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PREFACE

THE EDGE QUESTION

 

In 1981, I founded the Reality Club. From its founding through 1996, the club held its meetings in Chinese restaurants, artists’ lofts, the boardrooms of investment-banking firms, ballrooms, museums, and living rooms, among other venues. The Reality Club differed from the Algonquin Round Table, the Apostles, and the Bloomsbury Group, but it offered the same quality of intellectual adventure. Perhaps the closest resemblance was to the late 18th-and early 19th-century Lunar Society of Birmingham, an informal gathering of the leading cultural figures of the new industrial age—James Watt, Erasmus Darwin, Josiah Wedgwood, Joseph Priestley, Benjamin Franklin. In a similar fashion, the Reality Club was an attempt to gather together those people exploring the themes of the post–Industrial Age.

In 1997, the Reality Club went online, rebranded as Edge. The ideas presented on Edge are speculative; they represent the frontiers in such areas as evolutionary biology, genetics, computer science, neurophysiology, psychology, cosmology, and physics. Emerging out of these contributions is a new natural philosophy, new ways of understanding physical systems, new ways of thinking that call into question many of our basic assumptions.

For each of the anniversary editions of Edge, I and a number of Edge stalwarts, including Stewart Brand, Kevin Kelly, and George Dyson, get together to plan the annual Edge Question—usually one that comes to one or another of us or our correspondents in the middle of the night. It’s not easy coming up with a question. (As the late James Lee Byars, my friend and sometime collaborator, used to say: “I can answer the question, but am I bright enough to ask it?”) We look for questions that inspire unpredictable answers—that provoke people into thinking thoughts they normally might not have. For this year’s question, our thanks go, once again, to Steven Pinker.

Perhaps the greatest pleasure in science comes from theories that derive the solution to some deep puzzle from a small set of simple principles in a surprising way. These explanations are called “beautiful” or “elegant.” Historical examples are Kepler’s explanation of complex planetary motions as simple ellipses, Niels Bohr’s explanation of the periodic table of the elements in terms of electron shells, and James Watson and Francis Crick’s explanation of genetic replication via the double helix. The great theoretical physicist P. A. M. Dirac famously said that “it is more important to have beauty in one’s equations than to have them fit experiment.”

 

The Edge Question 2012

WHAT IS YOUR FAVORITE DEEP, ELEGANT, OR BEAUTIFUL EXPLANATION?

 

The online response to the Edge website this year (http://edge.org/annual-question/) was enormous—some 200 provocative (and often lengthy) discussions. What follows is necessarily an edited selection. In the spirit of Edge, the contributions presented here embrace scientific thinking in the broadest sense: as the most reliable way of gaining knowledge about anything—including such fields of inquiry as philosophy, mathematics, economics, history, language, and human behavior. The common thread is that a simple and nonobvious idea is proposed as the explanation for a diverse and complicated set of phenomena.

 

JOHN BROCKMAN

Publisher & Editor, Edge





EVOLUTION BY MEANS OF NATURAL SELECTION

SUSAN BLACKMORE

Psychologist; author, Consciousness: An Introduction

Of course it has to be Darwin. Nothing else comes close. Evolution by means of natural selection (or indeed any kind of selection—natural or unnatural) provides the most beautiful, elegant explanation in all of science. This simple three-step algorithm explains, with one simple idea, why we live in a universe full of design. It explains not only why we are here but why trees, kittens, Urdu, the Bank of England, Chelsea football team, and the iPhone are here.

You might wonder why, if this explanation is so simple and powerful, no one thought of it before Darwin and Alfred Russel Wallace did, and why even today so many people fail to grasp it. The reason, I think, is that at its heart there seems to be a tautology. It seems as though you are saying nothing when you say that “Things that survive survive” or “Successful ideas are successful.” To turn these tautologies into power, you need to add the context of a limited world in which not everything survives and competition is rife, and also realize that this is an ever-changing world in which the rules of the competition keep shifting.

In that context, being successful is fleeting, and now the three-step algorithm can turn tautology into deep and elegant explanation. Copy the survivors many times with slight variations and let them loose in this ever-shifting world, and only those suited to the new conditions will carry on. The world fills with creatures, ideas, institutions, languages, stories, software, and machines that have all been designed by the stress of this competition.

This beautiful idea is hard to grasp, and I have known many university students who have been taught evolution at school and thought they understood it, but have never really done so. One of the joys of teaching, for me, was to see that astonished look on students’ faces when they suddenly got it. That was heartwarming indeed. But I also call it heartwarming because, unlike some religious folk, when I look out of my window past my computer to the bridge over the river and the trees and cows in the distance, I delight in the simple and elegant competitive process that brought them all into being, and at my own tiny place within it all.





LIFE IS A DIGITAL CODE

MATT RIDLEY

Science writer; founding chairman, International Centre for Life; author, The Rational Optimist

It’s hard now to recall just how mysterious life was on the morning of February 28 and just how much that had changed by lunchtime. Look back at all the answers to the question “What is life?” from before that, and you get a taste of just how we, as a species, floundered. Life consisted of three-dimensional objects of specificity and complexity (mainly proteins). And it copied itself with accuracy. How? How do you set about making a copy of a three-dimensional object? How do you grow it and develop it in a predictable way? This is the one scientific question whose answer absolutely nobody came close to guessing. Erwin Schrödinger had a stab but fell back on quantum mechanics, which was irrelevant. True, he used the phrase “aperiodic crystal,” and if you are generous you can see that as a prediction of a linear code, but I think that’s stretching generosity.

Indeed, the problem had just got even more baffling, thanks to the realization that DNA played a crucial role—because DNA was monotonously simple. All the explanations of life before February 28, 1953, are handwaving waffle and might as well have spoken of protoplasm and vital sparks for all the insight they gave.

