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Foreword



Looking back at century’s end, it is stunning to think how our understanding of physics has changed in the last hundred years. The great insights of the early part of the twentieth century were of course Relativity Theory and Quantum Mechanics. We learned in Einstein’s Special Relativity Theory of the strange behavior of fast moving objects, and in his even more surprising General Relativity we learned to reinterpret gravity in terms of the curvature of space and time caused by matter. As for Quantum Mechanics, it taught us that fact is far more wondrous than fiction in the atomic world.


Special Relativity and Quantum Mechanics were fused in Quantum Field Theory, whose most remarkable prediction—verified experimentally in cosmic rays around 1930—is the existence of “antimatter.” Quantum Field Theory is a very difficult theory to understand even for specialists; trying to understand it has occupied the attention of many leading physicists for generations.


The last fifty years have been an amazing period of experimental discoveries and surprises, including “strange particles,” the breaking of symmetry between left and right and between past and future, neutrinos, quarks, and more. Drawing on this material, theoretical physicists have been able, in the Quantum Field Theory framework, to construct the Standard Model of particle physics, which puts under one roof most of what we know about fundamental physics. It describes in one framework electricity and magnetism, the weak force responsible among other things for nuclear beta decay, and the nuclear force.


Is this journey of discovery nearing an end? Or will the next half century be a period of surprises and discoveries rivaling those of the past? The questions we can ask today are as exciting as any in the past, and at least some of the answers can be found in the coming period if we stay the course.


Just in recent months, newspapers have been filled with exciting accounts of the apparent discovery of the Higgs particle at the CERN laboratory near Geneva, Switzerland. This substantially clarifies our understanding of particle physics and helps explain why two of the important elementary particle forces—electromagnetism and the weak interactions—are so different in our everyday experience. It also offers an experimentally accessible prototype of new fields that are required in modern theories of the unification of particle forces, as well as our best understanding of the early universe in the theory of cosmic “inflation.” Meanwhile, ongoing experiments test the strange properties of neutrinos, and apparently show that the “little neutral particle” of Fermi does have a tiny but nonzero mass after all. Astronomers have unraveled new and challenging hints that General Relativity may need to be corrected by adding Einstein’s “cosmological constant”—the energy of the vacuum. Novel and inventive dark matter searches are probing the invisible stuff of the universe. Satellite probes of fluctuations in the leftover radiation from the big bang are likely, in the next few years, to challenge our understanding of the early universe.


But one of the biggest adventures of all is the search for “supersymmetry.” Supersymmetry is the framework in which theoretical physicists have sought to answer some of the questions left open by the Standard Model of particle physics. The Standard Model, for example, does not explain the particle masses. If particles had the huge masses allowed by the Standard Model, the universe would be a completely different place. There would be no stars, planets, or people, since any collection of more than a handful of elementary particles would collapse into a Black Hole. Subtle mysteries of modern physics—like space-time curvature, Black Holes, and quantum gravity—would be obvious in everyday life, except that there would be no everyday life.


Supersymmetry, if it holds in nature, is part of the quantum structure of space and time. In everyday life, we measure space and time by numbers, “It is now three o’clock, the elevation is two hundred meters above sea level,” and so on. Numbers are classical concepts, known to humans since long before Quantum Mechanics was developed in the early twentieth century. The discovery of Quantum Mechanics changed our understanding of almost everything in physics, but our basic way of thinking about space and time has not yet been affected.


Showing that nature is supersymmetric would change that, by revealing a quantum dimension of space and time, not measurable by ordinary numbers. This quantum dimension would be manifested in the existence of new elementary particles, which would be produced in accelerators and whose behavior would be governed by supersymmetric laws. Experimental clues suggest that the energy required to produce the new particles is not much higher than that of present accelerators. If supersymmetry plays the role in physics that we suspect it does, then it is very likely to be discovered by the Large Hadron Collider (LHC), or its upgrades, at CERN in Geneva, Switzerland.


When Einstein introduced Special Relativity in 1905 and then General Relativity in 1915, Quantum Mechanics was still largely in the future, and Einstein assumed that space and time can be measured by ordinary numbers. Einstein’s conception of space and time has been adequate for discoveries made until the present, but discovery of supersymmetry would begin a reworking of Einstein’s ideas in the light of Quantum Mechanics.


