have to look for it!

Unfortunately, this view is widely held. I once had a conversation with the late David Schramm, the famous cosmologist at the University of Chicago, about galactic jets. These are thin pencils of plasma that beam out of some galactic cores to fabulous distances, sometimes several galactic radii, powered somehow by mechanical rotation in the core. How they can remain thin over such stupendous distances is not understood, and something I find tremendously interesting. But David dismissed the whole effect as “weather.” He was interested only in the early universe and astrophysical observations that could shed light on it, even if only marginally. He categorized the jets as annoying distractions on the grounds that they had nothing in particular to tell him about what was fundamental. I, in contrast, am fascinated by weather and believe that people claiming not to be are fibbing.

I think primitive organizational phenomena such as weather have something of lasting importance to tell us about more complex ones, including ourselves: their primitiveness enables us to demonstrate with certainty that they are ruled by microscopic laws but also, paradoxically, that some of their more sophisticated aspects are insensitive to details of these laws. In other words, we are able to prove in these simple cases that the organization can acquire meaning and life of its own and begin to transcend the parts from which it is made. What physical science thus has to tell us is that the whole being more than the sum of its parts is not merely a concept but a physical phenomenon. Nature is regulated not only by a microscopic rule base but by powerful and general principles of organization. Some of these principles are known, but the vast majority are not. New ones are being discovered all the time. At higher levels of sophistication the cause-and-effect relationships are harder to document, but there is no evidence that the hierarchical descent of law found in the primitive world is superseded by anything else. Thus if a simple physical phenomenon can become effectively independent of the more fundamental laws from which it descends, so can we. I am carbon, but I need not have been. I have a meaning transcending the atoms from which I am made.

The essential elements of this message are articulated in the extensive writings of Ilya Prigogine7 and even more originally in a famous essay by P. W. Anderson entitled “More is Different”8 published over 30 years ago. This essay is just as fresh and inspiring today as it was then, and still required reading for any student wishing to work with me.

My views are considerably more radical than those of either of my predecessors, however, because they have been sharpened by recent events. I am increasingly persuaded that all physical law we know about has collective origins, not just some of it. In other words, the distinction between fundamental laws and the laws descending from them is a myth, as is the idea of mastery of the universe through mathematics alone. Physical law cannot generally be anticipated by pure thought, but must be discovered experimentally, because control of nature is achieved only when nature allows this through a principle of organization. One might subtitle this thesis the end of reductionism (the belief that things will necessarily be clarified when they are divided into smaller and smaller component parts), but that would not be quite accurate. All physicists are reductionists at heart, myself included. I do not wish to impugn reductionism so much as establish its proper place in the grand scheme of things.

To defend my assertion I must openly discuss some shocking ideas: the vacuum of space-time as “matter,” the possibility that relativity is not fundamental, the collective nature of computability, epistemological barriers to theoretical knowledge, similar barriers to experimental falsification, and the mythological nature of important parts of modern theoretical physics. The radicality is, of course, partly a stage prop, for science, as an experimental undertaking, cannot be radical or conservative but only faithful to the facts. But these  larger conceptual issues, which are not science at all but philosophy, are often what most interest us because they are what we call upon to weigh merit, write laws, and make choices in our lives.

The objective, then, is not to make controversy for the sake of itself but to help us see clearly what science has become. To do this we must forcibly separate science’s function as the facilitator of technology from its function as a means of understanding things—including ourselves. The world we actually inhabit, as opposed to the happy idealization of modern scientific mythology, is filled with wonderful and important things we have not yet seen because we have not looked, or have not been able to look at due to technical limitations. The great power of science is its ability, through brutal objectivity, to reveal to us truth we did not anticipate. In this it continues to be invaluable, and one of the greatest of human creations.
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ONE

Frontier Law

Nature is a collective idea, and though its essence exist in each individual of the species, can never its perfection inhabit a single object.

Henri Fuseli

 

 

 

MANY YEARS AGO , WHEN I WAS LIVING NEAR NEW YORK, I attended a retrospective of Ansel Adams, the great nature photographer, at the Museum of Modern Art. Like many people born in the American West, I had always liked Mr. Adams’s work and felt I appreciated it better than New Yorkers ever could, so I jumped at the chance to see it firsthand. It was well worth the effort. Anyone seeing these images close up realizes at once that they are not simply sterile pictures of rocks and trees but thoughtful comments on the meaning of things, the immense age of the earth, and the impermanence of human concerns. This exhibition made a much stronger impression on me than I had expected, and it flashes into my mind even now when I am wrestling with a tough problem or having difficulty separating what is important from what is not.

Public television viewers were reminded recently by Ric Burns’s excellent American Experience documentary that Mr. Adams’s work, like any other art, was as much a creation of a specific time and place as of the artist himself.1 In the early part of the twentieth century,  when Adams was a boy and the frontier had been declared closed, Americans debated vigorously over what its loss implied for their future.2 In the end, they decided that they did not want to be like Europe, that part of their identity, and of meaningful life generally, was in close proximity to wildness. Thus was born the metaphorical frontier—the myth of the cowboy, the vast landscape of the possible, the ideal of the rugged individual—that defines American culture to this day. Adams’s work grew to maturity alongside this  metaphor and derives its power by eliciting the nostalgia for untamed wilderness at its core.
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In Europe, the myth of the frontier is often dismissed as quaint provincialism.

The idea of the frontier is not just quaint provincialism. It is often spoken of as such, especially in Europe, where the mythological nature of the American West has always been easier to discern than it is here and is often viewed with suspicion. I first saw this idea expressed in a lengthy article on America in the magazine Stern when I was a soldier stationed in Germany in the early 1970s. Such articles are appearing with increasing frequency nowadays as the cold war recedes into history. But the perception is incorrect. While the confluence of cultural forces that generated Adams’s images is uniquely American, the images themselves are not. The longing for a frontier seems to lie deep in the human soul, and people from different parts of the world and with different cultural backgrounds understand it quickly and intuitively. In no country does one have to dig very deep to find an appreciation of, and identification with, wildness. Adams’s work travels well for this reason and has universal appeal.