Then came the double helix, and the immediate understanding that, as Francis Crick wrote to his son a few weeks later, “some sort of code”—digital, linear, two-dimensional, combinatorially infinite, and instantly self-replicating—was all the explanation you needed. Here’s part of Crick’s letter, March 17, 1953:

 

My Dear Michael,

Jim Watson and I have probably made a most important discovery. . . . Now we believe that the DNA is a code. That is, the order of the bases (the letters) makes one gene different from another gene (just as one page of print is different from another). You can see how Nature makes copies of the genes. Because if the two chains unwind into two separate chains, and if each chain makes another chain come together on it, then because A always goes with T, and G with C, we shall get two copies where we had one before. In other words, we think we have found the basic copying mechanism by which life comes from life. . . . You can understand we are excited.

Never has a mystery seemed more baffling in the morning and an explanation more obvious in the afternoon.





REDUNDANCY REDUCTION AND PATTERN RECOGNITION

RICHARD DAWKINS

Evolutionary biologist; Emeritus Professor of the Public Understanding of Science, Oxford; author, The Magic of Reality

Deep, elegant, beautiful? Part of what makes a theory elegant is its power to explain much while assuming little. Here, Darwin’s natural selection wins hands down. The ratio of the huge amount that it explains (everything about life: its complexity, diversity, and illusion of crafted design) divided by the little that it needs to postulate (nonrandom survival of randomly varying genes through geological time) is gigantic. Never in the field of human comprehension were so many facts explained by assuming so few. Elegant then, and deep—its depths hidden from everybody until as late as the 19th century. On the other hand, for some tastes, natural selection is too destructive, too wasteful, too cruel to count as beautiful. In any case, I can count on somebody else choosing Darwin. I’ll take his great-grandson instead, and come back to Darwin at the end.

Horace Barlow, FRS, is the youngest grandchild of Sir Horace Darwin, Charles Darwin’s youngest child. Now a very active ninety, Barlow is a member of a distinguished lineage of Cambridge neurobiologists. I want to talk about an idea he published in two papers in 1961, on redundancy reduction and pattern recognition. It’s an idea whose ramifications and significance have inspired me throughout my career.

The folklore of neurobiology includes a mythical “grandmother neuron,” which fires only when a very particular image, the face of Jerry Lettvin’s grandmother, falls on the retina (Lettvin was a distinguished American neurobiologist who, like Barlow, worked on the frog retina). The point is that Lettvin’s grandmother is only one of countless images that a brain is capable of recognizing. If there were a specific neuron for everything we can recognize—not just Lettvin’s grandmother but lots of other faces, objects, letters of the alphabet, flowers, each one seen from many angles and distances—we would have a combinatorial explosion. If sensory recognition worked on the grandmother principle, the number of specific-recognition neurons for all possible combinations of nerve impulses would exceed the number of atoms in the universe. Independently, the American psychologist Fred Attneave had calculated that the volume of the brain would have to be measured in cubic light-years. Barlow and Attneave independently proposed redundancy reduction as the answer.

Claude Shannon, inventor of information theory, coined “redundancy” as a kind of inverse of information. In English, “q” is always followed by “u,” so the “u” can be omitted without loss of information. It is redundant. Wherever redundancy occurs in a message (which is wherever there is nonrandomness), the message can be more economically recoded without loss of information—although with some loss in capacity to correct errors. Barlow suggested that at every stage in sensory pathways there are mechanisms tuned to eliminate massive redundancy.

The world at time t is not greatly different from the world at time t-1. Therefore it is not necessary for sensory systems continuously to report the state of the world. They need only signal changes, leaving the brain to assume that everything not reported remains the same. Sensory adaptation is a well-known feature of sensory systems, which does precisely as Barlow prescribed. If a neuron is signaling temperature, for example, the rate of firing is not, as one might naively suppose, proportional to the temperature. Instead, firing rate increases only when there is a change in temperature. It then dies away to a low, resting frequency. The same is true of neurons signaling brightness, loudness, pressure, and so on. Sensory adaptation achieves huge economies by exploiting the nonrandomness in temporal sequence of states of the world.

What sensory adaptation achieves in the temporal domain, the well-established phenomenon of lateral inhibition does in the spatial domain. If a scene in the world falls on a pixelated screen, such as the back of a digital camera or the retina of an eye, most pixels seem the same as their immediate neighbors. The exceptions are those pixels which lie on edges, boundaries. If every retinal cell faithfully reported its light value to the brain, the brain would be bombarded with a hugely redundant message. Great economies can be achieved if most of the impulses reaching the brain come from pixel cells lying along edges in the scene. The brain then assumes uniformity in the spaces between edges.

As Barlow pointed out, this is exactly what lateral inhibition achieves. In the frog retina, for example, every ganglion cell sends signals to the brain, reporting on the light intensity in its particular location on the surface of the retina. But it simultaneously sends inhibitory signals to its immediate neighbors. This means that the only ganglion cells to send strong signals to the brain are those that lie on an edge. Ganglion cells lying in uniform fields of color (the majority) send few if any impulses to the brain, because they, unlike cells on edges, are inhibited by all their neighbors. The spatial redundancy in the signal is eliminated.

The Barlow analysis can be extended to most of what is now known about sensory neurobiology, including Hubel and Wiesel’s famous horizontal-and vertical-line detector neurons in cats (straight lines are redundant, reconstructable from their ends), and in the movement (“bug”) detectors in the frog retina, discovered by the same Jerry Lettvin and his colleagues. Movement represents a nonredundant change in the frog’s world. But even movement is redundant if it persists in the same direction at the same speed. Sure enough, Lettvin and colleagues discovered a “strangeness” neuron in their frogs, which fires only when a moving object does something unexpected, such as speeding up, slowing down, or changing direction. The strangeness neuron is tuned to filter out redundancy of a very high order.