Discovery of supersymmetry would be one of the real milestones in physics, made even more exciting by its close links to still more ambitious theoretical ideas. Indeed, supersymmetry is one of the basic requirements of “string theory,” which is the framework in which theoretical physicists have had some success in unifying gravity with the rest of the elementary particle forces. Discovery of supersymmetry would surely give string theory an enormous boost.


The search for supersymmetry is one of the great dramas in present-day physics. Hopefully, the present book will introduce a wider audience to this ongoing drama!


EDWARD WITTEN


Princeton


November 20, 2012





Preface



If you take a little trouble, you will attain to a thorough understanding of these truths. For one thing will be illuminated by another, and eyeless night will not rob you of your road till you have looked into the heart of nature’s darkest mysteries. So surely will facts throw light upon facts.


          —Lucretius, On the Nature of the Universe


          Translated by R. E. Latham, Penguin Books


Without looking at the insides of an old-fashioned cogs-and-gears watch, we have an image of what is happening inside. Few people realize that physicists now have a clear image of the cogs and gears of the subatomic universe—the stuff that makes the world run. That image is formulated in what we call the Standard Model of particle physics. It is a description. Someone who probes and studies a watch not only can describe the workings of a watch but also can say why the watch works—why this cog moving that one at a given ratio mimics the progress of time. Physicists are increasingly able to peer into the workings of the universe and say why the ingredients they study are able to create and sustain what we know as nature. The name “Standard Model” is not very elegant but it stuck as the Standard Model was proposed and tested, and now it is unlikely to change.


A nice way to learn more about a watch is to see a watchmaker disassemble and reassemble one, and a nice way to learn more about nature is to go for a walk with a naturalist. This book is meant as a walk observing the particles and their behavior that can be enjoyed by anyone with the curiosity to come along and the confidence to know that it isn’t necessary to duplicate the guide’s knowledge, only to enjoy it. We will stroll here not only in the known territory of the Standard Model but also along the frontier topics, where breakthroughs into even more remote regions may soon occur. For various practical and theoretical reasons, many particle physicists think that the next major discovery will be direct evidence for the property called “supersymmetry.” Those reasons, and the implications if direct evidence for supersymmetry is indeed observed, are much of what the book is about.


Book One of the age-old search for understanding how the physical world works has been brought to a successful close in recent years with the development and testing of the Standard Model of particle physics. The Standard Model (summarized in Chapter 2) gives a comprehensive description of the basic particles and forces of nature, and of how all the physical phenomena we see can be described. It contains the underlying principles of the behavior of protons and neutrons, nuclei, atoms, molecules, condensed matter, flowers, stars, and more. The Standard Model has explained much that was not understood before, it has made hundreds of successful predictions including many dramatic ones, and there are no phenomena in its domain (see Chapter 3) that are not explained (though some calculations are too complicated to carry through). The last piece needed to complete the Standard Model description was the recent exciting discovery of the Higgs boson at the European CERN laboratory’s Large Hadron Collider (the LHC). The particle discovered seems to have the properties needed to indeed be the Higgs boson, which physicists searched for over three decades to complete the Standard Model, though more checks have to be completed about its properties before that is finally settled. We will look at the remarkable experimental and theoretical achievements and physics involved in the Higgs boson discovery.


If the Standard Model describes the world successfully, how can there be physics beyond it, such as supersymmetry? There are two reasons. First, the Standard Model does not explain aspects of the study of the large-scale universe, cosmology. For example, the Standard Model cannot explain why the universe is made of matter and not antimatter, nor can it explain what constitutes the dark matter of the universe. Supersymmetry suggests explanations for both of these mysteries. Second, the boundaries of physics have been changing. Now scientists ask not only how the world works (which the Standard Model answers) but why it works that way (which the Standard Model cannot answer). Einstein asked “why” earlier in the twentieth century, but only in the past decade or so have the “why” questions become normal scientific research in particle physics rather than philosophical afterthoughts. So the Standard Model will be extended.


