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To Mom
















Heaven holds a sense of wonder


And I wanted to believe


That I’d get caught up


When the rage in me subsides


—SARAH MCLACHLAN, “SILENCE”

















PREFACE



THEY WERE so sure, they bet billions on it. For decades physicists told us they knew where the next discoveries were waiting. They built accelerators, shot satellites into space, and planted detectors in underground mines. The world prepared to ramp up the physics envy. But where physicists expected a breakthrough, the ground wouldn’t give. The experiments didn’t reveal anything new.


What failed physicists wasn’t their math; it was their choice of math. They believed that Mother Nature was elegant, simple, and kind about providing clues. They thought they could hear her whisper when they were talking to themselves. Now Nature spoke, and she said nothing, loud and clear.


Theoretical physics is the stereotypical math-heavy, hard-to-understand discipline. But for a book about math, this book contains very little math. Strip away equations and technical terms and physics becomes a quest for meaning—a quest that has taken an unexpected turn. Whatever laws of nature govern our universe, they’re not what physicists thought they were. They’re not what I thought they were.


Lost in Math is the story of how aesthetic judgment drives contemporary research. It is my own story, a reflection on the use of what I was taught. But it is also the story of many other physicists who struggle with the same tension: we believe the laws of nature are beautiful, but is not believing something a scientist must not do?
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The Hidden Rules of Physics




In which I realize I don’t understand physics anymore. I talk to friends and colleagues, see I’m not the only one confused, and set out to bring reason back to Earth.




The Conundrum of the Good Scientist


I invent new laws of nature; it’s what I do for a living. I am one of some ten thousand researchers whose task is to improve our theories of particle physics. In the temple of knowledge, we are the ones digging in the basement, probing the foundations. We inspect the cracks, the suspicious shortcomings in existing theories, and when we find ourselves onto something, we call for experimentalists to unearth deeper layers. In the last century, this division of labor between theorists and experimentalists worked very well. But my generation has been stunningly unsuccessful.


After twenty years in theoretical physics, most people I know make a career by studying things nobody has seen. They have concocted mind-boggling new theories, like the idea that our universe is but one of infinitely many that together form a “multiverse.” They have invented dozens of new particles, declared that we are projections of a higher-dimensional space, and that space is spawned by wormholes that tie together distant places.


These ideas are highly controversial and yet exceedingly popular, speculative yet intriguing, pretty yet useless. Most of them are so difficult to test, they are practically untestable. Others are untestable even theoretically. What they have in common is that they are backed up by theoreticians convinced that their math contains an element of truth about nature. Their theories, they believe, are too good to not be true.


The invention of new natural laws—theory development—is not taught in classes and not explained in textbooks. Some of it physicists learn studying the history of science, but most of it they pick up from older colleagues, friends and mentors, supervisors and reviewers. Handed from one generation to the next, much of it is experience, a hard-earned intuition for what works. When asked to judge the promise of a newly invented but untested theory, physicists draw upon the concepts of naturalness, simplicity or elegance, and beauty. These hidden rules are ubiquitous in the foundations of physics. They are invaluable. And in utter conflict with the scientific mandate of objectivity.


The hidden rules served us badly. Even though we proposed an abundance of new natural laws, they all remained unconfirmed. And while I witnessed my profession slip into crisis, I slipped into my own personal crisis. I’m not sure anymore that what we do here, in the foundations of physics, is science. And if not, then why am I wasting my time with it?






[image: ]








I WENT INTO physics because I don’t understand human behavior. I went into physics because math tells it how it is. I liked the cleanliness, the unambiguous machinery, the command math has over nature. Two decades later, what prevents me from understanding physics is that I still don’t understand human behavior.


“We cannot give exact mathematical rules that define if a theory is attractive or not,” says Gian Francesco Giudice. “However, it is surprising how the beauty and elegance of a theory are universally recognized by people from different cultures. When I tell you, ‘Look, I have a new paper and my theory is beautiful,’ I don’t have to tell you the details of my theory; you will get why I’m excited. Right?”


I don’t get it. That’s why I am talking to him. Why should the laws of nature care what I find beautiful? Such a connection between me and the universe seems very mystical, very romantic, very not me.


But then Gian doesn’t think that nature cares what I find beautiful, but what he finds beautiful.


“Most of the time it’s a gut feeling,” he says, “nothing that you can measure in mathematical terms: it is what one calls physical intuition. There is an important difference between how physicists and mathematicians see beauty. It’s the right combination between explaining empirical facts and using fundamental principles that makes a physical theory successful and beautiful.”


Gian is head of the theory division at CERN, the Conseil Européen pour la Recherche Nucléaire. CERN operates what is currently the largest particle collider, the Large Hadron Collider (LHC), humankind’s closest look yet at the elementary building blocks of matter: a $6 billion, 16-mile underground ring to accelerate protons and smash them together at almost the speed of light.


The LHC is a compilation of extremes: supercooled magnets, ultrahigh vacuum, computer clusters that, during the experiments, record about three gigabytes of data—comparable to several thousand ebooks—per second. The LHC brought together thousands of scientists, decades of research, and billions of high-tech components for one purpose: find out what we’re made of.


“Physics is a subtle game,” Gian continues, “and discovering its rules requires not only rationality but also subjective judgment. For me it is this unreasonable aspect that makes physics fun and exciting.”


I am calling from my apartment, cardboard boxes are stacked around me. My appointment in Stockholm has come to an end; it’s time to move on and chase another research grant.


When I graduated, I thought this community would be a home, a family of like-minded inquirers seeking to understand nature. But I have become increasingly alienated by colleagues who on the one hand preach the importance of unbiased empirical judgment and on the other hand use aesthetic criteria to defend their favorite theories.


“When you find a solution to a problem you have been working on, you get this internal excitement,” says Gian. “It is the moment in which you suddenly start seeing the structure emerging behind your reasoning.”


Gian’s research has focused on developing new theories of particle physics that hold the prospect of solving problems in existing theories. He has pioneered a method to quantify how natural a theory is, a mathematical measure from which one can read off how much a theory relies on improbable coincidences.1 The more natural a theory, the less coincidence it requires, and the more appealing it is.


“The sense of beauty of a physical theory must be something hardwired in our brain and not a social construct. It is something that touches some internal chord,” he says. “When you stumble on a beautiful theory you have the same emotional reaction that you feel in front of a piece of art.”


It’s not that I don’t know what he is talking about; I don’t know why it matters. I doubt my sense of beauty is a reliable guide to uncovering fundamental laws of nature, laws that dictate the behavior of entities that I have no direct sensory awareness of, never had, and never will have. For it to be hardwired in my brain, it ought to have been beneficial during natural selection. But what evolutionary advantage has there ever been to understanding quantum gravity?