The idea of science as a great frontier is similarly timeless.3 While there are clearly many nonscientific sources of adventure left, science is the unique place where genuine wildness may still be found. The wildness in question is not the lurid technological opportunism to which modern societies seem so hopelessly addicted, but rather the pristine natural world that existed before humans arrived—the vast openness of the lone rider splashing across the stream with three pack animals under the gaze of mighty peaks. It is the choreography of ecologies, the stately evolution of minerals in the earth, the motion of the heavens, and the birth and death of stars. Rumors of its death, to paraphrase Mark Twain, are greatly exaggerated.

My particular branch of science, theoretical physics, is concerned with the ultimate causes of things. Physicists have no monopoly on ultimate causes, of course, for everyone is concerned with them to some extent. I suspect it is an atavistic trait acquired long ago in  Africa for surviving in a physical world in which there actually are causes and effects—for example between proximity to lions and being eaten. We are built to look for causal relations between things and to be deeply satisfied when we discover a rule with cascading implications. 4 We are also built to be impatient with the opposite—forests of facts from which we cannot extract any meaning. All of us secretly wish for an ultimate theory, a master set of rules from which all truth would flow and that could forever free us from the frustration of dealing with facts. Its concern for ultimate causes gives theoretical physics a special appeal even to nonscientists, even though it is by most standards technical and abstruse.

It is also a mixture of good news and bad news. First you find that your wish for an ultimate theory at the level of human-scale phenomena has been fulfilled. We are the proud owners of a set of mathematical relationships that, as far as we know, account for everything in the natural world bigger than an atomic nucleus. They are very simple and beautiful and can be written in two or three lines. But then you find that this simplicity is highly misleading—rather like those inexpensive digital wristwatches with only one or two buttons. The equations are devilishly difficult to manipulate and impossible to solve in all but a small handful of instances. Demonstrating that they are correct requires arguments that are lengthy, subtle, and quantitative. It also requires familiarity with a huge body of work done after the Second World War. While the basic ideas were invented by Schrödinger, Bohr, and Heisenberg in the 1920s, it was not until powerful electronic computers were developed and armies of technically competent people were generated by governments that these ideas could be tested quantitatively against experiment over a wide range of conditions. Key technical developments, such as the purification of silicon and the perfection of atomic beam machines, were also important. Indeed, we might never have known for certain that the whole thing was correct had it  not been for the cold war and the economic importance of electronics, radar, and accurate timekeeping, which made financing easy on various ostensibly practical grounds.

Thus eighty years after the discovery of the ultimate theory we find ourselves in difficulty. The repeated, detailed experimental confirmation of these relationships has now officially closed the frontier of reductionism at the level of everyday things. Like the closing of the American frontier, this is a significant cultural event, causing thoughtful people everywhere to debate what it means for the future of knowledge. There is even a best-selling book exploring the premise that science is at an end and that meaningful fundamental discovery is no longer possible. At the same time, the list of even very simple things found “too difficult” to describe with these equations continues to lengthen alarmingly.

Those of us out on the real frontier listening to the coyotes howl at night find ourselves chuckling over all this. There are few things a real frontiersman finds more entertaining than insights about wilderness from people back in civilization who can barely find the supermarket. I find this moment in history charmingly similar to Lewis and Clark’s wintering on the Columbia estuary. Through grit and determination their party had pushed its way across a continent, only to discover that the value had not been in reaching the sea but in the journey itself. The official frontier at that time was a legal fiction having more to do with property rights and homesteading policy than a confrontation with nature. The same is true today. The real frontier, inherently wild, may be found right outside the door, if one only cares to look.

Despite being a wild place, the frontier is regulated by laws. In the mythical old West the law meant the force of civilization in a land where there was none, and it was often enforced by some heroic figure holding back the wildness of human nature through strength of will. A man had a choice of whether to obey this law or not, but he  stood a good chance of getting gunned down if he did not. But there are natural laws as well, relationships among things that are always true regardless of whether people are present to observe them. The sun rises every morning. Heat flows from hot things to cold ones. Herds of deer spotting cougars always dash away. These are the exact opposite of laws of myth, in that they flow out of wildness and constitute its essence rather than being a means for its containment. Indeed, describing these things as laws is somewhat misleading, for it implies a kind of statute that otherwise willful natural things choose to obey. This is not correct. It is a codification of the way natural things are.

The important laws we know about are, without exception, serendipitous discoveries rather than deductions. This is fully compatible with one’s everyday experience. The world is filled with sophisticated regularities and causal relationships that can be quantified, for this is how we are able to make sense of things and exploit nature to our own ends. But the discovery of these relationships is annoyingly unpredictable and certainly not anticipated by scientific experts. This commonsense view continues to hold when the matter is examined more carefully and quantitatively. It turns out that our mastery of the universe is largely a bluff—all hat and no cattle. The argument that all the important laws of nature are known is simply part of this bluff. The frontier is still with us and still wild.

The logical conflict between an open frontier on the one hand and a set of master rules on the other is resolved by the phenomenon of emergence. The term emergence has unfortunately grown to mean a number of different things, including supernatural phenomena not regulated by physical law. I do not mean this. I mean a physical principle of organization. Human societies obviously have rules of organization that transcend the individual. An automobile company, for example, does not cease to exist if one of its engineers gets run over by a truck. The government of Japan does not change very much  after an election. But the inanimate world also has rules of organization, and they similarly account for many things that matter to us, including most of the higher-level physical laws we use in our daily lives. Such commonplace things as the cohesiveness of water or the rigidity of steel are simple cases in point, but there are countless others. Nature is full of highly reliable things that are primitive versions of impressionist paintings. A field of flowers rendered by Renoir or Monet strikes us as interesting because it is a perfect whole, while the daubs of paint from which it is constructed are randomly shaped and imperfect. The imperfection of the individual brush strokes tells us that the essence of the painting is its organization. Similarly, the ability of certain metals to expel magnetic fields exactly when they are refrigerated to ultralow temperatures strikes us as interesting because the individual atoms out of which the metal is made cannot do this.