One ambitious approach to “why” is known as “string theory,” which is formulated in a ten- or eleven-dimensional world. Much work on string theory has proceeded thus far by studying the theory itself rather than through the historically fruitful interplay of experiment and theory. This approach has led to significant progress—if it succeeds we will all be delighted. As Edward Witten remarks in his Foreword to this book, string theory predicts that nature should be supersymmetric. To test string theory one needs to “compactify” it so that its extra dimensions are curled up in a small space, because experiments are done in our four-dimensional world. Although one cannot walk in those extra small dimensions, their properties affect the properties of the particles and forces we do see, and there has been progress toward understanding the “why” questions, which I discuss later in the book.


This book is mainly about the physics of supersymmetry. Supersymmetry is an idea, that the equations representing the basic laws of nature don’t change if certain particles referred to the equations are interchanged with one another. Just as a square on a piece of paper looks the same if you rotate it by ninety degrees, the equations that physicists have found to describe nature often do not change when certain operations are performed on them. When that happens, the equations are said to have a symmetry. Supersymmetry is such a proposed symmetry: the “super” in its name is because the associated symmetry is more surprising and more hidden from everyday view than previous symmetries. It turns out that this idea has remarkable consequences for explaining aspects of the world that the Standard Model cannot explain, particularly the Higgs physics. The most important implication may be that supersymmetry can provide a window that lets us look at string theory from the real world, so that experiments can provide guidance to help formulate string theory, and so that string theory predictions can be tested. Supersymmetry is the first chapter of Book Two.


Supersymmetry is still an idea as this book is being written in late 2012. There is considerable indirect evidence that it is a property of the laws of nature, but the confirming direct evidence is not yet in place. That is not an argument against nature being supersymmetric, because the collider facility that could confirm it (the LHC) is just beginning to cover the region where the signals could appear. I have tried to write this book so that it will remain valid and interesting if the “superpartners” (see Chapter 1) and additional Higgs bosons predicted by supersymmetry are indeed found. Of course, when we have positive signals, much can be sharpened. However, the explanations supersymmetry can provide, and the ways it can connect with string theory, and the ways we recognize and test it, hopefully will be close to what is presented here.


Some particle physics books describe several alternative approaches to learning how the Standard Model is extended. I have chosen instead to focus only on the supersymmetric direction. It is the approach favored by a variety of theoretical and indirect arguments, including the discovery of the Higgs boson itself. The issue will not be settled until superpartners are discovered, either at the LHC or in dark matter experiments. If supersymmetry is not the right answer, the experiments will tell us that as well.


This book is intended to be self-contained and largely accessible to any curious person.


I am very grateful to my most relentless editor, my wife Lois, and to Jack Kearney and Bob Zheng for thorough readings of the manuscript, and particularly to Maria Spiropulu for her extensive discussions and wisdom.
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Toward the Big Questions


PAUL GAUGUIN TITLED WHAT HE THOUGHT would be his last painting (1897) “Where do we come from? What are we? Where are we going?” (See Figure 1.1.) The painting shows natives and aspects of life on Tahiti, where Gauguin was then living. (It can also be viewed online and at the Museum of Fine Arts in Boston.) In his writings he mentioned its “enormous mathematical faults” and how it was “all done from imagination.” His reflections remind us of scientists’ goals in the search for a better—and, some hope, complete—understanding of our universe. Scientists work with mathematical constructions and imagine hypotheses while trying to grasp where we come from, what we are, where we are going. More concretely, they try to establish why there is a universe and how it works and why it works the way it does, what we are made of, and how inanimate matter can give rise to conscious, thinking people.


Every culture has asked these questions in some form and followed some approach to provide answers. The approach that we call science has led to a remarkable set of results and answers to some of these questions, because it developed a method to study the natural world. The scientific method originated with the Ionian Greeks more than twenty-five hundred years ago but only began to provide reliable knowledge about the world with the work of Galileo and Kepler about four hundred years ago, and with the development of experimental tests. Science makes progress by combining imagination with experimental results, by insisting on evidence.


[image: Figure 1.1]


Figure 1.1


More than one physicist, attracted by the title, has a reproduction of Gauguin’s painting. But when we look at it we don’t see answers that Gauguin perhaps desired, because the painting is his personal approach to those questions. Science, on the other hand, allows us to search for answers together, theoretically and experimentally, and to develop answers that become shared once they are established. I hope this book will help do that for the reader. Science poses the same questions that Gauguin and other artists ask. Its aim is to understand what lies behind the verb form “to be.” Though some may perceive otherwise, this science is not the opposite of the humanities, though it is less accessible by verbal and visual images than most. Quarks can’t really be represented by curly beards or white togas, electromagnetic fields can’t be shown as pudgy babies with wings and bows and arrows. Equations and their solutions are the representational images of the universe’s structure—the circumference of a circle, the parabola of a cannon ball are each a precise and beautiful image of part of nature. If someday we have a complete set of equations, perhaps unified into one final equation, we will have a complete mathematical image of the universe. Then we will be able to convert that to a verbal image.