Barlow pointed out that a survey of the sensory filters of a given animal could, in theory, give us a readout of the redundancies present in the animal’s world. They would constitute a kind of description of the statistical properties of that world. Which reminds me, I said I’d return to Darwin. In Unweaving the Rainbow, I suggested that the gene pool of a species is a “Genetic Book of the Dead,” a coded description of the ancestral worlds in which the genes of the species have survived through geological time. Natural selection is an averaging computer, detecting redundancies—repeat patterns—in successive worlds (successive through millions of generations) in which the species has survived (averaged over all members of the sexually reproducing species). Could we take what Barlow did for neurons in sensory systems and do a parallel analysis for genes in naturally selected gene pools? Now, that would be deep, elegant, and beautiful.





THE POWER OF ABSURDITY

SCOTT ATRAN

Anthropologist, Centre National de la Recherche Scientifique, Paris; author, Talking to the Enemy: Faith, Brotherhood, and the (Un)Making of Terrorists

The notion of a transcendent force that moves the universe or history or determines what is right and good—and whose existence is fundamentally beyond reason and immune to logical or empirical disproof—is the simplest, most elegant, and most scientifically baffling phenomenon I know of. Its power and absurdity perturbs mightily and merits careful scientific scrutiny. In an age in which many of the most volatile and seemingly intractable conflicts stem from sacred causes, scientific understanding of how best to deal with the subject has also never been more crucial.

Call it love of Group or God, or devotion to an Idea or Cause, it matters little in the end. It is the “the privilege of absurdity; to which no living creature is subject, but man only,” of which Hobbes wrote in Leviathan. In The Descent of Man, Darwin cast it as the virtue of “morality,” with which winning tribes are better endowed in history’s spiraling competition for survival and dominance. Unlike other creatures, humans define the groups they belong to in abstract terms. Often they strive to achieve a lasting intellectual and emotional bond with anonymous others and seek to heroically kill and die not in order to preserve their own lives or those of people they know but for the sake of an idea—the conception they have formed of themselves, of “who we are.”

Sacred, or transcendental, values and religious ideas are culturally universal, yet content varies markedly across cultures. Sacred values mark the moral boundaries of societies and determine which material transactions are permissible. Material transgressions of the sacred are taboo: We consider people who sell their children or sell out their country to be sociopaths; other societies consider adultery or disregard of the poor immoral, but not necessarily selling children or women or denying freedom of expression.

Sacred values usually become strongly relevant only when challenged, much as food takes on overwhelming value in people’s lives only when denied. People in one cultural milieu are often unaware of what is sacred for another—or, in becoming aware through conflict, find the other side’s values (pro-life vs. pro-choice, say) immoral and absurd. Such conflicts cannot be wholly reduced to secular calculations of interest but must be dealt with on their own terms, a logic different from the marketplace or realpolitik. For example, cross-cultural evidence indicates that the prospect of crippling economic burdens and huge numbers of deaths doesn’t necessarily sway people from choosing to go to war, or to opt for revolution or resistance. As Darwin noted, the virtuous and brave do what is right, regardless of consequences, as a moral imperative. (Indeed, we have suggestive neuroimaging evidence that people process sacred values in parts of the brain devoted to rule-bound behavior rather than utilitarian calculations—think Ten Commandments or Bill of Rights.)

There is an apparent paradox underlying the formation of large-scale human societies. The religious and ideological rise of civilizations—of larger and larger agglomerations of genetic strangers, including today’s nations, transnational movements, and other “imagined communities” of fictive kin—seem to depend upon what Kierkegaard deemed this “power of the preposterous” (as in Abraham’s willingness to slit the throat of his most beloved son to show commitment to an invisible, no-name deity, thus making him the world’s greatest culture hero rather than a child abuser, would-be murderer, or psychotic). Humankind’s strongest social bonds and actions, including the capacities for cooperation and forgiveness, and for killing and allowing oneself to be killed, are born of commitment to causes and courses of action that are “ineffable”—that is, fundamentally immune to logical assessment for consistency and to empirical evaluation for costs and consequences. The more materially inexplicable one’s devotion and commitment to a sacred cause—that is, the more absurd—the greater the trust others place in it and the more that trust generates commitment on their part.

To be sure, thinkers of all persuasions have tried to explain the paradox (most being ideologically motivated and simpleminded), often to show that religion is good, or more usually that religion is unreasonably bad. If anything, evolution teaches that humans are creatures of passion and that reason itself is primarily aimed at social victory and political persuasion rather than philosophical or scientific truth. To insist that persistent rationality is the best means and hope for victory over enduring irrationality—that logical harnessing of facts could someday do away with the sacred and so end conflict—defies all that science teaches about our passion-driven nature. Throughout the history of our species, as for the most intractable conflicts and greatest collective expressions of joy today, utilitarian logic is a pale prospect to replace the sacred.

For Alfred Russel Wallace, moral behavior (along with mathematics, music, and art) was evidence that humans had not evolved through natural selection alone: “The special faculties we have been discussing clearly point to the existence in man of something which he has not derived from his animal progenitors—something which we may best refer to as being of a spiritual essence . . . beyond all explanation by matter, its laws and forces.”* His disagreement with Darwin on this subject was longstanding, at one point prompting the latter to protest, “I hope you have not murdered too completely your own and my child.”* But Darwin himself produced no causal account of how humans became moral animals, other than to say that because our ancestors were so physically weak, only group strength could get them through. Religion and the sacred, banned so long from reasoned inquiry by the ideological bias of all persuasions—perhaps because the subject is so close to who we want or don’t want to be—is still a vast, tangled, and largely unexplored domain for science, however simple and elegant for most people everywhere in everyday life.





