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    INTRODUCTION

  

  Ask your friends, “What are your thoughts on life?” “How do you explain human behavior?” “Why are relationships so hard?” or questions of that sort, and you’re sure to get all kinds of answers, some obvious, some funny, some wild and whimsical, but I bet none of them would involve the laws of quantum physics. After all, what could quantum physics possibly tell us about our lives or the people around us? A great deal, actually, as this book will show. In quantum physics, we can find answers and justifications for almost every aspect of our lives, from the fundamentally profound—such as why life is so full of compromises—to the utterly mundane—like why it always takes effort to keep things tidy. As we seek out those hidden quantum connections and parallels, we will come up with often surprising and sometimes amusing insights into our life experiences. The universality of the themes considered here means that this book is truly intended for all literate practitioners of this thing we call life. Therefore, to make sure that no one is left out, I deliberately avoid math and dense logic with the firm belief that they are not necessary to communicate the essence of great ideas, even in quantum physics.

  Two realms, which have always been considered antipodal and absolutely "un-relatable, come together in this book: the realm of everyday life (personal, social, relational, and financial) and the realm of the fundamental laws of physics. Therefore, you can read this either as a book about life that offers a completely different and novel perspective or as a brand new kind of popular science book where the abstract concepts of quantum physics are framed in terms to which we can all relate.

  Although the book is intended for a broad audience, physicists will also find much of interest here. As far as I know, this is the only serious attempt ever at bridging what I call the “Physicists’ Dilemma,” which is that, while they themselves are absolutely convinced that they are dealing with the most important things in the universe, they can rarely make their work seem relevant or genuinely engaging, even to their friends and families. Fascination and curiosity are not enough—relevance is crucial. The goal here is to make quantum physics relevant and relatable to everyone.

  Each chapter can be read independently of all the other chapters. So, if you get a bit stuck on some idea in one chapter, feel free to move on to another one and come back to it. Every chapter explores the implications of one idea or set of closely related ideas important in quantum physics. But with physical laws being generally interconnected, there are bound to be occasional references to other chapters. However, in most cases, they are not absolutely essential to understanding the material at hand, and I will point out the few exceptions as and when they arise.

  The ideas presented here draw intriguing parallels between the rules of life and the laws of quantum physics. This correspondence is relevant, because almost all our knowledge and wisdom is based on our drawing analogies and connections between what we learn and what we already know well. Often, the parallels are so eerily close as to make us wonder if our consciousness really sets us that much apart from the physical and inanimate universe, beyond the reach of its laws.


  
    
CHAPTER 1

    A QUANTUM OF HAPPINESS

  

  Quantization happens when a physical system is restricted by boundary conditions, to exist in only certain very specific states. Likewise, our mental states, as in how we feel, depend on the boundary conditions in our lives, meaning all the bonds and constraints that keep us where we are, with whom we are, and (doing what we do. The mechanisms that can alter quantum states suggest ways to reach happier states in life.

  “Money cannot buy you happiness”—an ancient bit of wisdom, often quoted, but seldom believed. You must have heard it often enough and perhaps even mutter it yourself occasionally. But if you do not feel wealthy, I bet you always had a lurking suspicion that this can’t be right—surely you would be a lot happier if you had more money! Rich folks do seem to be generally happier, and wealth certainly opens up a lot of attractive possibilities. So it is only natural to doubt and wonder, particularly in the ultra-materialistic world we live in today where we have become absolutely dependent on our possessions. We often tend to feel that the more we possess, the better we would feel, and the happier our lives would be. Shopping has indeed become a wistful antidote for feeling down and low.

  Life does not come with a guarantee of happiness. But that has never prevented anyone from feeling entitled to it, and we stay in hard pursuit of it all our lives. Ironically, by trying so hard, we often make it even more elusive. In fact, we can’t even agree upon what happiness really means. Ask around: You will simply get personalized descriptions of everything happiness is not—laundry lists of all those things missing in people’s lives that they think are keeping them from being happy. Each list would be a bit different, indicating a different definition of happiness for everyone.

  So, with no universal definition or prescription on how to find it, our collective quest for happiness continues to be an essentially blind quest, and like any blind quest, the failure rate is quite high. Wouldn’t it be nice to get an objective perspective on what happiness is all about—to be able to establish a few concrete facts that could guide us in this universal quest for happiness? With some almost poetic parallels, the character of quantum states can help us do just that.

  Let us start with the one thing we can be sure of: Happiness is a state of mind. Although a bit of a cliché, this never fails to impress anyone stumbling upon it for the first time as a profound bit of insight. And it is essentially true; whether we feel happy or sad, it’s all just a state of mind. But it does not tell us much that is of any practical use, such as how we might be able to influence and change our mental states.

  This is where quantum mechanics comes in handy because quantum mechanics is all about “states”: eigenstates, position states, momentum states, closed states, open states, bound states, entangled states, stationary states—even the whole universe is speculated to be in a quantum state. In quantum mechanics, the state of a system is simply the status of all the characteristics that describe it. Rather like how you might describe your own “state” right now—as a list of all the relevant variables in your life as they happen to be playing out currently. A subset of those variables that influence how you feel right now defines your current mental “state.” Quantum mechanics has been rigorously dealing with all kinds of states for a whole lot of complicated things, so it can certainly give us a few pointers about the states of the mind as well. After all, each human being, and therefore the human mind, is defined by some sort of quantum state as well, albeit a very complex one. In recent years, there actually have been some serious attempts by respected scientists to explain consciousness with quantum theory.