And while creating works of beauty is a venerable craft, science isn’t art. We don’t seek theories to evoke emotional reactions; we seek explanations for what we observe. Science is an organized enterprise to overcome the shortcomings of human cognition and to avoid the fallacies of intuition. Science isn’t about emotion—it’s about numbers and equations, data and graphs, facts and logic.


I think I wanted him to prove me wrong.


When I ask Gian what he makes of the recent LHC data, he says: “We are so confused.” Finally, something I understand.



Failure


In the first years of its operation, the LHC dutifully delivered a particle called the Higgs boson, the existence of which had been predicted back in the 1960s. My colleagues and I had high hopes that this billion-dollar project would do more than just confirm what nobody doubted. We had found some promising cracks in the foundations that convinced us the LHC would also create other, so far undiscovered particles. We were wrong. The LHC hasn’t seen anything that would support our newly invented laws of nature.


Our friends in astrophysics haven’t fared much better. In the 1930s they had discovered that galaxy clusters contain a lot more mass than all visible matter combined can possibly account for. Even allowing for large uncertainty in the data, a new type of “dark matter” is needed to explain the observations. Evidence for the gravitational pull of dark matter has piled up, so we are sure it is there. What it is made of, however, has remained a mystery. Astrophysicists believe it is some type of particle not present here on Earth, one that neither absorbs nor emits light. They thought up new laws of nature, unconfirmed theories, to guide the construction of detectors meant to test their ideas. Starting in the 1980s, dozens of experimental crews have been hunting for these hypothetical dark matter particles. They haven’t found them. The new theories have remained unconfirmed.


It looks similarly bleak in cosmology, where physicists try in vain to understand what makes the universe expand faster and faster, an observation attributed to “dark energy.” They can mathematically show that this strange substrate is nothing but the energy carried by empty space, and yet they cannot calculate the amount of energy. It’s one of the cracks in the foundations that physicists attempt to peer through, but so far they have failed to see anything in support of the new theories they designed to explain dark energy.


Meanwhile, in the field of quantum foundations, our colleagues want to improve a theory that has no shortcomings whatsoever. They act based on the conviction that something is wrong with mathematical structures that don’t correspond to measurable entities. It irks them that, as Richard Feynman, Niels Bohr, and other heroes of last century’s physics complained, “nobody understands quantum mechanics.” Researchers in quantum foundations want to invent better theories, believing, as everyone else does, they are on the right crack. Alas, all experiments have upheld the predictions of the not-understandable theory from the last century. And the new theories? They are still untested speculations.


An enormous amount of effort went into these failed attempts to find new laws of nature. But for more than thirty years now we have not been able to improve the foundations of physics.
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SO YOU want to know what holds the world together, how the universe was made, and what rules our existence goes by? The closest you will get to an answer is following the trail of facts down into the basement of science. Follow it until facts get sparse and your onward journey is blocked by theoreticians arguing whose theory is prettier. That’s when you know you’ve reached the foundations.


The foundations of physics are those ingredients of our theories that cannot, for all we presently know, be derived from anything simpler. At this bottommost level we presently have space, time, and twenty-five particles, together with the equations that encode their behavior. The subjects of my research area, then, are particles that move through space and time, occasionally hitting each other or forming composites. Don’t think of them as little balls; they are not, because of quantum mechanics (more about that later). Better think of them as clouds that can take on any shape.


In the foundations of physics we deal only with particles that cannot be further decomposed; we call them “elementary particles.” For all we presently know, they have no substructure. But the elementary particles can combine to make up atoms, molecules, proteins—and thereby create the enormous variety of structure we see around us. It’s these twenty-five particles that you, I, and everything else in the universe are made of.


But the particles themselves aren’t all that interesting. What is interesting are the relations between them, the principles that determine their interaction, the structure of the laws that gave birth to the universe and enabled our existence. In our game, it’s the rules we care about, not the pieces. And the most important lesson we have learned is that nature plays by the rules of mathematics.


Made of Math


In physics, theories are made of math. We don’t use math because we want to scare away those not familiar with differential geometry and graded Lie algebras; we use it because we are fools. Math keeps us honest—it prevents us from lying to ourselves and to each other. You can be wrong with math, but you can’t lie.


Our task as theoretical physicists is to develop the mathematics to either describe existing observations, or to make predictions that guide experimental strategies. Using mathematics in theory development enforces logical rigor and internal consistency; it ensures that theories are unambiguous and conclusions are reproducible.


The success of math in physics has been tremendous, and consequently this quality standard is now rigorously enforced. The theories we build today are sets of assumptions—mathematical relations or definitions—together with interpretations that connect the math with real-world observables.


But we don’t develop theories by writing down assumptions and then derive observable consequences in a sequence of theorems and proofs. In physics, theories almost always start out as loose patchworks of ideas. Cleaning up the mess that physicists generate in theory development, and finding a neat set of assumptions from which the whole theory can be derived, is often left to our colleagues in mathematical physics—a branch of mathematics, not of physics.


For the most part, physicists and mathematicians have settled on a fine division of labor in which the former complain about the finickiness of the latter, and the latter complain about the sloppiness of the former. On both sides, though, we are crucially aware that progress in one field drives progress in the other. From probability theory to chaos theory to the quantum field theories at the base of modern particle physics, math and physics have always proceeded hand in hand.


But physics isn’t math. Besides being internally consistent (not giving rise to conclusions that contradict each other) a successful theory must also be consistent with observation (not be in contradiction with the data). In my area of physics, where we deal with the most fundamental questions, this is a stringent demand. There is so much existing data that doing all the necessary calculations for newly proposed theories simply isn’t feasible. It is also unnecessary because there is a shortcut: We first demonstrate that a new theory agrees with the well-confirmed old theories to within measurement precision, thus reproducing the old theory’s achievements. Then we only have to add calculations for what more the new theory can explain.


Demonstrating that a new theory reproduces all the achievements of successful old theories can be extremely difficult. This is because a new theory might use an entirely different mathematical framework that looks nothing like that of the old theory. Finding a way to show that both nevertheless arrive at the same predictions for already-made observations often requires finding a suitable way to reformulate the new theory. This is straightforward in cases where the new theory directly employs the math of the old one, but it can be a big hurdle with entirely new frameworks.


Einstein, for example, struggled for years to prove that general relativity, his new theory of gravity, would reproduce the successes of the predecessor, Newtonian gravity. The problem wasn’t that he had the wrong theory; the problem was that he didn’t know how to find Newton’s gravitational potential in his own theory. Einstein had all the math right, but the identification with the real world was missing. Only after several wrong attempts did he hit on the right way to do it. Having the right math is only part of having the right theory.