HOW APPARENT FINALITY CAN EMERGE

CARLO ROVELLI

Theoretical physicist, Centre de Physique Théorique, University of Marseille; author, Quantum Gravity

Darwin, no doubt. The beauty and the simplicity of his explanation is astonishing. I am sure that others have pointed out Darwinian natural selection as their favorite deep, elegant, beautiful explanation, but I still want to emphasize the general reach of Darwin’s central intuition, which goes well beyond the monumental result of having clarified that we share the same ancestors with all living beings on Earth and is directly relevant to the core of the entire scientific enterprise.

Shortly after the ancient Greek physicists started developing naturalistic explanations of nature, a general objection arose. The objection is well articulated in Plato—for instance, in the Phaedo—and especially in Aristotle’s discussion of the theory of the “causes.” Naturalistic explanations rely on what Aristotle called “the efficient cause”—namely, past phenomena producing effects. But the world appears to be dominated by phenomena that can be understood in terms of “final causes”—that is, an “aim” or a “purpose.” These are evident in the kingdom of life. We have mouths “so” we can eat. The importance of this objection cannot be underestimated. It brought down ancient naturalism, and in the minds of many it is still the principal source of psychological resistance to a naturalistic understanding of the world.

Darwin discovered the spectacularly simple mechanism by which efficient causes produce phenomena that appear to be governed by final causes. Anytime we have phenomena that can reproduce, the actual phenomena we observe are those that keep reproducing and therefore are necessarily better at reproducing, and we can thus read them in terms of final causes. In other words, a final cause can be effective for understanding the world because it’s a shortcut in accounting for the past history of a continuing phenomenon.

To be sure, this idea has appeared before. Empedocles speculated that the apparent finality in the living kingdom could be the result of selected randomness, and Aristotle himself, in his Physics, mentions a version of this idea for species (“seeds”). But the times were not yet ripe and the suggestion was lost in the following religious ages. I think the resistance to Darwin is not just difficulty in seeing the power of a spectacularly beautiful explanation but fear of realizing the extraordinary power such an explanation has in shattering old worldviews.





THE OVERDUE DEMISE OF MONOGAMY

AUBREY DE GREY

Gerontologist; chief science officer, SENS Foundation; author, Ending Aging

There are many persuasive arguments from evolutionary biology explaining why various species, notably Homo sapiens, have adopted a lifestyle in which males and females pair up long-term. But my topic here is not one of those explanations. Instead, it is the explanation for why we are close—far closer than most people, even most readers of Edge, yet appreciate—to the greatest societal, as opposed to technological, advance in the history of civilization.

In 1971, the American philosopher John Rawls coined the term “reflective equilibrium” to denote “a state of balance or coherence among a set of beliefs arrived at by a process of deliberative mutual adjustment among general principles and particular judgments.”* In practical terms, reflective equilibrium is about how we identify and resolve logical inconsistencies in our prevailing moral compass. Examples such as the rejection of slavery and of innumerable “isms” (sexism, ageism, etc.) are quite clear: The arguments that worked best were those highlighting the hypocrisy of maintaining acceptance of existing attitudes in the face of already established contrasting attitudes in matters that were indisputably analogous.

Reflective equilibrium gets my vote for the most elegant and beautiful explanation, because of its immense breadth of applicability and also its lack of dependence on other controversial positions. Most important, it rises above the question of cognitivism, the debate over whether there is any such thing as objective morality. Cognitivists assert that certain acts are inherently good or bad, regardless of the society in which they do or do not occur—very much as the laws of physics are generally believed to be independent of those observing their effects. Noncognitivists claim, by contrast, that no moral position is universal and that each (hypothetical) society makes its own moral rules unfettered, so that even acts we would view as unequivocally immoral could be morally unobjectionable in some other culture. But when we make actual decisions concerning whether such-and-such a view is morally acceptable or not, reflective equilibrium frees us from the need to take a view on the cognitivism question. In a nutshell, it explains why we don’t need to know whether morality is objective.

I highlight monogamy here because, of the many topics to which reflective equilibrium can be usefully applied, Western society’s position on monogamy is at the most critical juncture. Monogamy today compares with heterosexuality not too many decades ago, or tolerance of slavery 150 years ago. Quite a lot of people depart from it, a much smaller minority actively advocate the acceptance of departure from it, but most people advocate it and disparage the minority view. Why is this the “critical juncture”? Because it is the point at which enlightened thought-leaders can make the greatest difference to the speed with which the transition to the morally inescapable position occurs.

First let me make clear that I refer here to sex and not (necessarily, anyway) to deeper emotional attachments. Whatever one’s views or predilections concerning the acceptability or desirability of having deep emotional attachments with more than one partner, fulfillment of the responsibilities they entail tends to take a significant proportion of the twenty-four hours of everyone’s day. The complications arising from this inconvenient truth are a topic for another time. In this essay, I focus on liaisons casual enough (whether or not repeated) that availability of time is not a major issue.

An argument from reflective equilibrium always begins with identification of the conventional views, with which one then makes a parallel. In this case, it’s all about jealousy and possessiveness. Consider chess, or drinking. These are rarely solitary pursuits. Now, is it generally considered reasonable for a friend with whom one sometimes plays chess to feel aggrieved when one plays chess with someone else? Indeed, if someone exhibited possessiveness in such a matter, would they not be viewed as unacceptably overbearing and egotistical?

My claim is probably obvious by now. It is simply that there is nothing about sex that morally distinguishes it from other activities performed by two (or more) people collectively. In a world no longer driven by reproductive efficiency, and presuming that all parties are taking appropriate precautions in relation to pregnancy and disease, sex is overwhelmingly a recreational activity. What, then, can morally distinguish it from other recreational activities? Once we see that nothing does, reflective equilibrium forces us to one of two positions: Either we start to resent the temerity of our regular chess opponents playing others, or we cease to resent the equivalent in sex.