Today we are at a stage where there is one main idea about the next experimentally accessible step toward understanding the basic laws that govern the universe, but it is very hard for practical reasons to get the evidence we need to learn if the idea is correct. This book focuses on that idea, called “supersymmetry.” There is already indirect evidence (which will be described in later chapters) that supersymmetry is part of a correct description of nature. The recent exciting discovery of the Higgs boson is part of the evidence for supersymmetry (since, as described in Chapters 4 and 7, supersymmetry allows the derivation of the crucial properties of the Higgs boson that lead to the interactions that give mass to quarks, electrons, and W and Z bosons). I will describe the challenging and successful experimental search and the profound implications of the Higgs boson discovery. As of this writing in March 2013, it may be a little premature to explicitly refer to “the discovery of the Higgs boson,” because the measurements of its properties, such as its spin, are not entirely complete. Some people prefer to say “Higgs-like boson.” More data are needed, and more are being obtained. Since the current results do appear likely to lead to that interpretation, I will take the risk of writing as if the Higgs boson has indeed been discovered at the LHC.


If we understand supersymmetry and its implications correctly, direct experimental evidence for supersymmetry will be found in the next few years—possibly soon after this book is published (or, with great luck, even before). As we will see, supersymmetry is important not only as a possible previously unknown part of nature but in addition because it should allow us to probe the ultimate laws of nature much more directly.


This first chapter is meant to explain what this book is about, and to describe its assumptions and goals. It can be difficult to understand how science works, how it progresses, and how scientists working in an area become convinced that an accurate description of nature (or the universe, or the world—these words are used more or less interchangeably throughout the book) has been formulated. It can also be difficult to understand the results. The next pages are an effort to prevent misunderstandings and to lead us smoothly into our subject.


TO UNDERSTAND NATURE WE NEED TO KNOW PARTICLES, FORCES, AND RULES


In order to understand the natural world we have to know at least three things. As we probe the world we find that it consists of particles, so we have to know what the basic particles are. Over two millennia ago some Greeks correctly reasoned that the wonderful complexity of the world we see could be explained if everything was composed of a number of basic, irreducible constituents (particles). It wasn’t until the past century that we developed the techniques needed to test ideas about the particles, and establish their existence and properties; Chapter 2 will describe the surprisingly simple results.


The particles interact to form all the structures of our world, so we have to know how they interact, what forces or interactions affect them. But even if we know the particles and forces we could not explain anything unless we also knew nature’s rules, and have mathematical representations of them, to work out the behavior of the particles under the influence of the forces. For example, even if we know that two particles will attract each other and fall toward each other because of the gravitational force, we don’t know how energetic a collision they will have unless we have an equation (a rule) to calculate their speed. Nature’s rules apply for all particles and interactions. The first rules were written by Newton. Today his rules and others are integrated into two comprehensive rules: Einstein’s so-called special relativity and quantum theory. These rules will not play much of a detailed or visible role in this book: you don’t need to know how they work to understand the book. The important thing is that they are there in the background, as well-established and well-tested methods to calculate how particles behave when they interact through a given set of forces. They provide a framework that constrains theories and relates different parts of the theories.


One can ask whether our formulation of quantum theory and special relativity is likely to be extended or modified as progress is made toward an ultimate theory of nature. That is unlikely, at least for practical purposes. The equations and algorithms representing nature’s rules are extremely well tested in a variety of situations, but the reasons to believe they will remain valid are even stronger than the explicit tests. The equations and algorithms are part of a mathematical theory that forms a coherent structure. If any part of this theory is changed, the change propagates through to other parts, and probably leads to changes in some well-tested part as well as to contradictions with some established results. (We will see later in the book that there might be some room to change the formulations for extremely high-energy interactions, though there is no reason to think such changes will occur.) To better understand the world, we also will have to understand not only what nature’s rules are but why they are the rules. The effort to understand that is barely beginning to be a subject of research. But we do know enough to be confident that, for purposes of formulating and understanding and testing supersymmetry, the present knowledge of the rules is satisfactory.