Since principles of organization—or, more precisely, their consequences—can be laws, these can themselves organize into new laws, and these into still newer laws, and so on. The laws of electron motion beget the laws of thermodynamics and chemistry, which beget the laws of crystallization, which beget the laws of rigidity and plasticity, which beget the laws of engineering. The natural world is thus an interdependent hierarchy of descent not unlike Jonathan Swift’s society of fleas: 



So, naturalists observe, the flea 
Has smaller fleas that on him prey; 
And these have smaller still to bite ’em 
And so proceed ad infinitum.



 

This organizational tendency is so powerful that it can be difficult to distinguish a fundamental law from one of its progeny. The only way we know that the behavior of cats is not fundamental, for example, is because cats fail to work when pushed beyond their proper  operating limits, so to speak. Similarly, the only way we know atoms are not fundamental is that they come apart when caused to collide at great speed. This principle continues down to smaller and smaller scales: the nuclei from which atoms are made come apart when caused to collide at greater speed, the parts liberated from the nucleus come apart at even greater speeds, and so forth. Thus the tendency of nature to form a hierarchical society of physical laws is much more than an academic debating point. It is why the world is knowable. It renders the most fundamental laws, whatever they are, irrelevant and protects us from being tyrannized by them. It is the reason we can live without understanding the ultimate secrets of the universe.

Thus the end of knowledge and the closing of the frontier it symbolizes is not a looming crisis at all, but merely one of many embarrassing fits of hubris in civilization’s long history. In the end it will pass away and be forgotten. Ours is not the first generation to struggle to understand the organizational laws of the frontier, deceive itself that it has succeeded, and go to its grave having failed. One would be wise to be humble, like the Irish fisherman observing quietly that the sea is so wide and his boat so small. The wildness we all need to live, grow, and define ourselves is alive and well, and its glorious laws are all around.






TWO

Living with Uncertainty

Fast is fine, but accuracy is everything.

Wyatt Earp

 

 

 

MY GENETICIST COLLEAGUE DAVID BOTSTEIN OFTEN BEGINS lectures by explaining that the essence of biology is living with uncertainty. He especially emphasizes this to audiences of physicists, because he knows they have a hard time with the concept and will misinterpret much of what he says unless alerted to the issue ahead of time. He has never revealed to me how he thinks about such audiences, but I happen to know that most biologists consider the physicists’ obsession with certainty and correctness to be exasperatingly childish and evidence of their limited mental capacities. Physicists, in contrast, consider tolerance of uncertainty to be an excuse for second-rate experimentation and a potential source of false claims. These cultural differences have their roots in the historical development of the two sciences (physics and chemistry evolved together with engineering, while biology came from agriculture and medicine), and they mirror differences in our society generally about what is and is not real and important. But because of them there is  relatively little useful communication between physicists and biologists at the moment.

A version of this communication problem comes up now and then in conversations with my wife, typically over money. She usually begins by casually suggesting some horrendously expensive purchase she cannot make on her own. I then ask her questions that I think get to the bottom of things, such as how much interest we will be paying or what the impact will be on our total cash flow. She responds that I am impossible because I always want to see things as black and white, never gray. I explain that I am just trying to solve the problem. She counters that I am oversimplifying. The world is nuanced, she says, not always clear-cut, and my insistence on stuffing things into categories and boxes is simply unreal. I respond that there is nothing unreal about avoiding jail and bankruptcy. The duration of this existential interchange depends on how much money is involved, but it eventually ends with some sort of compromise. Our argument is, of course, not about worldviews and reality at all but control of resources. I am the moralist in the family, so naturally I tend to lose more often than I win.

Physical scientists do not like absolute pronouncements about what is and is not true. We know that measurements are never perfect and thus want to know how true a given measurement is. This is a good practice, for it keeps everyone honest and prevents research reports from degenerating into fish stories. Our lofty attitude, however, belies something considerably easier to understand: the impulse to measure things accurately is the same as the impulse to make do-it-yourself repairs. The real allure is not high ideals at all but shiny, complex machines bristling with wires and dials, and staying up all night drinking coffee and manning the computer while the stereo blasts rock-and-roll in the background. It is monster X-ray tubes, smoking soldering irons, nuclear reactors with holes in them for neutrons to come out, highly dangerous chemicals, and helpful signs  saying things like, “Do not look into the laser with your remaining good eye.” It is also fundamentally a matter of problem-solving strategy, the notoriously gender-linked personality trait that is the source of all those jokes about wives who cannot read maps and husbands who refuse to ask for directions.1 It is why buildings and academic majors at the Massachusetts Institute of Technology have numbers rather than names. Accurate measurement is simply natural behavior for people who see nothing strange in creating building ten, building thirteen, and course eight. I think all of this is mighty fine myself, but it is not for everybody.

One of the things we technological people find gratifying about giving in to this impulse is the world of meaning revealed by increasingly accurate measurement. For example, at an accuracy of one part in one hundred thousand, one discovers that the length of a brick is not the same from one day to the next. A check of environmental factors reveals this to be due to variations in temperature, which cause the brick to expand and contract slightly. The brick has become a thermometer. This observation is not silly, since thermal expansion is the principle behind all common thermometers.2 A weight measurement to similar accuracy shows no such variations—one of many observations leading to the concept of inviolability of mass. But at an accuracy of one part in one hundred million, the weight of the brick becomes slightly different from one laboratory to the next. The brick is now a gravity meter, for this is an effect of slight variations in the force of gravity due to differing densities of rock immediately below the earth’s surface.3 Attaching the brick to a string and suspending it from the ceiling turns the brick into a pendulum, whose swing rate is also a measure of the force of gravity. The extreme stability of the swing is the principle behind pendulum regulation of mechanical clocks.4 If the ceiling is high, the mass is large, and the swivel is outfitted with a little electric amplifier to prevent the pendulum from running down, the plane of the swing may be observed to rotate in  response to the rotation of the earth, the rate of this rotation being a measure of the latitude.5 Nontechnical people put up with this measurement obsession, which they otherwise find annoying, because of the useful new technologies it generates.