There are other reasons we use math in physics. Besides keeping us honest, math is also the most economical and unambiguous terminology that we know of. Language is malleable; it depends on context and interpretation. But math doesn’t care about culture or history. If a thousand people read a book, they read a thousand different books. But if a thousand people read an equation, they read the same equation.


The main reason we use math in physics, however, is because we can.


Physics Envy


While logical consistency is always a requirement for a scientific theory, not all disciplines lend themselves to mathematical modeling—using a language so rigorous doesn’t make sense if the data don’t match the rigor. And of all the scientific disciplines, physics deals with the simplest of systems, making it ideally suited for mathematical modeling.


In physics, the subjects of study are highly reproducible. We understand well how to control experimental environments and which effects can be neglected without sacrificing accuracy. Results in psychology, for example, are hard to reproduce because no two people are alike, and it is rarely known exactly which human quirks might play a role. But that’s a problem we don’t have in physics. Helium atoms don’t get hungry and are just as well-tempered on Monday as on Friday.


This precision is what makes physics so successful, but also what makes it so difficult. To the uninitiated, the many equations might appear inaccessible, but handling them is a matter of education and habituation. Understanding the math is not what makes physics difficult. The real difficulty is finding the right math. You can’t just take anything that looks like math and call it a theory. It’s the requirement that a new theory needs to be consistent, both internally consistent and consistent with experiment—with each and every experiment—that makes it so difficult.


Theoretical physics is a highly developed discipline. The theories that we work with today have stood up to a great many experimental tests. And every time the theories passed another test, it has become a little more difficult to improve anything about them. A new theory needs to accommodate all of the present theories’ success and still be a little better.


As long as physicists developed theories to explain existing or upcoming experiments, success meant getting the right numbers with the least amount of effort. But the more observations our theories could describe, the more difficult it became to test a proposed improvement. It took twenty-five years from the prediction of the neutrino to its detection, almost fifty years to confirm the Higgs boson, a hundred years to directly detect gravitational waves. Now the time it takes to test a new fundamental law of nature can be longer than a scientist’s full career. This forces theorists to draw upon criteria other than empirical adequacy to decide which research avenues to pursue. Aesthetic appeal is one of them.


In our search for new ideas, beauty plays many roles. It’s a guide, a reward, a motivation. It is also a systematic bias.


Invisible Friends


The movers have picked up my boxes, most of which I never bothered to unpack, knowing I wouldn’t stay here. Echoes of past moves return from empty cabinets. I call my friend and colleague Michael Krämer, professor of physics in Aachen, Germany.


Michael works on supersymmetry, “susy” for short. Susy predicts a large number of still undiscovered elementary particles, a partner for each of the already known particles and a few more. Among the proposed new laws of nature, susy is presently the most popular one. Thousands of my colleagues bet their careers on it. But so far, none of those extra particles have been seen.


“I think I started working on susy because that’s what people worked on when I was a student, in the mid- to late nineties,” says Michael.


The mathematics of susy is very similar to that of already established theories, and the standard physics curriculum is good preparation for students to work on susy. “It’s a well-defined framework; it was easy,” says Michael. It was a good choice. Michael received tenure in 2004 and now heads the research group New Physics at the Large Hadron Collider, funded by the German Research Foundation.


“I also like symmetries. That made it attractive for me.”
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AS I’VE noted, on our quest to understand what the world is made of, we have found twenty-five different elementary particles. Supersymmetry completes this collection with a set of still undiscovered partner particles, one for each of the known particles, and some additional ones. This supersymmetric completion is appealing because the known particles are of two different types, fermions and bosons (named after Enrico Fermi and Satyendra Bose, respectively), and supersymmetry explains how these two types belong together.


Fermions are extreme individuals. No matter how hard you try, you will not get two of them to do the same thing in the same place—there must always be a difference between them. Bosons, on the other hand, have no such constraint and are happy to join each other in a common dance. This is why electrons, which are fermions, sit on separate shells around atomic nuclei. If they were bosons, they would instead sit together on the same shell, leaving the universe without chemistry—and without chemists, as our own existence rests on the little fermions’ refusal to share space.


Supersymmetry postulates that the laws of nature remain the same when bosons are exchanged with fermions. This means that every known boson must have a fermionic partner, and every known fermion must have a bosonic partner. But besides differing in their fermionic or bosonic affiliation, partner particles must be identical.


Since none of the already known particles match as required, we have concluded there are no supersymmetric pairs among them. Instead, new particles must be waiting to be discovered. It’s like we have a collection of odd pots and lids and are convinced that certainly the matching pieces must be around somewhere.


Unfortunately, the equations of supersymmetry do not tell us what the masses of the susy partners are. Since it takes more energy to produce heavier particles, a particle is more difficult to find when its mass is larger. All we have learned so far is that the superpartners, if they exist, are so heavy that the energy of our experiments isn’t yet large enough to create them.


Supersymmetry has much going for it. Besides revealing that bosons and fermions are two sides of the same coin, susy also aids in the unification of fundamental forces and has the potential to explain several numerical coincidences. Moreover, some of the supersymmetric particles have just the right properties to make up dark matter. I’ll tell you more about that in the later chapters.
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SUPERSYMMETRY FITS so snugly with the existing theories that many physicists are convinced it must be right. “Despite the efforts of many hundreds of physicists conducting experiments in search of these particles, no superpartners have ever been observed or detected,” writes Fermilab physicist Dan Hooper. Yet “this has had little effect in deterring the theoretical physicists who passionately expect nature to be formulated this way—to be supersymmetric. To many of these scientists, the ideas behind supersymmetry are simply too beautiful and too elegant not to be part of our universe. They solve too many problems and fit into our world too naturally. To these true believers, the superpartner particles simply must exist.”2


Hooper isn’t the only one to emphasize the strength of this conviction. “For many theoretical physicists, it is hard to believe that supersymmetry does not play a role somewhere in nature,” notes physicist Jeff Forshaw.3 And in a 2014 Scientific American article titled “Supersymmetry and the Crisis in Physics,” particle physicists Maria Spiropulu and Joseph Lykken support their hope that evidence will come in, eventually, with the assertion that “it is not an exaggeration to say that most of the world’s particle physicists believe that supersymmetry must be true” (their emphasis).4


It adds to susy’s appeal that a symmetry relating bosons and fermions was long thought impossible because a mathematical proof seemed to forbid it.5 But no proof is better than its assumptions. It turned out that if the proof’s assumptions are relaxed, supersymmetry instead is the largest possible symmetry that can be accommodated in the existing theories.6 And how could nature not make use of such a beautiful idea?
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FOR ME the most beautiful aspect of susy was always that it was the biggest kind of symmetry,” recalls Michael. “I found this appealing. When I learned about this exception I thought, ‘Oh, this is interesting,’ because to me it seemed that this idea—you impose symmetries and you find the right laws of nature, even if you don’t understand exactly why it works—seems like a powerful principle. So it seemed to me worthwhile to pursue this.”