My prediction that monogamy’s end is extremely nigh arises from my reference to reproductive efficiency above. Every single society in history has seen a precipitous reduction in fertility following its achievement of a level of prosperity that allowed reasonable levels of female education and emancipation. Monogamy is virtually mandated when a woman spends her entire adult life with young children underfoot, because continuous financial support cannot otherwise be ensured. But when it is customary for those of both sexes to be financially independent, this logic collapses. This is especially so for the increasing proportion of men and women who choose to delay having children until middle age (if then).

I realize that rapid change in a society’s moral compass needs more than the removal of influences maintaining the status quo; it also needs an active impetus. What is the impetus in this case? It is simply the pain and suffering that arises when the possessiveness and jealousy inherent in the monogamous mind-set butt heads with the asynchronous shifts of affection and aspiration inherent in the response of human beings to their evolving social interactions. Gratuitous suffering is anathema to all. Thus, the realization that this particular category of suffering is wholly gratuitous has not only irresistible moral force (via the principle of reflective equilibrium) but also immense emotional utility.

The writing is on the wall.





BOLTZMANN’S EXPLANATION OF THE SECOND LAW OF THERMODYNAMICS

LEONARD SUSSKIND

Felix Bloch Professor of Physics, Stanford; director, Stanford Institute for Theoretical Physics; author, The Black Hole War: My Battle with Stephen Hawking to Make the World Safe for Quantum Mechanics

“What is your favorite deep, elegant, or beautiful explanation?” That’s a tough question for a theoretical physicist; theoretical physics is all about deep, elegant, beautiful explanations, and there are many to choose from.

Personally, my favorites are explanations that get a lot for a little. In physics, that means a simple equation or a very general principle. I have to admit, though, that no equation or principle appeals to me more than Darwinian evolution, with the selfish-gene mechanism thrown in. To me, it has what the best physics explanations have: a kind of mathematical inevitability. But there are many people who can explain evolution better than I, so I will stick to what I know best.

The guiding star for me, as a physicist, has always been Ludwig Boltzmann’s explanation of the second law of thermodynamics—the law that says that entropy never decreases. To the physicists of the late 19th century, this was a very serious paradox. Nature is full of irreversible phenomena—things that easily happen but could not possibly happen in reverse order. However, the fundamental laws of physics are completely reversible: Any solution of Newton’s equations can be run backwards and it’s still a solution. So if entropy can increase, the laws of physics say it must be able to decrease. But experience says otherwise. For example, if you watch a movie of a nuclear explosion in reverse, you know very well that it’s fake. As a rule, things go one way and not the other. Entropy increases.

What Boltzmann realized is that the second law—entropy never decreases—is not a law in the same sense as Newton’s law of gravity or Faraday’s law of induction. It’s a probabilistic law that has the same status as the following obvious claim: If you flip a coin a million times, you will not get a million heads. It simply won’t happen. But is it possible? Yes, it is; it violates no law of physics. Is it likely? Not at all. Boltzmann’s formulation of the second law was very similar. Instead of saying entropy does not decrease, he said entropy probably doesn’t decrease. But if you wait around long enough in a closed environment, you will eventually see entropy decrease; by accident, particles and dust will come together and form a perfectly assembled bomb. How long? According to Boltzmann’s principles, the answer is the exponential of the entropy created when the bomb explodes. That’s a very long time, a lot longer than the time it takes to flip a million heads in a row.

I’ll give you a simple example to see how it’s possible for things to be more probable one way than the other, despite both being possible. Imagine a high hill that comes to a narrow point—a needle point—at the top. Now imagine a bowling ball balanced at the top of the hill. A tiny breeze comes along. The ball rolls off the hill, and you catch it at the bottom. Next, run it in reverse: The ball leaves your hand, rolls up the hill, and with infinite finesse, comes to the top—and stops! Is it possible? It is. Is it likely? It is not. You would have to have almost perfect precision to get the ball to the top, let alone to have it stop dead-balanced. The same is true with the bomb. If you could reverse every atom and particle with sufficient accuracy, you could make the explosion products reassemble themselves. But a tiny inaccuracy in the motion of just one single particle and all you would get is more junk.

Here’s another example: Drop a bit of black ink into a tub of water. The ink spreads out and eventually makes the water gray. Will a tub of gray water ever clear up and produce a small drop of ink? Not impossible, but very unlikely.

Boltzmann was the first to understand the statistical foundation for the second law, but he was also the first to understand the inadequacy of his own formulation. Suppose you came upon a tub that had been filled a zillion years ago and had not been disturbed since. You notice the odd fact that it contains a somewhat localized cloud of ink. The first thing you might ask is, What will happen next? The answer is that the ink will almost certainly spread out more. But by the same token, if you ask what most likely took place a moment before, the answer would be the same: It was probably more spread out a moment ago than it is now. The most likely explanation would be that the ink blob is just a momentary fluctuation.

Actually, I don’t think you’d come to that conclusion at all. A much more reasonable explanation is that, for reasons unknown, the tub started not so long ago with a concentrated drop of ink, which then spread. Understanding why ink and water go one way becomes a problem of “initial conditions.” What set up the concentration of ink in the first place?

The water and ink is an analogy for the question of why entropy increases. It increases because it’s most likely that it will increase. But the equations say that it’s also most likely that it increases toward the past. To understand why we have this sense of direction, one must ask the same question Boltzmann did: Why was the entropy very small at the beginning? What created the universe in such a special low-entropy way? That’s a cosmological question we are still very uncertain about.

I began telling you what my favorite explanation is, and I ended up telling you what my favorite unsolved problem is. I apologize for not following the instructions. But that’s the way of all good explanations. The better they are, the more questions they raise.





THE DARK MATTER OF THE MIND

JOEL GOLD

Psychiatrist; clinical associate professor of psychiatry, NYU School of Medicine

There are people who want a stable marriage yet continue to cheat on their wives.