Physical scientists, on the other hand, tend to see the matter morally. They orient their lives around the assumption that the world is precise and orderly, and that its occasional failure to conform to this vision is a misperception brought about by their not having measured sufficiently accurately or thought sufficiently carefully about the results. This sometimes has bittersweet consequences. My brother-in-law the divorce attorney says that his most exasperating clients are Silicon Valley engineers, who typically want to just write down the family assets, divide them equally, shake hands, and be done with it. He has to patiently explain that it is not that easy—that people often lie and manipulate in stressful situations, that one can sometimes deceive oneself, that the value of the assets is not absolute, that there is horse-trading to be done, that there will be messy contractual obligations left over, and so forth. This does not mean that the simpler view is wrong, merely that it is not always practical.

Over the past three centuries, obsessive attention to detail has slowly revealed that some physical quantities are not only accurately reproducible from one experiment to the next but are completely universal. It is hard to overstate how astonishing and disturbing this is. The extreme reliability and exactness of these quantities elevates their status from mere useful fact to a kind of moral certainty. Many people feel uncomfortable thinking of numbers in moral terms, but they should not. If I hit a dog with my car going forty miles per hour it has different implications than if I hit the dog going one mile per hour. The more carefully these quantities were measured, the more accurately their universal values became known, even as the limits of technical capability were pushed back in breathtaking ways, a process that continues today. The deeper meaning of these discoveries is still  being debated, but everyone agrees that they are important, for such certainty is uncommon in nature and demands explanation.

A familiar example of such a universal quantity is the speed of light. In the late nineteenth century there was increasing interest in measuring the motion of the earth in its orbit around the sun by its effect on the light propagation speed seen by an observer on earth. This was a daunting technical challenge at the time, since it required measuring the speed of light to an accuracy of one part in a billion. How this was accomplished is a wonderful story told over and over again around the campfires of physics, but let us say for the present purposes that it was done with mirrors.6 By 1891 it had become clear that the effect was at least a factor of two smaller than it should have been based on an analogy with sound and the known speed of earth in its orbit. By 1897 this had improved to a factor of forty, a disparity too great to be dismissed as irrelevant or an experimental artifact. The expected modification of the speed of light due to the earth’s motion did not exist. This finding eventually led Albert Einstein to conclude that the speed of light is fundamental and that moving bodies must gain mass as their speed increases.

The existence of universal quantities that can be measured with certainty is the anchor of physical science. This essential truth is sometimes easy to forget, for the fundamentals of physics have been with us so long that many of them have ossified into clichés. But despite how one may feel about their message, the postmodernist philosophers have correctly and insightfully understood that scientific theories always have a subjective component that is as much a creation of the times as a codification of objective reality.7 Otto von Bismarck’s famous quip, “Laws are like sausages—it is best not to see them being made,” applies even more brilliantly to scientific theories, or so is my experience. As in all other human activities, it is necessary in science to take stock every now and then and reevaluate what one deeply understands and what one does not. In physics, this  reevaluation nearly always comes down to precision measurement. Deep inside every physical scientist is the belief that measurement accuracy is the only fail-safe means of distinguishing what is true from what one imagines, and even of defining what true means. There is no need to have postmodernist anxieties about a universal number measured to one part in ten billion.

When physicists get together at parties to talk in uninhibited ways about things that matter to them, one of their favorite subjects is a famous lecture delivered by Irving Langmuir, the inventor of the modern tungsten-filament light bulb, on the subject of pseudoscience.8 This lecture contains delicious case histories of scientific fakeries and swindles, but its greater importance lies in its central message: in physics, correct perceptions differ from mistaken ones in that they get clearer when the experimental accuracy is improved. This simple idea captures the essence of the physicist’s mind and explains why they are always so obsessed with mathematics and numbers: through precision, one exposes falsehood.

A subtle but inevitable consequence of this attitude is that truth and measurement technology are inextricably linked. Exactly what you measure, how the machine works, how one decimates the errors, what uncontrolled factors set the reproducibility ceiling, and so forth matter more in the end than the underlying concept. In public we speak about the inevitability of these universal quantities, but in private we consider it unprofessional to talk about what ought to be universal in the same way we consider it unprofessional to talk about how much money one ought to make on stocks. You have to actually do the experiment. This practice may seem like the worst kind of pedantry, but it is really just common sense. Time and again things people thought were universal turned out not to be, and other things people thought varied actually didn’t. Accordingly, when we speak of universal quantities we really mean the experiments that measure them.

The handful of experiments that are enormously accurate has, for this reason, a significance in physics greatly exceeding its size. There are between ten and twenty of these special experiments, depending on how one counts, and they are all revered.9 Most of these special experiments are unfamiliar to nonexperts. There is the speed of light in vacuum, known now to an accuracy of better than one part in ten trillion. There is also the Rydberg constant, the number characterizing the quantization of light wavelengths emitted from dilute atomic vapors and responsible for the astonishing reliability of atomic clocks, known to an accuracy of one part in one hundred trillion. Another example is the Josephson constant, the number relating the voltage applied to a certain kind of metallic sandwich to the frequency of radio waves it emits, known to an accuracy of one part in one hundred million. Yet another is the von Klitzing resistance, the number relating the electric current forced through a specially designed semiconductor to the voltage induced at right angles by means of a magnet, known to an accuracy of one part in ten billion.