When I was a student, in the late 1990s, the simplest susy models had already run into conflict with data and the process of designing more complicated but still viable models had begun.7 To me it looked like a field where nothing new could be said without first detecting the predicted particles. I decided to stay away from susy until that happened.


It hasn’t happened. No evidence for susy was found at the Large Electron Positron (LEP) collider, which ran until 2000. Neither was anything found at the Tevatron, a collider that reached higher energies than LEP and that ran until 2011. The even more powerful LHC, which reused LEP’s tunnel, has been running since 2008, but susy hasn’t shown up.


Still, I worry that I made a big mistake not going into the field that so many of my colleagues regarded, and continue to regard, as so promising.


For many years, the lore was that something new has to appear at the LHC because otherwise the best existing description of particle physics—the standard model—would not be natural according to the measures introduced, among others, by Gian Francesco Giudice. These mathematical formulae to measure naturalness rest on the belief that a theory with very large or very small numbers isn’t pretty.


We will explore throughout the rest of this book whether this belief is justified. For now it suffices to say it’s widespread. In a 2008 paper, Giudice explained: “The concept of naturalness… developed through a ‘collective motion’ of the community which increasingly emphasized their relevance to the existence of physics beyond the Standard Model.”8 And the more they studied naturalness, the more they became convinced that to avoid ugly numerical coincidences new discoveries had to be made soon.


“In hindsight, it is surprising how much emphasis was put on this naturalness argument,” says Michael. “If I look back, people repeated the same argument, again and again, not really reflecting on it. They were saying the same thing, saying the same thing, for ten years. It is really surprising that this was the main driver for so much of model building. Looking back, I find this strange. I still think naturalness is appealing, but I’m not convinced anymore that this points to new physics at the LHC.”


The LHC finished its first run in February 2013, then shut down for an upgrade. The second run at higher energies started in April 2015. Now it is October 2015, and in the coming months we expect to see preliminary results of run two.


“You should talk to Arkani-Hamed,” Michael says. “He is a naturalness supporter—a very interesting guy. He is really influential, especially in the US—it’s amazing. He works on something for a while and gathers followers, and then he moves to something else the next year. Ten years ago, he worked on this model with natural susy and he talked about it so convincingly that everybody started looking into this. And then two years later he writes this paper on unnatural susy!”


Nima Arkani-Hamed made his name in the late 1990s for proposing, together with Savas Dimopoulos and Gia Dvali, that our universe might have additional dimensions, rolled up to small radii but still large enough to be testable with particle accelerators.9 The idea that additional dimensions exist is not new—it dates back to the 1920s.10 The genius of Arkani-Hamed and collaborators was to propose that these dimensions are so large they might become testable soon, a suggestion that inspired thousands of physicists to calculate and publish further details. The argument for why the LHC should reveal the extra dimensions was naturalness. “Naturalness requires that the migration into the extra dimensions cannot be postponed much beyond the TeV scale,” the authors argued in their first work on what is now known, after their initials, as the ADD model.* To date, the paper has been cited more than five thousand times. That makes it one of the most-cited papers in physics, ever.


In 2002, after I got stuck with a self-chosen PhD topic about a variant of the 1920s version of extra dimensions, my supervisor convinced me that I had better switch to its modern incarnation. And so I too wrote some papers on testing extra dimensions at the LHC. But the LHC hasn’t seen any evidence for extra dimensions. I began questioning arguments from naturalness. Nima Arkani-Hamed moved on from large extra-dimensions to susy and is now professor of physics at the Institute for Advanced Studies in Princeton.


I make a mental note to talk to Nima.


“He’s much harder to get than I am, of course. I don’t think he replies to emails that easily,” Michael tells me. “He is driving the whole US particle physics landscape. And he has this argument that we need a 100 TeV collider to test naturalness. And now maybe the Chinese will build his collider—who knows!”


As it becomes increasingly clear that the LHC will not deliver the awaited evidence for prettier laws of nature, particle physicists once again shift hopes to the next bigger collider. Nima is one of the main advocates for building a new circular particle accelerator in China.


But regardless of what else might be discovered at higher energies, that the LHC so far hasn’t found any new elementary particles means that the correct theory is, by physicists’ standards, unnatural. We have indeed maneuvered ourselves into an oxymoronic situation in which, according to our own beauty requirements, nature itself is unnatural.


“Am I worried? I don’t know. I’m confused,” says Michael, “I’m honestly confused. Before the LHC, I thought something must happen. But now? I’m confused.” It sounds familiar.


IN BRIEF




• Physicists use a lot of math and are really proud that it works so well.


• But physics isn’t math, and theory development needs data for guidance.


• In some areas of physics there hasn’t been new data for decades.


• In the absence of guidance from experiments, theorists use aesthetic criteria.


• They get confused if that doesn’t work.







* The abbreviation eV stands for “electron volt” and is a measure of energy. A TeV is 1012, or a trillion, eV. The LHC can maximally deliver about 14 TeV. Hence the LHC is said to be “testing the TeV scale.”
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What a Wonderful World




In which I read a lot of books about dead people and find that everyone likes pretty ideas but that pretty ideas sometimes work badly. At a conference I begin to worry that physicists are about to discard the scientific method.




Where We Come From


While I was in school I hated history, but since then I have come to recognize the usefulness of quoting dead people to support my convictions. I won’t even pretend to give you a historical account of the role of beauty in science, because really I am more interested in the future than in the past, and also because others have been to the scene before.1 But if we are to see how physics has changed, I have to tell you how it used to be.


Until the end of the nineteenth century it was quite common for scientists to view nature’s beauty as a sign of divinity. As they sought—and found—explanations that formerly had been territory of the church, the inexplicable harmony revealed by the laws of nature reassured the religious that science posed no risk for the supernatural.


Around the turn of the century, when science separated from religion and became more professionalized, its practitioners ceased to assign the beauty of natural law to godly influence. They marveled over harmony in the rules that govern the universe but left the interpretation of that harmony open, or at least marked their belief as personal opinion.