There are people who want a successful career yet continue to undermine themselves at work.

Aristotle defined man as a rational animal. Contradictions like these show that we are not. All people live with the conflicts between what they want and how they live. For most of human history we had no way to explain this paradox, until Freud’s discovery of the unconscious resolved it. Before Freud, we were restricted to our conscious awareness when looking for answers regarding what we knew and felt. All we had to explain incompatible thoughts, feelings, and motivations was limited to what we could access in consciousness. We knew what we knew and we felt what we felt. Freud’s elegant explanation postulated a conceptual space, not manifest to us, where irrationality rules. This aspect of the mind is not subject to the constraints of rationality, such as logical inference, cause and effect, and linear time. The unconscious explains why presumably rational people live irrational lives.

Critics may take exception as to what Freud believed resides in the unconscious—drives both sexual and aggressive, defenses, conflicts, fantasies, affects, and beliefs—but no one would deny its existence; the unconscious is now a commonplace. How else to explain our stumbling through life, unsure of our motivations, inscrutable to ourselves? I wonder what a behaviorist believes is at play while he is in the midst of divorcing his third astigmatic redhead.

The universe consists primarily of dark matter. We can’t see it, but it has an enormous gravitational force. The conscious mind—much like the visible aspect of the universe—is only a small fraction of the mental world. The dark matter of the mind, the unconscious, has the greatest psychic gravity. Disregard the dark matter of the universe and anomalies appear. Ignore the dark matter of the mind and our irrationality is inexplicable.





“THERE ARE MORE THINGS IN HEAVEN AND EARTH . . . THAN ARE DREAMT OF IN YOUR PHILOSOPHY.”

ALAN ALDA

Actor, writer, director; host of PBS program The Human Spark; author, Things I Overheard While Talking to Myself

That doesn’t sound like an explanation, but I take it that way. For me, Hamlet’s admonition explains the confusion and uncertainty of the universe (and, lately, the multiverse). It urges us on when, as they always will, our philosophies produce anomalies. It answers the unspoken question, “WTF?” With every door into nature we nudge open, 100 new doors become visible, each with its own inscrutable combination lock. It is both an explanation and a challenge, because there’s always more to know.

I like the way it endlessly loops back on itself. Every time you discover a new thing in heaven or earth, it becomes part of your philosophy, which will eventually be challenged by new new things.

Like all explanations, of course, it has its limits. Hamlet says it to urge Horatio to accept the possibility of ghosts. It could just as well be used to prompt belief in UFOs, astrology, and even God—as if to say that that something is proved to exist by the very fact that you can’t disprove it exists.

Still, the phrase can get us places. Not as a taxi to the end of thinking but as a passport to exploration. These words of Hamlet’s are best thought of as a ratchet—a word earthily beautiful in sound and meaning: Keep moving on, but preserve what works. We need Einstein for GPS, but we can still get to the moon with Newton.





AN UNRESOLVED (AND THEREFORE UNBEAUTIFUL) REACTION TO THE EDGE QUESTION

REBECCA NEWBERGER GOLDSTEIN

Philosopher, novelist; Franke Visiting Fellow, Whitney Humanities Center, Yale; author, 36 Arguments for the Existence of God: A Work of Fiction

This year’s Edge Question sits uneasily on a deeper question: Where do we get the idea—a fantastic idea, if you stop and think about it—that the beauty of an explanation has anything to do with the likelihood of its being true? What do beauty and truth have to do with each other? Is there any good explanation of why the central notion of aesthetics (fluffy) should be inserted into the central notion of science (rigorous)?

You might think that rather than being a criterion for assessing explanations, the sense of beauty is a phenomenon to be explained away. Take, for example, our impression that symmetrical faces and bodies are beautiful. Symmetry, it turns out, is a good indicator of health and consequently of mate-worthiness. It’s a significant challenge for an organism to coordinate the production of its billions of cells so that its two sides proceed to develop as perfect matches, warding off disease and escaping injury, mutation, and malnutrition. Symmetrical female breasts, for example, are a good predictor of fertility. As our lustful genes know, the achievement of symmetry is a sign of genetic robustness; we find lopsidedness a turnoff. So, too, in regard to other components of human beauty—radiant skin, shining eyes, neotony (at least in women). The upshot is that we don’t want to mate with people because they’re beautiful; rather, they’re beautiful because we want to mate with them, and we want to mate with them because our genes are betting on them as replicators.

So, too, you might think that beauty of every sort is to be similarly explained away, an attention-grabbing epiphenomenon with no substance of its own. Which brings me to the Edge Question concerning beautiful explanations. Is there anything to this notion of explanatory beauty, a guide to choosing between explanatory alternatives, or is it just that any explanation that’s satisfactory will, for that very reason and no other, strike us as beautiful, beautifully explanatory, so that the reference to beauty is, once again, without any substance? That would be an explanation for the mysterious injection of aesthetics into science. The upshot would be that explanations aren’t satisfying because they’re beautiful; rather, they’re beautiful because they’re satisfying. They strip the phenomenon bare of all mystery and maybe, as a bonus, pull in further phenomena which can be rendered nonmysterious using the same sort of explanation. Can explanatory beauty be explained away, summarily dismissed by way of an eliminative explanation? (Eliminative explanations are beautiful.)

I’d like to stop here, with a beautiful explanation for explaining away explanatory beauty, but somebody is whispering in my ear. It’s that damned Plato. Plato is going on about how there is more in the idea of explanatory beauty than is acknowledged in the eliminative explanation. In particular, he’s insisting, as he does in his Timaeus, that the beauty of symmetry, especially as it’s expressed in the mathematics of physical laws, cannot be explained away with the legerdemain of the preceding paragraph. He’s reproaching the eliminative explanation of explanatory beauty with ignoring the many examples in history when the insistence on the beauty of symmetry led to substantive scientific progress. What was it that led James Clerk Maxwell to his four equations of electromagnetism but his trying to impose mathematical symmetry on the domains of electricity and magnetism? What was it that led Einstein to his equations of gravity but an insistence on beautiful mathematics?