Paradoxically, the existence of these highly reproducible experiments leads us to think in two mutually incompatible ways about what is fundamental. One is that exactness reveals something about the primitive building blocks out of which our complicated, uncertain world is made. Thus we say that the speed of light is constant because it just is, and because light is not made of anything simpler. This thought process leads us to render these highly accurate experiments down to a handful of so-called “fundamental” constants. The other is that exactness is a collective effect that comes into existence because of a principle of organization. An example of the latter is the relationship between pressure, volume, and temperature of a gas such as air. The universal number characterizing the dilute gas law is known to an accuracy of one part in one million, yet it acquires huge errors in gas samples that are too small, and ceases to be measurable at all at the level of a few atoms. The reason for this size sensitivity is  that temperature is a statistical property, like the market demand for houses, which requires a large sample to be defined. There is no way to reconcile these two ideas; they are exact opposites. Yet we use the word fundamental to describe both.

This dilemma is, of course, artificial. Only the collective idea is right. This is not obvious, and would even be denied vehemently by some physicists, but it becomes clear after one thinks critically about the experiments themselves and how they work.

Collective exactness tends to be a tough concept for nonscientists to grasp, but it shouldn’t be. There are many familiar examples of it in daily life—for example, commuting. The sun comes up in the morning, and this is a reliable truth having to do with the primitive motion of the earth, the huge heat capacity of the sun, and so forth. But there is another, equally important, truth that the expressways and trains are always jammed with commuters at certain times of day, and moreover that the number of commuters is predictable from one hour to the next. It is certainly imaginable that all these commuters might get the stomach flu on the same day and stay home, but it is so unlikely as to be effectively impossible. The commute condition is a simple, reliable phenomenon that emerges out of complex decisions made by a large number of individuals as they go about their lives. It is not necessary to know what various individuals had for breakfast, where they work, what the numbers and names of their children are, and so forth, in order to appreciate that it’s hell out there at 8:15 in the morning. Commuting traffic, like the behavior of the dilute gas, is a collective certainty. Whether it is as reliable as the sun rising must ultimately be determined by experiment, but my experiences commuting say it is.

A nice example of a collective effect masquerading as a reductionist one is the quantization of atomic spectra. Light is emitted from dilute atomic vapors with special wavelengths so insensitive to outside influences that they can be used to make clocks accurate  to one part in one hundred trillion. But these wavelengths have a detectable shift at one part in ten million—ten million times larger than the timing errors of the clock—which should not have been present in an ideal world containing nothing but the atom.10 Difficult but well-controlled calculations then revealed this shift to be an electrical effect of the vacuum of space not very different from what an electron encounters as it moves about inside a piece of metallic wire or a computer chip. The ostensibly empty vacuum of space, in other words, is not empty at all but full of “stuff.” Its sympathetic motion when matter passes by changes the matter’s properties slightly, just the way sympathetic motion of the electrons and atoms in a piece of window glass modifies the properties of light as it passes through, causing it to refract. The extreme reproducibility and reliability of these atomic experiments are thus crucially dependent on the uniformity of this “stuff,” the cause of which is unknown. Identifying a plausible explanation for this uniformity is one of the central problems of modern physics and the chief objective of inflationary cosmologies—theories of the universe that are inherently emergent.11 So even the constancy of atomic spectra actually has collective origins, the collective phenomenon in this case being the universe itself.

A much more immediate and troubling case of collectivism is the determination of the electron charge and Planck’s constant by means of macroscopic measurements. The electron charge is the indivisible unit of electricity. Planck’s constant is the universal relation between momentum and length that characterizes the wave nature of matter. Both are highly reductionist concepts, and both are traditionally determined using huge machines that measure properties of individual electrons ripped off of atoms. But their most accurate determination turns out to come not from these machines at all but simply from combining the Josephson and von Klitzing constants, the measurement of which requires nothing more sophisticated than a cryogenic  refrigerator and a voltmeter.12 That this was so was a great surprise when it was discovered, because the samples on which the Josephson and von Klitzing measurements are performed are highly imperfect. Chemical impurities, misplaced atoms, and complex atomic structures such as grain boundaries and surface morphologies are all plentiful and should have been able to disrupt the measurements at the reported level of accuracy. The fact that they do not proves that powerful principles of organization are at work.

One of the reasons physicists so rarely talk about the collective nature of measurements of fundamental constants is that it has such deeply troubling implications. Insofar as our knowledge of the physical world rests on experimental certainty, it is logical that we should associate the greatest truth with the most certain measurement. But this would seem to imply that a collective effect can be more true than the microscopic rules from which it descends. In the case of temperature, a quantity that never had a reductionist definition in the first place, this conclusion is easy to understand and accept. Every physical scientist understands that the tendency of heat to flow from hot things to cold ones is very general and would not be affected if one were to change the microscopic aspects radically—for example, by doubling the masses of all the atoms in the universe—so long as the system did not get small. But the electron charge is another matter. We are accustomed to thinking of this charge as a building block of nature requiring no collective context to make sense. The experiments in question, of course, refute this idea. They reveal that the electron charge makes sense only in a collective context, which may be provided either by the empty vacuum of space, which modifies this charge the same way it modifies atomic wavelengths, or by some matter that preempts the vacuum’s effects. Moreover, the preemptive ability of matter requires the organizational principles at work there to be the same as those at work in the vacuum, since otherwise the effects would be miracles.

The electron charge conundrum, as it turns out, is not unique. All the fundamental constants require an environmental context to make sense. As a practical matter, the distinction between reductionist and emergentist quantities in physics does not exist. It is simply an artistic invention of humans, rather like the genders we sometimes assign to inanimate objects.