As noted above, for this book the reader does not need to know much about nature’s two basic rules beyond the fact that they are there, but it’s worthwhile to describe them a little. The constraints of special relativity follow from two simple postulates, which can basically be stated as follows: (1) the laws of nature are the same regardless of where they are formulated and tested, and (2) the speed of light in a vacuum is the same regardless of the conditions under which it is measured. The first is obvious: it says what it seems to say, that if you work out the laws of nature on Earth, or another planet across the galaxy, or a spaceship, or anywhere, you will get the same results. The second is not so obvious. That the speed of light in a vacuum is always the same is extremely well tested by many approaches, both directly and by examination of the implications of special relativity.


The word “relativity” in this theory’s name is misleading and unfortunate, since the essence of its foundations is that two things are absolute, not relative at all. The name stems from an implication of the theory, that the outcome of some experiment can be different if the experiment is carried out in laboratories that are in relative motion (e.g., one on Earth and the other in an airplane moving at constant speed overhead). However, the theory then goes on to show that when the effects of the motion are included, even for experiments in relative motion the ensuing descriptions of the results become the same.


Our main interest in special relativity here will be that it limits the form that a valid theory can take. It’s a powerful constraint; for example, Newton’s laws had to be reformulated because they did not originally obey the constraints of special relativity. If we need to say that a theory satisfies (or does not satisfy) the constraints of special relativity, we may use the physics jargon and say the theory is “relativistically invariant” or satisfies “relativistic invariance” constraints. Special relativity was fully formulated by Einstein in 1905. Its validity was tested both theoretically (it had to be consistent with all verified descriptions of nature) and experimentally over several decades. It is still being tested whenever new technologies become available.


The other part of the basic rules, quantum theory, was formulated by several people during the years 1913–1927. For this book we do not need to know much about how quantum theory works, only that it is there and tells us how to calculate the behavior of particles if we know the forces that affect them. Later in the book we’ll look at a few properties of quantum theory that we need for specific purposes. Special relativity and quantum theory have been successfully combined into a “relativistic quantum theory.” Whenever I use that phrase it is only meant to tell us that the ideas under discussion have been successfully formulated to simultaneously obey the rules represented by special relativity and quantum theory.


Before about 1965 we knew very little about what basic particles were the constituents of matter. We did know what forces existed, but not how they worked to shape the world. By the end of the 1980s we had learned what the basic constituents of matter are, and understood how particles and forces function to make our world. That body of knowledge is called the “Standard Model” of particle physics; it is the subject of the next chapter. It provides a well-tested description of how our world works. Normally I’ll refer to this as the Standard Model, leaving off “of particle physics.” If nature is supersymmetric, the Standard Model will be extended to become the Supersymmetric Standard Model; the Standard Model will not be wrong but, rather, will become a part of a more complete description of nature. That is the normal way science progresses. Once an area is well tested and established, it is not put aside as the description of nature broadens but extended and integrated into the new picture.


The Standard Model is not a model in any conventional sense of that word, but the most complete mathematical theory ever developed. For physicists, “theory” does not mean what it might in everyday usage. Most generally, a theory is a principle or set of principles that imply properties of the natural world. In physics a theory typically takes the form of a well-defined set of equations that relate some symbols. The symbols represent parts of the natural world. The equations can be solved to learn the behavior of the quantities, and thus the predicted behavior of the parts of the world represented by the quantities. For example, consider Einstein’s famous equation E = mc2, a consequence of special relativity. Here the symbols are E, m, and c. E represents an amount of energy, m a mass, and c the speed of light. If an amount of mass m is converted into energy, this equation tells us how much energy is obtained. Solving this equation for E is easy: we just multiply m by c2. In general, solving equations can be much harder. As an aside, E = mc2 is one of the many reasons we are confident that special relativity theory is correct, because it is tested daily at colliders and in nuclear reactors.