Eliminative explanations are beautiful, but only when they truly and thoroughly explain. So instead of offering an answer to this year’s Edge Question, I offer instead an unresolved (and, therefore, unbeautiful) reaction to the deep question on which it rests.





PTOLEMY’S UNIVERSE

JAMES J. O’DONNELL

Classicist; provost, Georgetown University; author, The Ruin of the Roman Empire

Claudius Ptolemy explained the sky. He was an Egyptian who wrote in Greek in the Roman Empire, in the time of emperors like Trajan and Hadrian. His most famous book was called by its Arabic translators the Almagest. He inherited a long ancient tradition of astronomical science going back to Mesopotamia, but he put his name and imprint on the most successful and so far longest-lived mathematical description of the working of the skies.

Ptolemy’s geocentric universe is now known mainly as the thing that was rightly abandoned by Copernicus, Kepler, Newton, and Einstein, in progressive waves of the advancement of modern science, but he deserves our deep admiration. Ptolemy’s universe actually made sense. He knew the difference between planets and stars and he knew that the planets take some explaining. (The Greek word planet means “wanderer,” to reflect ancient puzzlement that those bright lights moved according to no pattern that a shepherd or seaman could intuitively predict, unlikely the reassuringly confident annual march of Orion or the rotation of the great bears overhead.) So Ptolemy represents the heavenly machine in a complex mathematical system most notorious for its “epicycles”—the orbits within orbits, so to speak, by which the planets, while orbiting the Earth, spun off their orbits in smaller circles that explained their seeming forward and backward motion in the night sky.

We should admire Ptolemy for many reasons, but chief among them is this: He did his job seriously and responsibly with the tools he had. Given what he knew, his system was brilliantly conceived, mathematically sound, and a huge advance over what had gone before. His observations were patient and careful and as complete as could be, his mathematical calculations correct. More, his mathematical system was as complicated as it needed to be and at the same time as simple as it could be, given what he had to work with. He was, in short, a real scientist. He set the standard.

It took a long time and there were some long arguments before astronomy could advance beyond what he offered—and that’s a sign of his achievement. But when advance was possible, Ptolemy had made it impossible for advance to come through wishful thinking, witch doctors, or fantasy. His successors in the great age of modern astronomy had to play by his rules. They needed to observe more carefully, do their math with exacting care, and propose systems at the poise point of complexity and simplicity. Ptolemy challenged the moderns to outdo him—and so they could and did. We owe him a lot.





QUASI-ELEGANCE

PAUL STEINHARDT

Albert Einstein Professor in Science, Departments of Physics and Astrophysical Sciences, Princeton University; coauthor (with Neil Turok), Endless Universe

My first exposure to true elegance in science was through a short semi-popular book entitled Symmetry, written by the renowned mathematician Hermann Weyl. I discovered the book in the fourth grade and have returned to reread passages every few years. The book begins with the intuitive aesthetic notion of symmetry for the general reader, drawing interesting examples from art, architecture, biological forms, and ornamental design. By the fourth and final chapter, though, Weyl turns from vagary to precise science as he introduces elements of group theory, the mathematics that transforms symmetry into a powerful tool.

To demonstrate its power, Weyl outlines how group theory can be used to explain the shapes of crystals. Crystals have fascinated humans throughout history because of the beautiful faceted shapes they form. Most rocks contain an amalgam of different minerals, each of which is crystalline but which have grown together or crunched together or weathered to the point that facets are unobservable. Occasionally, though, the same minerals form individual large faceted crystals; that’s when we find them most aesthetically appealing. “Aluminum oxide” may not sound like something of value, but add a little chromium and give nature sufficient time, and you have a ruby worthy of kings.

The crystal facets found in nature meet only at certain angles corresponding to one of a small set of symmetries. But why does matter take some shapes and not others? What scientific information do the shapes convey? Weyl explains how these questions can be answered by seemingly unrelated abstract mathematics aimed at answering a different question: What shapes can be used to tessellate a plane or fill space if the shapes are identical, meet edge-to-edge, and leave no spaces?

Squares, rectangles, triangles, parallelograms, and hexagons can do the job. Perhaps you imagine that many other polygons would work as well—but try and you will discover there are no more possibilities. Pentagons, heptagons, octagons, and all other regular polygons cannot fit together without leaving spaces. Weyl’s little book describes the mathematics allowing a full classification of possibilities; the final tally is only 17 in two dimensions (the so-called wallpaper patterns) and 230 in three dimensions.

The stunning fact about the list was that it precisely matched the list observed for crystals’ shapes found in nature. The inference is that crystalline matter is like a tessellation made of indivisible, identical building blocks that repeat to make the entire solid. Of course, we know today that these building blocks are clusters of atoms or molecules. However, bear in mind that the connection between the mathematics and real crystals was made in the 19th century, when the atomic theory was still in doubt. It is amazing that an abstract study of tiles and building blocks can lead to a keen insight about the fundamental constituents of matter and a classification of all possible arrangements of them. It is a classic example of what physicist Eugene Wigner referred to as the “unreasonable effectiveness of mathematics in the natural sciences.”

The story does not end there. With the development of quantum mechanics, group theory and symmetry principles have been used to predict the electronic, magnetic, elastic, and other physical properties of solids. Emulating this triumph, physicists have successfully used symmetry principles to explain the fundamental constituents of nuclei and elementary particles, as well as the forces through which they interact.