The idea of certainty emerging through organization is deeply embedded in the culture of modern biology, and is one of the reasons my colleagues in the life sciences are so eager to declare their tolerance of uncertainty. It shows they know the scoop. What they actually mean by such statements is that microscopic uncertainty does not matter, because organization will create certainty later on at a higher level. Another reason, of course, is that they want to loosen up the purse strings, the political strategy employed by my wife in those spending discussions. In neither case should the tolerance be taken at face value. Were it really the case that the essence of biology is uncertainty, then biology would not be science.

In physics, in contrast, the profound ideological disagreement on where certainty comes from, and what it means, remains unresolved. Instead, we agree not to talk about it. This compromise calls to mind Deng Xiaoping’s famous remark that it does not matter whether a cat is black or white as long as it catches mice.13 It is not uncommon for a committed reductionist to dismiss the evidence of the fundamental nature of collective principles on the grounds that there actually is a deductive path from the microscopic that explains the reproducibility of these experiments. This is incorrect. The microscopic explanation of temperature, for example, has a logical step called the postulate of equal a priori probability—a kind of Murphy’s law of atoms—that cannot be deduced and is a succinct statement of the organizing principle responsible for thermodynamics. 14 The ostensibly deductive explanations of the Josephson and von Klitzing effects always have an “intuitively obvious” step in which the relevant  organizational principles are assumed to be true. They actually are true, of course, so the reasoning is correct, but not necessarily in the sense the reasoner intended. In deference to reductionist culture, theorists often give these effects fancy names, which, on close inspection, are revealed to be nothing more than synonyms for the experiments themselves. In neither case was the great accuracy of the measurement predicted theoretically.

Like other things one does not talk about, unclear thinking about what is fundamental can come back to haunt us later on. Its most insidious effect is to lead us out into the desert by inducing us to search on smaller and smaller scales for meaning that is not there. I have a big problem with this—no doubt for cultural reasons. In the arid part of the world in which I grew up we take the desert seriously.

One of my great-grandfathers came to California by the Santa Fe Trail as a teenager and recorded his experiences along the way in a diary. According to this diary, he and his party had an extremely close shave somewhere in New Mexico. They had pulled into a small town to pick up supplies and water and ask for guidance on how to cross the desert. Upon receiving directions they struck out and, in two days, reached the first water hole and found it dry. Then they pushed on two more days to the second water hole and found it dry, too. Then they pushed on an additional two days and found another dry hole. At this point it became clear that the people back in that town had intended to kill them, so the party held a conclave and resolved on desperate measures. The men unhitched the horses from the wagons, left the women and children in the desert with all the supplies, rode back into town, shot it up, and brought back water. The story obviously had a happy ending, since I am here.

Despite the evidence that even physicists, ostensibly the most logical of scientists, can draw invalid conclusions from precise measurements, precision and certainty will continue to be scientific values that we cannot live without, because striving for certainty in measurement and interpretation is the only foolproof mechanism we have for revealing the principles of organization regulating the universe. Technical knowledge is just as susceptible to political whim as any other kind of knowledge, and it is only the anchor of certainty that gives science its special status and authority. The striving for certainty is not an anachronism of a bygone era promoted by Luddite physicists but the moral core of science. It is like old-time religion—occasionally annoying and tiresome but never irrelevant. All of us, and perhaps even all living beings, use the especially reliable things that nature sees fit to reveal to us as beacons to navigate through an otherwise uncertain world. As with any other aspect of life, one of the worst things a body can do is to allow this system to weaken by miscategorizing a falsehood as a truth. The consequence will be that the system fails at the crucial moment one needs it most, causing one to lose one’s way.
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Nature’s laws are the invisible government of the earth.
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IN 1687 , ISAAC NEWTON CHANGED HISTORY BY LAYING down in the Principia the scientific case for universal physical law.1 Regularity in the natural world had been well understood since ancient times, and Renaissance figures like Galileo, Kepler, and Tycho Brahe had recently refined and quantified this knowledge through careful experimental observation. But Newton went beyond observation of regularity to identify mathematical relationships that were simple, applied always, and accounted for apparently unrelated behaviors simultaneously. Newton’s laws of motion turned out to be so trustworthy that incompatibility with them soon became a reliable indicator of false observations. They found important applications in engineering, chemistry, and commerce and eventually became the logical basis for our entire technological world. Little wonder that Alexander Pope’s famous eulogy still brings a tear to the eye: 



Nature and Nature’s laws lay hid in night. 
God said, Let Newton be! and all was light.
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Much creative energy has gone into testing and exploiting Newton’s laws.

The great influence of Newton’s treatise came not from its explanation of planetary orbits and the tides, which was very beautiful, but from its use of these things to demonstrate the legitimacy of the clockwork universe—the idea that things tomorrow, the day after, and the day after that are completely determined from things now through a set of simple rules and nothing else.2 The stunning quantitative agreement between Newton’s calculations and experimental observations of the planets left no doubt that his rules were correct for astronomical bodies, and that the mystery of the heavens had been solved. The simplicity of these rules, their reasonableness, and their compatibility with Galileo’s terrestrial observations also suggested that they applied much more generally—that they were the machinery of the clock. This has been borne out by subsequent observations. In four centuries of careful experimentation the only documented failures of Newton’s laws of motion have been at atomic-length scales, where the laws of quantum mechanics supplant them.

We know Newton’s laws to be highly accurate because so much creative energy has gone into testing and exploiting them. There are  several classes of tests. One is the careful observation of the motion of astronomical bodies. Newton’s laws not only account for shapes and histories of planetary orbits in detail but also correctly predict the sun’s effects on the orbit of the moon, the complex trajectories of asteroids and comets,3 and the stability of the asteroid belt. The apparent failure of Uranus to obey Newton’s laws led to the discovery of Neptune and then Pluto.4 Another class of test consists in the study and manufacture of accurate mechanical clocks, ranging from the original Huygens pendulum clock and its progeny to the balance wheel chronometer5 and to the quartz oscillator used in modern wristwatches.6 Yet another class is based on the principle of the gyroscope and the technology of the gyrocompass and gyrostabilizer built upon it.7 Newtonian ideas are used in designing machinery and the earthquake stability of tall buildings, and are implicit in-laws of electricity that lead to power transmission, computers, and radio.