In the twentieth century, aesthetic appeal morphed from a bonus of scientific theories to a guide in their construction until, finally, aesthetic principles turned into mathematical requirements. Today we don’t reflect on arguments from beauty anymore—their nonscientific origins have gotten “lost in math.”
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AMONG THE first to formulate quantitative laws of nature was the German mathematician and astronomer Johannes Kepler (1571–1630), whose work was strongly influenced by his religious belief. Kepler had a model for the solar system in which the then-known planets—Mercury, Venus, Earth, Mars, Jupiter, and Saturn—moved in circular orbits around the Sun. The radii of their orbits were determined by regular polyhedra—the Platonic solids—stacked inside each other, and the distances between the planets thus obtained fit well with observations. It was a pretty idea: “It is absolutely necessary that the work of such a perfect creator should be of the greatest beauty,” Kepler opined.


With the help of tables that detailed the planets’ exact positions, Kepler later convinced himself that his model was wrong, and concluded that the planets move in ellipses, not circles, around the Sun. His new idea was promptly met with disapproval; he had failed to meet the aesthetic standard of the time.


He received criticism in particular from Galileo Galilei (1564–1641), who believed that “only circular motion can naturally suit bodies which are integral parts of the universe as constituted in the best arrangement.”2 Another astronomer, David Fabricius (1564–1617), complained that “with your ellipse you abolish the circularity and uniformity of the motions, which appears to me the more absurd the more profoundly I think about it.” Fabricius, as many at the time, preferred to amend the planetary orbits by adding “epicycles,” which were smaller circular motions around the already circular orbits. “If you could only preserve the perfect circular orbit and justify your elliptic orbit by another little epicycle,” Fabricius wrote to Kepler, “it would be much better.”3


But Kepler was right. The planets do move in ellipses around the Sun.


After evidence forced him to give up the beautiful polyhedra, Kepler, in later life, became convinced that the planets play music along their paths. In his 1619 book Harmony of the World he derived the planet’s tunes and concluded that “the Earth sings Mi-Fa-Mi.” It wasn’t his best work. But Kepler’s analysis of the planetary orbits laid a basis for the later studies of Isaac Newton (1643–1727), the first scientist to rigorously use mathematics.


Newton believed in the existence of a god whose influence he saw in the rules that nature obeyed: “This most beautiful system of the Sun, planets, and comets, could only proceed from the counsel and dominion of an intelligent Being,” he wrote in 1726, “Every newly found truth, every experiment or theorem, is a new mirror of the beauty of God.”4 Since their inception, Newton’s laws of motion and gravitation have been radically overhauled, but they remain valid today as approximations.


Newton and his contemporaries had no qualms about combining religion with science—back then this was generally accepted procedure. The most inclusive of them all might have been Gottfried Wilhelm Leibniz (1646–1716), who developed calculus around the same time, but independently of Newton. Leibniz believed the world we inhabit is “the best of all possible worlds” and all existing evil is necessary. He argued that the shortcomings of the world are “based upon the too slight acquaintance which we have with the general harmony of the universe and with the hidden reasons for God’s conduct.”5 In other words, according to Leibniz, the ugly is ugly because we don’t understand what beauty is.


Leibniz’s argument, as much as philosophers and theologians like to argue about it, is useless without defining what “best” even means. But the underlying idea that our universe is optimal in some sense gained a foothold in science and stomped through the centuries. Once expressed mathematically, it grew into a giant on whose shoulders all modern physical theories stand.6 Contemporary theories merely differ in the way in which they require a system to behave in the “best” way. Einstein’s theory of general relativity, for example, can be derived by requiring the curvature of space-time to be as small as possible; similar methods exist for the other interactions. Still, physicists today struggle to find an overarching principle according to which our universe is the “best”—a problem we will come back to later.


How We Got Here


As the centuries passed and mathematics became more powerful, references to God in physics slowly faded away, or combined with the laws of nature themselves. At the end of the nineteenth century, Max Planck (1858–1947) believed that “the holiness of the unintelligible Godhead is conveyed by the holiness of symbols.” Then, as the nineteenth century turned into the twentieth, beauty gradually morphed into a guiding principle for theoretical physicists, a transition that was solidified with the development of the standard model.


Hermann Weyl (1885–1955), a mathematician who made important contributions to physics, was rather unapologetic about his not-so scientific methods: “My work always tries to unite the true with the beautiful; but when I had to choose one or the other, I usually chose the beautiful.”7 The astrophysicist Edward Arthur Milne (1896–1950), influential during the development of general relativity, regarded “beauty as a road to knowledge, or rather as being the only knowledge worth having.” In a 1922 talk at the Cambridge University Natural Science Club, he complained about the profusion of ugly research:




One only has to look through the back files of scientific periodicals, say of 50 years back, to come across dozens of papers which have served no purpose in the extension of scientific knowledge and which never could have done, mere fungi on the trunk of the scientific tree, and like fungi, constantly reappearing if swept away.… [But if a paper] evokes in us those emotions which we associate with beauty no further justification is needed; it is not a fungus but a blossom; it is a terminus of science, the end of a line of inquiry in which science has reached its ultimate goal. It is the ugly papers which require justification.8





Paul Dirac (1902–1984), a Nobel laureate who has an equation named after him, went a step further and spelled out instructions: “The research worker, in his efforts to express the fundamental laws of Nature in mathematical form, should strive mainly for mathematical beauty.”9 On another occasion, when asked to summarize his philosophy of physics, Dirac took to the blackboard and wrote “PHYSICAL LAWS SHOULD HAVE MATHEMATICAL BEAUTY.”10 The historian Helge Kragh concluded his biography of Dirac with the observation that “after 1935 [Dirac] largely failed to produce physics of lasting value. It is not irrelevant to point out that the principle of mathematical beauty governed his thinking only during the later period.”11


Albert Einstein, who really needs no introduction, worked himself into a state in which he believed that thought alone can reveal the laws of nature: “I am convinced that we can discover by means of purely mathematical constructions the concepts and the laws connecting them with each other, which furnish the key to the understanding of natural phenomena.… In a certain sense, therefore, I hold it true that pure thought can grasp reality, as the ancients dreamed.”12 To be fair to the man, he did in other instances emphasize the need for observation.


Jules Henri Poincaré, who made many contributions to both math and physics but is perhaps best-known for his discovery of deterministic chaos, praised the practical use of beauty: “Thus we see that care for the beautiful leads us to the same selection as care for the useful.”13 Poincaré considered “economy of thought” (Denkökonomie—a term coined by Ernst Mach) to be “a source of beauty as well as a practical advantage.” The human aesthetic sense, he argued, “plays the part of the delicate sieve” that helps the researcher to develop a good theory, and “this harmony is at once a satisfaction of our aesthetic requirements and an assistance to the mind which it supports and guides.”14


And Werner Heisenberg, one of the founders of quantum mechanics, boldly believed that beauty has a grasp on truth: “If nature leads us to mathematical forms of great simplicity and beauty we cannot help thinking that they are ‘true,’ that they reveal a genuine feature of nature.”15 As his wife recalls:




One moonlit night, we walked over the Hainberg Mountain, and he was completely enthralled by the visions he had, trying to explain his newest discovery to me. He talked about the miracle of symmetry as the original archetype of creation, about harmony, about the beauty of simplicity, and its inner truth.16





Beware the moonlight walks with theoretical physicists—sometimes enthusiasm gets the better of us.