As a young student reading Weyl’s book, I thought crystallography seemed like the ideal of what one should be aiming for in science: elegant mathematics that provides a complete understanding of all physical possibilities. Ironically, many years later, I played a role in showing that my “ideal” was seriously flawed. In 1984, Dan Shechtman, Ilan Blech, Denis Gratias, and John Cahn reported the discovery of a puzzling man-made alloy of aluminum and manganese with icosahedral symmetry.* Icosahedral symmetry, with its six fivefold symmetry axes, is the most famous forbidden crystal symmetry. As luck would have it, Dov Levine (Technion) and I had been developing a hypothetical idea of a new form of solid we dubbed quasicrystals, short for “quasiperiodic crystals.” (A quasiperiodic atomic arrangement means the atomic positions can be described by a sum of oscillatory functions whose frequencies have an irrational ratio.) We were inspired by a two-dimensional tiling invented by Sir Roger Penrose known as the Penrose tiling, comprised of two tiles arranged in a fivefold symmetric pattern. We showed that quasicrystals could exist in three dimensions and were not subject to the rules of crystallography. In fact, they could have any of the symmetries forbidden to crystals. Furthermore, we showed that the diffraction patterns predicted for icosahedral quasicrystals matched the Shechtman et al. observations.

Since 1984, quasicrystals with other forbidden symmetries have been synthesized in the laboratory. The 2011 Nobel Prize in chemistry was awarded to Dan Shechtman for his experimental breakthrough that changed our thinking about possible forms of matter. More recently, colleagues and I have found evidence that quasicrystals may have been among the first minerals to have formed in the solar system.

The crystallography I first encountered in Weyl’s book, thought to be complete and immutable, turned out to be woefully incomplete, missing literally an uncountable number of possible symmetries for matter. Perhaps there is a lesson to be learned: While elegance and simplicity are often useful criteria for judging theories, they can sometimes mislead us into thinking we are right when we are actually infinitely wrong.





MATHEMATICAL OBJECT OR NATURAL OBJECT?

SHING-TUNG YAU

Mathematician, Harvard University; coauthor (with Steve Nadis), The Shape of Inner Space

Most scientific facts are based on things we cannot see with the naked eye or hear with our ears or feel with our hands. Many of them are described and guided by mathematical theory. In the end, it becomes difficult to distinguish a mathematical object from objects in nature.

One example is the concept of a sphere. Is the sphere part of nature or is it a mathematical artifact? That is difficult for a mathematician to say. Perhaps the abstract mathematical concept is actually a part of nature. And it is not surprising that this abstract concept actually describes nature quite accurately.





SIMPLICITY

FRANK WILCZEK

Theoretical physicist, MIT; corecipient, 2004 Nobel Prize in Physics; author, The Lightness of Being

We all have an intuitive sense of what “simplicity” means. In science, the word is often used as a term of praise. We expect that simple explanations are more natural, sounder, and more reliable than complicated ones. We abhor epicycles, or long lists of exceptions and special cases. But can we take a crucial step further, to refine our intuitions about simplicity into precise, scientific concepts? Is there a simple core to “simplicity”? Is simplicity something we can quantify and measure?

When I think about big philosophical questions, which I probably do more than is good for me, one of my favorite techniques is to try to frame the question in terms that could make sense to a computer. Usually it’s a method of destruction: It forces you to be clear, and once you dissipate the fog, you discover that very little of your big philosophical question remains. Here, however, in coming to grips with the nature of simplicity, the technique proved creative, for it led me straight toward a (simple) profound idea in the mathematical theory of information—the idea of description length. The idea goes by several different names in the scientific literature, including algorithmic entropy and Kolmogorov-Smirnov-Chaitin complexity. Naturally I chose the simplest one.

Description length is actually a measure of complexity, but for our purposes that’s just as good, since we can define simplicity as the opposite—or, numerically, the negative—of complexity. To ask a computer how complex something is, we have to present that “something” in a form the computer can deal with—that is, as a data file, a string of 0s and 1s. That’s hardly a crippling constraint: We know that data files can represent movies, for example, so we can ask about the simplicity of anything we can present in a movie. Since our movie might be a movie recording scientific observations or experiments, we can ask about the simplicity of a scientific explanation.

Interesting data files might be very big, of course. But big files need not be genuinely complex; for example, a file containing trillions of 0s and nothing else isn’t genuinely complex. The idea of description length is, simply, that a file is only as complicated as its simplest description. Or, to put it in terms a computer could relate to, a file is as complicated as the shortest program that can produce it from scratch. This defines a precise, widely applicable, numerical measure of simplicity.

An impressive virtue of this notion of simplicity is that it illumines and connects other attractive, successful ideas. Consider, for example, the method of theoretical physics. In theoretical physics, we try to summarize the results of a vast number of observations and experiments in terms of a few powerful laws. We strive, in other words, to produce the shortest possible program that outputs the world. In that precise sense, theoretical physics is a quest for simplicity.

It’s appropriate to add that symmetry, a central feature of the physicist’s laws, is a powerful simplicity enabler. For example, if we work with laws that have symmetry under space-and time-translation—in other words, laws that apply uniformly, everywhere and everywhen—then we don’t need to spell out new laws for distant parts of the universe or for different historical epochs, and we can keep our world-program short.

Simplicity leads to depth: For a short program to unfold into rich consequences, it must support long chains of logic and calculation, which are the essence of depth.

Simplicity leads to elegance: The shortest programs will contain nothing gratuitous. Every bit will play a role, for otherwise we could expunge it and make the program shorter. And the different parts will have to function together smoothly, in order to make a lot from a little. Few processes are more elegant, I think, than the construction, following the program of DNA, of a baby from a fertilized egg.

Simplicity leads to beauty: For it leads, as we’ve seen, to symmetry, which is an aspect of beauty. As, for that matter, are depth and elegance.

Thus simplicity, properly understood, explains what it is that makes a good explanation deep, elegant, and beautiful.
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