Despite the successes of Newton’s laws and the engineering advances they made possible, many people still find the clockwork universe difficult to accept. It flies in the face of our commonsense understanding of the complexity of nature and our belief that the future is not completely predestined but depends on how we choose to behave. It also seems to be inconsistent with everyday experience and to have moral implications that are not right. It can, for example, become an excuse to do anything you wish to other people and create dangerous things as you see fit because nature is, after all, just mechanical. It also can legitimize a bogus faith in logic. I first heard this latter idea articulated by my father long ago during a dinner-table discussion about predestination. At one point he became exasperated with the barrage of ignorant statements about reality from the kids and explained, barely controlling himself, that logic was the systematic method of committing error. Now that I am older I understand what he meant. He knew through painful experience in his law practice that human beings reason by analogy. When we say  something is unreasonable, we usually mean it is not suitably analogous to things we already know. Pure logic is a superstructure built on top of this more primitive reasoning facility and is thus inherently fallible. Unfortunately, we need to be most logical precisely when it is most difficult—when confronted with something new that is not analogous to anything we already know. The ability to do this intensely for long periods of time is what distinguishes the Isaac Newtons and Albert Einsteins from the rest of us. So on this matter my father was right, but only partly. Logic sometimes can, and must, be believed. The material evidence for the clockwork universe has grown over the centuries to become overwhelming. One must look somewhere other than a failure of this idea for the answers to the mysteries of life.

The moral conundrum of material determinism was even more troublesome in the seventeenth century, when physics was being invented, than it is today. In 1633 Galileo Galilei was brought to trial before the Italian Inquisition for violating a 1616 edict against promoting the cosmology of Copernicus. He was found “vehemently suspected of heresy,” a judgment slightly less severe than actual heresy, and was forced to publicly recant his belief that the earth moves about the sun.8 Like many great scientists, Galileo was a rebellious individual. He had left university without a degree in order to pursue his own intellectual agenda of measuring things rather than just thinking about them. His career was dazzlingly successful. We know Galileo today mostly for his invention of the astronomical telescope and the discoveries he made with it, such as sunspots and the moons of Jupiter,9 but his deeper contribution was articulating the fundamental limitations of Aristotle’s discursive approach to science and advocating the need for mathematical precision. The Book of Nature, he wrote in The Assayer in 1623, “. . . is written in the language of mathematics.” 10 Unfortunately, Galileo’s deterministic worldview, forcefully argued in that book, left no room for divine intervention and, perhaps even worse, implicitly promoted the idea that divine things could be understood and mastered by humans. In 1625 he was secretly denounced to the Inquisition for the threat to Eucharistic theology, in particular the doctrine of transubstantiation, in The Assayer, which, ironically, he had dedicated to his good friend Cardinal Maffeo Barberini, on the occasion of his election as Pope Urban VIII in 1623.11 The matter came to a head in 1632 when Galileo published his great work, Dialogue Concerning the Two Chief World Systems, a brilliant and devastating scientific attack on the Ptolemaic universe. 12 On advice that its arguments were so lucid and persuasive that it was more dangerous than Calvin and Luther combined, the Pope ordered that publication of the book cease and that Galileo be brought to trial. He was found guilty and sentenced to house arrest in Arcetri, a small village outside Florence, where he remained for eight years until his death.

Without Galileo, Newton’s work would have been unthinkable. Nearly all of Newton’s essential physical ideas—and the experiments that backed them up—were originally due to Galileo. It was Galileo who first realized that objects did not require an external agent to move them, as Aristotle had thought, but instead moved at constant speed on straight-line trajectories unless acted upon from without. Galileo also invented the idea of velocity as a vector, a quantity with both magnitude and direction. He invented the idea of inertia, the natural resistance of a body to changes in its motion, and was the first to identify the agent for modifying motion as force, a thing that changes the velocity additively from one moment to the next, so that the velocity two seconds from now is the velocity now plus a small increment that depends on the magnitude of the force.

Isaac Newton nonetheless receives the lion’s share of the credit for inventing modern physics because he discovered a way to synthesize all these ideas into a seamless mathematical whole. He was born on Christmas day 1642, the year Galileo died.13 Like Galileo, Newton  was a rebellious individual disinclined to trust authority. In the margin of one of his Cambridge notebooks is scribbled in Latin, “Amicus Plato, amicus Aristoteles; magis amica Veritas.” (Plato is my friend, Aristotle is my friend, but truth is a better friend.) Like many motivated young people of his day, he was fascinated by the new astronomy and had read Galileo and Kepler extensively. We owe Newton’s discoveries in no small measure to the Great Plague, from which he hid at his home in Lincolnshire between 1665 and 1667. While there, presumably with time on his hands, he invented the infinitesimal calculus, the key breakthrough required for explaining Kepler’s observations about planetary orbits—their planarity, their perfect elliptical shape with the sun at one focus, their miraculous accelerations and decelerations that caused equal areas of the ellipse to be swept out in equal times, and the exact mathematical relationship between the size of the orbit and its period. With the notation of calculus, Newton was able to write down Galileo’s rules of motion as simple, precise equations, which could then be solved to obtain an exact description of a body’s motion in response to the forces acting upon it. With this mathematical technology and one further assumption—that the force of gravity weakened in a certain way with distance—he was able to prove that Kepler’s observations actually followed from Galileo’s rules and were not independent phenomena.14 This, in turn, enabled him to argue from the extreme accuracy of Kepler’s observations that Galileo’s rules were exact. Galileo had missed this point entirely. He had ignored Kepler’s laws, which were discovered in his lifetime, and had considered the whole idea of universal gravitation “occult.” Fate had apparently ordained that Galileo should lead his people to the Promised Land but not enter in himself.