What We Are Made Of


When I was a teenager, in the 1980s, there weren’t many popular science books about contemporary theoretical physics or, heaven forbid, mathematics. Dead people’s biographies were the place to look. Browsing through books in the library, I pictured myself a theoretical physicist, puffing on a pipe while sitting in a leather armchair, thinking big thoughts while absentmindedly stroking my beard. Something seemed wrong with that picture. But the message that math plus thought can decode nature made a deep impression on me. If this was a skill that could be learned, it was what I wanted to learn.


One of the few popular science books that covered modern physics in the 1980s was Anthony Zee’s Fearful Symmetry.17 Zee, who was then and still is a professor of physics at the University of California, Santa Barbara, wrote: “My colleagues and I, we are the intellectual descendants of Albert Einstein; we like to think that we too search for beauty.” And he laid out the program: “In this century physicists have become increasingly ambitious.… No longer content to explain this phenomenon or that, they have become imbued with the faith that Nature has an underlying design of beautiful simplicity.”


Not only have they become “imbued with faith” in beauty, but they have found means to express their faith in mathematical form: “Physicists developed the notion of symmetry as an objective criterion in judging Nature’s design,” Zee wrote. “Given two theories, physicists feel that the more symmetrical one, generally, is the more beautiful. When the beholder is a physicist, beauty means symmetry.”
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FOR THE physicist, a symmetry is an organizing principle that avoids unnecessary repetition. Any type of pattern, likeness, or order can be mathematically captured as an expression of symmetry. The presence of a symmetry always reveals a redundancy and allows simplification. Hence, symmetries explain more with less.


For example, rather than telling you today’s sky looks blue in the west and the east and the north and the south and the southwest, and so on, I can just say it looks blue in every direction. This independence on the direction is a rotational symmetry, and it makes it sufficient to spell out how a system looks in one direction, followed by saying it’s the same in all other directions. The benefit is fewer words or, in our theories, fewer equations.


The symmetries that physicists deal with are more abstract versions of this simple example, like rotations among multiple axes in internal mathematical spaces. But it always works the same way: find a transformation under which the laws of nature remain invariant and you’ve found a symmetry. Such a symmetry transformation may be anything for which you can write down an unambiguous procedure—a shift, a rotation, a flip, or really any other operation that you can think of. If this operation does not make a difference to the laws of nature, you have found a symmetry. With that, you save the effort of having to explain the changes the operation leads to; instead, you can just state there are no changes. It’s Mach’s “economy of thought.”


In physics we use many different types of symmetries, but they have one thing in common: they are potent unifying principles because they explain how things that once appeared very different actually belong together, connected by a symmetry transformation. Often, however, it isn’t easy to find the correct symmetry to simplify large stacks of data.


The most stunning success of symmetry principles might have been the development of the quark model. Since the advent of particle colliders in the 1930s, physicists had been slamming particles together at ever higher energies. By the mid-1940s, they were reaching energies that could probe the structure of the atomic core, and the number of particles began blowing up. First there were the charged pions and kaons. Then came the neutral pion and the neutral kaon, the first delta resonances, a particle dubbed lambda, the charged sigmas, the rhos, an omega, the eta, the K-star, the phi meson—and that was only the beginning. Enrico Fermi, when asked by Leon Lederman what he thought about the recent discovery of a particle named the K-zero-two, said: “Young man, if I could remember the names of these particles I would have been a botanist.”18


Altogether, physicists detected hundreds of particles, all of which were unstable and decayed quickly. These particles seemed to have no apparent relation to each other, quite contrary to the physicists’ hope that the laws of nature would get simpler for the more fundamental constituents of matter. By the 1960s, accommodating this “particle zoo” in a comprehensive theory had become a major research agenda.


One of the most popular approaches at the time was to just forgo the desire for explanation, and to collect the particles’ properties in a big table—the scattering matrix or S-matrix—which was the very opposite of beauty and economy. Then came Murray Gell-Mann. He identified the correct properties of the particles—called hypercharge and isospin—and it turned out all the particles could be classified by symmetric patterns known as multiplets.
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FIGURE 1. The baryon decouplet is an example of the use of symmetries in theoretical physics. Gell-Mann used its incompleteness to predict the omega minus (Ω−), the particle at the bottom tip.


Later it became clear that the multiplets’ regularities meant the observed particles were composed of smaller entities that—for reasons not well understood at the time—had never been detected in isolation. Gell-Mann called the smaller constituents “quarks.”19 The light composites, called mesons, are made of two quarks, and the heavier composites, called baryons, are made of three quarks. (All mesons are unstable. The baryons include neutrons and protons, which build atomic nuclei.)


The symmetry in the resulting patterns, once revealed, is apparent to the eye (see Figure 1). Remarkably, when Gell-Mann proposed this idea, several of the multiplets were still incomplete. The symmetry requirement therefore prompted him to predict the particles necessary to fill in the pattern, in particular a meson known as omega minus. It was later found with the properties that Gell-Mann had calculated, and he was awarded the Nobel Prize in 1969. Beauty had won over the ugly, postmodern S-matrix approach.


This episode was only the start of a series of successes scored by symmetries. Symmetry principles also guided the development and, eventually, the unification of the electromagnetic interaction with the weak nuclear force into the electroweak interaction. The strong nuclear interaction likewise was explained by a symmetry among elementary particles. And in hindsight, Einstein’s theories of special and general relativity could be understood as expressions of symmetry requirements.
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THE MODERN faith in beauty’s guidance is, therefore, built on its use in the development of the standard model and general relativity; it is commonly rationalized as an experience value: they noticed it works, and it seems only prudent to continue using it. Gell-Mann himself relates that “in fundamental physics a beautiful or elegant theory is more likely to be right than a theory that is inelegant.”20 Lederman, the young man who asked Fermi about the K-zero-two, went on to win a Nobel Prize as well, and he too became a beauty convert: “We believe that nature is best described in equations that are as simple, beautiful, compact and universal as possible.”21


Steven Weinberg, who was awarded a Nobel Prize for unifying the electromagnetic and weak interaction, likes to make an analogy with horse breeding: “[The horse breeder] looks at a horse and says ‘That’s a beautiful horse.’ While he or she may be expressing a purely aesthetic emotion, I think there’s more to it than that. The horse breeder has seen lots of horses, and from experience with horses knows that that’s the kind of horse that wins races.”22


But just as experience with horses doesn’t help when building a race car, experience with last century’s theories might not be of much help conceiving better ones. And without justification from experience beauty remains as subjective as ever. This apparent clash with the scientific method is acknowledged by today’s physicists, but using aesthetic criteria has nevertheless become widely accepted practice. And the more removed from experimental test a subject area is, the more relevant the aesthetic appeal of its theories.