In science the use of the word “theory” carries a loose implication that the predictions are largely tested and verified. When scientists start to study an area of the world they first make models to guide thinking, suggest experiments that might be relevant to making progress, and allow quantitative predictions. Models usually begin as limited mathematical descriptions of how some aspects of the world behave. If they work well, more phenomena are added. Later one improved model turns out to describe nature rather well, and is often named the “standard model.” Even later a version of that model is so robust and well tested that it becomes the theory of that area. But it is already called the “standard model” so the name stays, even though it is really not a model any more. I take account of that development in a limp way by capitalizing “Standard Model” out of respect for the many successes now of the Standard Model. In everyday usage “theory” means something very different, a kind of vague idea about how to explain something. We might say “one theory about the falling crime rate. . . .” The use of “model” in science and in everyday language is similar, at least until a model is found that successfully describes nature, but the use of “theory” is very different, and can cause confusion. In this book we will stick to the scientific use only. The correspondence between any theory and its equations and the structure of the physical system it represents is so exact that physicists conventionally (perhaps confusingly) regard them as interchangeable in writing and discussions.


RESEARCH IN PROGRESS


It is important to distinguish carefully between those areas of science that are conceptually and experimentally well established and those that are still developing. As science develops, it becomes possible to study some previously inaccessible part of the natural world. Often a fresh area opens because of technological innovations that become available: before the microscope was invented, it was not possible to study phenomena smaller than what we could see with bare eyes. Sometimes the opportunity to study new areas depends on the past successes of science itself, since subfields build on earlier ones and, sometimes, on the introduction of new concepts. Eventually the foundations of a description of that aspect of the natural world are worked out and experimentally verified. That has occurred many times—for example, with optics, electromagnetism, thermodynamics, atomic physics, the Standard Model of particle physics, and other areas.


As a subfield is being studied and worked out, models and explanations and proposed ideas may change. Sometimes experiments don’t work correctly the first time they are done, but experiments can be and are constantly redone and improved, so questions can be settled by improved experiments rather than by argumentation. Many of today’s experiments are commissioned with very detailed simulations and calibrations done ahead of time, and perform very well immediately. The detectors at the CERN Large Hadron Collider (LHC, described in detail later) worked superbly from the beginning. Progress in computation and simulations has changed the experimental world.


In all experiments, the variables that the equations depend on take values in some specific range—variables such as velocity, astronomical distance, resolution of a microscope, and so on. Historically, once a theory is successfully tested in a given range of the variables it depends on, it will always work in that domain of the variables. However, if the theory is extended to new values of the variables—faster speeds, smaller or larger distances, and so on, it may work successfully in the new domain, or it may not. When it does not, eventually a new theory will be found that works in the larger domain. That new theory will “reduce to” the older one when the values of the variables are restricted to the older range. The older theory is not “wrong”; rather, it is extended to become a part of the more general one. Eventually the entire range of variables may be covered; for example, the description of motion has now been tested for all possible speeds, from zero to the speed of light, and it will not change in the future. All the well-known examples of theories or rules once thought to be valid and later found to be inadequate fit this general picture.


Once upon a time, a few hundred years ago, there was no method called science. We have had to learn how to do science at the same time we have learned the results of science. The process just described was not originally understood. For example, Newtonian science was extremely successful, and people naturally assumed it held for the whole universe. Only later did they realize that it was only approximately valid, holding when velocities and masses were not too large, and also failing for systems of atomic size. By the 1930s, physicists had finally realized that every theory had to be tested again whenever it was extrapolated beyond the range of variables where it was known to be valid. On the other hand, the need for some changes led some philosophers and historians to claim that the results of science will always change. That is wrong. For example, heat is due to the motion of molecules and always will be. The energy levels of isolated atoms will never be different, that we are made of atoms and that protons are made of quarks will not change. We could make a very long list.


The fact that the foundations of many areas of physics (and other subfields of science) are in place does not mean they are no longer active areas of research. On the contrary, many people become excited about working out the implications of the new foundations. Having the foundations in place means that the basic equations that govern behavior in that subfield are known. But as I have already discussed briefly and will consider again, finding the solutions of the equations can be interesting and difficult. Having the solutions for one system does not guarantee that one will have them for the next one, so most subfields continue to have interesting problems to solve long after their basic principles are understood. For complex systems, new predictions and results can emerge from further study or experimentation even after a long time. To put it differently, most areas generate many applications once their basic principles are understood, and will continue to do so.
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