One of the greatest disservices we do to our students is to teach them that universal physical law is something that obviously ought to be true and thus may be legitimately learned by rote. This is terrible on many levels, the worst probably being the missed lesson  that meaningful things have to be fought for and often require great suffering to achieve. The attitude of complacency is also opposite to the one that brought these beautiful new ideas into the world in the first place—indeed, what brings things of great importance into the world generally. The existence of physical law is, in fact, astonishing and should be just as troubling to a thinking person today as it was in the seventeenth century when the scientific case for it was first made. We believe in universal physical law not because it ought to be true but because highly accurate experiments have given us no choice.

For some reason I was recently seized with concern about this problem while on a car trip with my family. I asked my son, who was taking physics in high school, what the evidence was that Newton’s laws were true. He is a sympathetic person, so he dutifully rose to the bait, bluffed valiantly, realized that what he was saying did not make any sense, twisted in the wind a bit, mumbled something I could not make out, and then fell silent. I clarified the question by asking him what the key experiments were. More silence. This happy moment was an effect of the universal gene parents have for giving their children reasons to hate them. I was fully aware that he did not know the answer, and I was trying to provoke a thoughtful discussion about planetary orbits—which I successfully did in the end. I am reasonably sure the outcome was positive, but one will only know for sure when negotiations begin for dividing up the estate.

Universal physical law is the iceberg of which the exact physical constant is the small part above water. Both are aspects of the same physical phenomenon, but physical law is the vastly more inclusive concept. In the Far East, where I travel frequently, I like to explain this using an analogy with the Theravada and Mahayana branches of Buddhism.15 In the Theravada, one restricts one’s attention to the conservative teachings of specific historical scholars. In the Mahayana, or “great vehicle,” one considers not only these teachings but  all of their many implications. A universal constant is a measurement that comes out the same every time. A physical law is a relationship between measurements that comes out the same every time. In the case of laws of motion such as Newton’s, it is a relationship between measurements at different moments. Thus when we measure certain things now we need not measure them again in the future (assuming they remain undisturbed) because their values are predestined with certainty. In discussing laws we speak of exact equations instead of exact values, but the core idea is the same. Exactness is what counts. Like exact universal measurements, we tend to classify laws in our minds as either microscopic or collective in origin and use the word fundamental to describe both. As with constants, we find that the difference between these two classifications tends to melt away when the experimental facts are examined closely.

Over the years, as the list of successes of Newton’s laws lengthened, there arose a speculative use of them very different from the original highly conservative one. The new strategy was to assume that Newton’s laws were true in circumstances where one could not verify this directly, compute various physical properties based on this assumption, and then argue from agreement with experiment that the initial assumptions were correct. Thus, for example, the kinetic theory of gases assumes the gas to consist of atoms obeying Newton’s laws with short-ranged repulsive forces that cause them to carom off each other like billiard balls. One then finds that the mythical atoms have a strong tendency to be scrambled into randomness by their collisions—as anyone who has played billiards knows well. This tendency is called the principle of chaos and is the origin of the unpredictability of the weather. 16 After scrambling, the chaotic swarm of billiard balls beautifully emulates the behavior of dilute gases, as well as corrections to ideal gas law as the gas density is increased, which come from the interatomic forces. Thus we say that the kinetic theory “explains” the ideal gas law—meaning that it accounts for the origin of the law.  But this reasoning has the obvious logical flaw that the behavior against which one tests the assumptions might be a universal collective phenomenon. In this case the measurement is fundamentally insensitive to microscopic assumptions, such as the existence of atoms, and therefore does not test them at all. It is a false syllogism: God is love, love is blind, Ray Charles is blind, therefore Ray Charles is God.17 Unfortunately, this is precisely what happened in these theories. Newton’s laws, as it turns out, are wrong at the scale of atoms.

Early in the twentieth century it was discovered that atoms, molecules, and subatomic particles are described by the laws of quantum mechanics—rules so different from Newton’s that scientists struggled to find proper words to describe them. Newton’s laws make profoundly false predictions at this scale, such as atoms having zero size and solids having huge heat capacities at zero temperature that they do not, in fact, have. A beam of helium atoms projected onto an atomically perfect solid surface does not bounce off in all directions, as Newton’s laws predict, but diffracts into rainbows as a beam of light would do.18 Atoms are not billiard balls at all but waves, as are their constituents, which bind together to form atoms the way waves of water bind to make a surge.19

Thus Newton’s legendary laws have turned out to be emergent. They are not fundamental at all but a consequence of the aggregation of quantum matter into macroscopic fluids and solids—a collective organizational phenomenon. They were the first laws to be discovered, they brought the technological age into existence, and they are as exact and true as anything we know in physics—yet they vanish into nothingness when examined too closely. Astonishing as it may seem, many physicists remain in denial. To this day, they organize conferences on the subject and routinely speak about Newton’s laws being an “approximation” for quantum mechanics, valid when the system size is large—even though no legitimate approximation scheme has ever been found. The requirement that Newton’s laws emerge in the  macroscopic limit was christened the principle of correspondence in the early days of quantum mechanics and was used as a constraint in working out the meaning of quantum measurement. The notoriously illogical (and partly wrong) ideas about quantum indeterminism still with us today are untidy consequences of this process. But the correspondence principle remains mathematically unprovable.

I first learned about the emergent nature of Newton’s laws from P. W. Anderson’s famous essay More Is Different. After thinking hard about why metals refrigerated to very low temperatures exhibit the bizarre exactnesses of superconductivity, Anderson realized that the central dilemma was precisely that of the correspondence principle. In other words, superconducting behavior reveals to us, through its exactness, that everyday reality is a collective organizational phenomenon.

So it seems that my poor son was intellectually mugged. I apologize, Todd.
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