In foundational physics, which is as far from experimental test as science can be while still being science, the influence of beauty judgments is particularly pronounced. Few of my colleagues even bother denying that they pay more attention to theories they consider pretty. Their archetypal caution against subjective assessments is inevitably followed by a “but” and a referral to common practice.


Frank Wilczek, for example, who, together with David Gross and Hugh David Politzer was awarded the 2004 Nobel Prize for their work on the strong nuclear force, writes in his book A Beautiful Question that “our fundamental sense of beauty is not in any very direct way adapted to Nature’s fundamental workings.” But, “having tasted beauty at the heart of the world, we hunger for more. In this quest, I think, there is no more promising guide than beauty itself.”23


Gerard ’t Hooft, who first formulated a mathematical criterion for naturalness that now drives much of the research in theoretical particle physics (and who has also won a Nobel Prize), warns: “Beauty is a dangerous concept, because it can always mislead people. If you have a theory that is more beautiful than you expected at first, that’s an indication that you might be correct, that you might be right. But it’s not a guarantee at all. In your eyes a theory might be beautiful, but it might just be wrong. There’s nothing you can do about it.” But: “Certainly when we read about new theories and we see how beautiful and simple they are, then they have a big advantage. We believe such theories have much more chance to be successful.”24


In his best-selling book The Elegant Universe, string theorist Brian Greene (who has not won a Nobel Prize) assures the reader: “Aesthetic judgments do not arbitrate scientific discourse.” Then he continues, “But it is certainly the case that some decisions made by theoretical physicists are founded upon an aesthetic sense—a sense of which theories have an elegance and beauty of structure on par with the world we experience.… So far, this approach has provided a powerful and insightful guide.”25


Abstract mathematics is hard to convey, and this human quest for beauty could be dismissed as a marketing aid for popular science books. But the popular books do more than just make a difficult subject approachable—they reveal how theoretical physicists think and work.


Where Beauty Lies


Last century’s triumphs are still fresh in the minds of researchers now nearing retirement, and their emphasis on beauty has greatly influenced the following generation—my generation, the unsuccessful generation. We work with the now formalized aesthetic ideals of the past: symmetry, unification, and naturalness.


It seems only reasonable to draw upon past experience and try what worked before. Indeed, we’d be stupid not to take advice from those who came before us. But we’d also be stupid to get stuck on it. And I’m wary, getting warier with each null result. Beauty is a treacherous guide, and it has led physicists astray many times before.
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That these interrelations display, in all their mathematical abstraction, an incredible degree of simplicity, is a gift we can only accept humbly. Not even Plato could have believed them to be so beautiful. For these interrelationships cannot be invented; they have been there since the creation of the world.





So wrote Heisenberg in a 1958 letter to his sister Edith.26 The beautiful interrelationships that Heisenberg refers to here, however, are not those of his theory of quantum mechanics. No, in this period of his life he attempted, and failed, to develop a unified theory, now little more than a side note in the history books.


And when we look at Heisenberg’s ideas that were successful, we find that his scientific works didn’t exactly register as marvels of beauty. His contemporary Erwin Schrödinger commented: “I knew of [Heisenberg’s] theory, of course, but I felt discouraged, not to say repelled, by the methods of transcendental algebra, which appeared difficult to me, and by the lack of visualizability.”27


Not that Heisenberg was any nicer about Schrödinger’s ideas. In a letter to Wolfgang Pauli he wrote: “The more I think about the physical portion of the Schrödinger theory, the more repulsive I find it. What Schrödinger writes about visualizability of his theory… I think it’s crap.”28 In the end, both Heisenberg’s and Schrödinger’s approaches turned out to be part of the same theory.


The advent of quantum mechanics wasn’t the only beauty fail in physics. The Platonic solids that Kepler used to calculate planetary orbits, which we heard about earlier, may be the best-known example for the conflict between aesthetic ideals and facts. A more recent case, dating back to first half of the twentieth century, is the steady state model for the universe.


In 1927, Georges Lemaître found a solution to the equations of general relativity which lead him to propose that a matter-filled universe like ours expands. He concluded that the universe must have had a beginning, the “big bang.” Einstein, when first confronted with this solution, informed Lemaître that he found the idea “abominable.”29 He had instead introduced an additional term in his equations—the cosmological constant—to force the universe into a static configuration.


In 1930, however, Arthur Eddington, who had been instrumental in organizing the first experimental test of general relativity, showed that Einstein’s solution with the cosmological constant is unstable: even the smallest shift in matter distribution would make it collapse or expand. This instability, together with observations by Edwin Hubble that supported Lemaître’s idea, led Einstein in 1931 to also adopt the expanding universe.


Still, for many decades after this, cosmology remained starved of data and offered a playground for philosophical and aesthetic debate. Arthur Eddington in particular held on to Einstein’s static universe because he believed the cosmological constant represented a new force of nature. He dismissed Lemaître’s idea on the ground that “the notion of a beginning of the world is repugnant to me.”


In his late years, Eddington developed a “fundamental theory” that was supposed to join the static cosmology with quantum theory. In this attempt he drifted off into his own cosmos: “In science we sometimes have convictions as to the right solution of a problem which we cherish but cannot justify; we are influenced by some innate sense of the fitness of things.” Because of the increasing tension with data, Eddington’s fundamental theory was not further pursued after his death in 1944.


The idea of an unchanging universe remained popular, however. To make it compatible with the observed expansion, Hermann Bondi, Thomas Gold, and Fred Hoyle proposed in 1948 that matter was continuously produced between the galaxies. In this case we would be living in an eternally expanding universe, but one without beginning and without end.


Fred Hoyle’s motivations in particular were based on aesthetic grounds. He made fun of Lemaître by calling him “the big bang man” and admitted, “I have an aesthetic bias against the big bang.”30 In 1992, when the American George Smoot announced the measurement of temperature fluctuations in the cosmic background radiation that spoke against the steady state idea, Hoyle (who died in 2001) refused to accept it. He revised his model to a “quasi-steady state cosmology” to accommodate the data. His explanation for the success of Lemaitre’s idea was that “the reason why scientists like the ‘big bang’ is because they are overshadowed by the Book of Genesis.”31


Aesthetic ideals also gave rise to what may be the strangest episode in the history of physics: the popularity of “vortex theory,” whose purpose was to explain the variety of atoms by knots of different type.32 Knot theory is an interesting area of mathematics that today indeed has applications in physics, but atomic structure isn’t one of them. Nevertheless, vortex theory, at its peak, collected about twenty-five scientists, mostly in Great Britain but also in the United States, who wrote several dozen papers in the period from 1870 to 1890. Back then this was quite a sizable and productive community.


The followers of vortex theory were convinced by the theory’s beauty despite the utter lack of evidence. In 1883, in a brief review for the magazine Nature, Oliver Lodge referred to vortex theory as “beautiful” and “a theory about which one may almost dare to say that it deserves to be true.”33 Albert Michelson (who would go on to win a Nobel Prize) wrote in 1903 that vortex theory “ought to be true even if it is not.”34 Another fan was James Clerk Maxwell, who opined:




But the greatest recommendation of [vortex] theory, from a philosophical point of view, is that its success in explaining phenomena does not depend on the ingenuity with which its contrivers “save appearances,” by introducing first one hypothetical force and then another. When the vortex atom is once set in motion, all its properties are absolutely fixed and determined by the laws of motion of the primitive fluid, which are fully expressed in the fundamental equations.… The difficulties of this method are enormous, but the glory of surmounting them would be unique.35





Regardless of what it ought to have been, vortex theory became obsolete with measurements of the atomic substructure and the advent of quantum mechanics.


And not only does the history of science thrive with beautiful ideas that turned out to be wrong, but on the flipside we have the ugly ideas that turned out to be correct.


Maxwell himself, for example, didn’t like electrodynamics the way he conceived it because he couldn’t come up with an underlying mechanical model. Back then, the standard of beauty was a mechanical clockwork universe, but in Maxwell’s theory electromagnetic fields just are—they are not made of anything else, no gears or notches, no fluids or valves. Maxwell was unhappy about his own theory because he thought that only “when a physical phenomenon can be completely described as a change in the configuration and motion of a material system, the dynamical explanation of that phenomenon is said to be complete.” Maxwell tried for many years to explain electric and magnetic fields by something that would fit the mechanistic worldview. Alas, in vain.


Mechanism was the fad of the time. William Thomson (later Lord Kelvin) thought that only when physicists have a mechanical model can they really claim to understand a particular subject.36 Ludwig Boltzmann, according to his student Paul Ehrenfest, “obviously derived intense aesthetic pleasure from letting his imagination play over a confusion of interrelated motions, forces and reactions until the point was reached where they could actually be grasped.”37 Later generations of physicists simply noted that such underlying mechanistic explanations were superfluous, and they became accustomed to working with fields.


Half a century later, quantum electrodynamics—the quantized version of Maxwell’s electrodynamics—also suffered from a perceived lack of aesthetic appeal. The theory gave rise to infinities that had to be removed by provisional methods introduced for no reason other than to give useful results. It was a pragmatic approach that Dirac didn’t like at all: “Recent work by Lamb, Schwinger, Feynman and others has been very successful… but the resulting theory is an ugly and incomplete one and cannot be considered as a satisfactory solution of the problem of the electron.”38 When asked for his opinion about the recent developments in quantum electrodynamics, Dirac said, “I might have thought that the new ideas were correct if they had not been so ugly.”39


In the following decades, better ways were found to deal with the infinities. Quantum electrodynamics, it turned out, is a well-behaved theory in which the infinites can be unambiguously removed by introducing two parameters that have to be determined experimentally: the mass and charge of electrons. These methods of “renormalization” are still used today. And despite Dirac’s disapproval, quantum electrodynamics is still part of the foundations of physics.


To wrap up my historical excursion: aesthetic criteria work until they don’t. The most telling evidence for the ineffectiveness of experience-based aesthetic guidance may be that no theoretical physicist has won a Nobel Prize twice.40



Why Trust a Theorist?


It’s December and it’s Munich. I am at the Center for Mathematical Philosophy to attend a conference that promises to answer the question “Why trust a theory?” The meeting is organized by the Austrian philosopher Richard Dawid, whose recent book String Theory and the Scientific Method caused some upset among physicists.41


String theory is currently the most popular idea for a unified theory of the interactions. It posits that the universe and all its content is made of small vibrating strings that may be closed back on themselves or have loose ends, may stretch or curl up, may split or merge. And that explains everything: matter, space-time, and, yes, you too. At least that’s the idea. String theory has to date no experimental evidence speaking for it. Historian Helge Kragh, also at the meeting, has compared it to vortex theory.42


Richard Dawid, in his book, used string theory as an example for the use of “non-empirical theory assessment.” By this he means that to select a good theory, its ability to describe observation isn’t the only criterion. He claims that certain criteria that are not based on observations are also philosophically sound, and he concludes that the scientific method must be amended so that hypotheses can be evaluated on purely theoretical grounds. Richard’s examples for this non-empirical evaluation—arguments commonly made by string theorists in favor of their theory—are (1) the absence of alternative explanations, (2) the use of mathematics that has worked before, and (3) the discovery of unexpected connections.


Richard isn’t so much saying that these criteria should be used as simply pointing out that they are being used, and he provides a justification for them. The philosopher’s support has been welcomed by string theorists. By others, less so.


In response to Richard’s proposed change of the scientific method, cosmologists Joe Silk and George Ellis warned of “breaking with centuries of philosophical tradition of defining scientific knowledge as empirical” and, in a widely read comment published in Nature, expressed their fear that “theoretical physics risks becoming a no-man’s-land between mathematics, physics and philosophy that does not truly meet the requirements of any.”43


I can top these fears. If we accept a new philosophy that promotes selecting theories based on something other than facts, why stop at physics? I envision a future in which climate scientists choose models according to criteria some philosopher dreamed up. The thought makes me sweat.


But the main reason I am attending this conference is that I want answers to the questions that attracted me to physics. I want to know how the universe began, whether time consists of single moments, and if indeed everything can be explained with math. I don’t expect philosophers to answer these questions. But maybe they are right and the reason we’re not making progress is that our non-empirical theory assessment sucks.


The philosophers are certainly right that we use criteria other than observational adequacy to formulate theories. That science operates by generating and subsequently testing hypotheses is only part of the story. Testing all possible hypotheses is simply infeasible; hence most of the scientific enterprise today—from academic degrees to peer review to guidelines for scientific conduct—is dedicated to identifying good hypotheses to begin with. Community standards differ vastly from one field to the next and each field employs its own quality filters, but we all use some. In our practice, if not in our philosophy, theory assessment to preselect hypotheses has long been part of the scientific method. It doesn’t relieve us from experimental test, but it’s an operational necessity to even get to experimental test.
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