  The most important class of states in quantum mechanics are the stationary states, because they really got the whole field started. And the name says it all—once a system is in a stationary state it will remain there, stationary and unchanging, unless disturbed. Such states have some remarkable properties, as we will see. Introduced by the Danish physicist Niels Bohr in 1915, the concept of stationary states was the real birth of quantum mechanics, establishing it as a completely different view of nature, distinct from classical Newtonian physics.

  It is particularly appropriate to begin our quest for happiness with stationary states, because in real-life terms, the stability of an unchanging stationary situation usually marks the first step toward happiness, implying that at least things are not getting any worse! Indeed, we all seek some level of stability in life to give us a sense of security. We have a name for the desirable stationary states in life: states of contentment. If you can manage to be content most of the time with what you have, then you can be reasonably assured that your life has been a success. As with quantum states, numerous stationary states are possible for every individual—each of those states corresponding to a different combination of situations with which someone could be content. Despite popular beliefs to the contrary, we don’t all need to be rich and famous to be content. For example, you could be content with a stable desk job with a caring family to return to every evening in a middle-class suburb; or you could be enjoying the single life as a millionaire actor in a successful sitcom with a mansion by the beach and a Ferrari in your garage; or you could even achieve a high level of contentment working the night shift in the local four-year college where your kids can attend for free, and you enjoy your local community activities and the bowling league. We can keep adding to the list and could potentially find stability and contentment in any one of a wide variety of life situations. Yet, as we all know, lasting contentment is not easy to find, and that is because there is something very particular about stationary states—in life, as well as in quantum mechanics.

  [image: images]

  Figure 1.1 (a) Electron orbits around the nucleus of an atom are shown as con-centric circles. The orbits are quantized, meaning only orbits with specific radii (distance from the center) are allowed. (b) This is analogous to the location of people living inside a multistoried building. People (like the electrons) can only be at specific elevations (like orbital radii) corresponding to the existing floors (except when they are in transit on the stairs).

  After all, if stability were all there was to stationary states, Bohr would hardly have had to start a whole quantum revolution on account of them. You see, the most interesting thing about stationary states is that stationary states are very specific; we can’t just pick any available state of the system and call it a stationary state. And the reason goes straight to the heart of what is quantum about quantum mechanics.

  Although pretty much any quantum system can have stationary states, the clearest way to understand them is in terms of the states of an electron inside an atom. We all learn in school that every atom is like a little solar system, with a tiny compact nucleus made of protons (with positive electric charge) and neutrons (with no electric charge), with even tinier particles called electrons (with negative electric charge) in orbit around the nucleus just like the planets around the sun. However, there is a fundamental difference: In the solar system, the planets could in principle revolve around the sun at any radius or distance from the sun, so the earth could have been arbitrarily closer or farther than where it is now relative to the sun, and it could still have a perfectly stable orbit around the sun. But that is not the case with electrons. If we draw an atom as shown in Figure 1.1 with a nucleus at the center and a bunch of circles around it to represent electron orbits, then according to quantum theory, those circles could not be of just any radius; the electron orbits can have only certain fixed allowed radii. This means that in the figure, if the circles drawn correspond to the smallest three allowed orbits, then we cannot draw some other circles in between them to create some intermediate orbits. The situation is just like that for the floors in a multistoried building. Suppose each floor is ten feet high, then people can occupy rooms at ten, twenty, or thirty feet of elevation from the ground (assuming the ground floor is a garage), as shown in Figure 1.1, but nobody can be in a room fifteen feet above the ground, because there is no such floor. It is likewise with electrons in their orbits. Electrons in the allowed orbits are in their stationary states, and they would remain there forever, unless disturbed. This striking phenomenon where only specific orbits are allowed is called the quantization of electronic orbits, because the orbital radii can only take discrete or quantized values. The reason this quantization happens is rather surprising, as we will see at the end of this chapter.

  This finicky nature of stationary states gives a quantum perspective on the elusive nature of long-lasting personal states of contentment. In our lives, even more so than with the relatively simple electrons, a lot of things have to be just right to achieve a stable and lasting situation that would make us content. Even the least demanding among us is unlikely to be in a perpetual state of contented bliss, under just any arbitrary set of circumstances. Things would be a lot easier if we were all that easy to please! Getting all the conditions just right almost never happens! But when it does so once in a while, some lucky ones can hold on to a stationary state of contentment for a long time—we see people like that occasionally and might envy them.

  But the real trouble for most of us is that even contentment is not enough: If you are fine with being content, very good for you—most people unfortunately are not! The truth of the matter is we crave happiness, not contentment. People don’t write books about “pursuit of contentment”; Hollywood would not make movies about that. Contentment lies on the path to happiness, but usually is not the same as being happy.

  Happiness or sadness is really all about changes. This might come as a surprise after all this talk about stationary states. Nevertheless, it is true, because it is only when things change that we register any feelings at all. If you feel a bit skeptical about that, that’s probably because when most of us think of “change,” we envision only major changes in life. But, by change, I mean any change, because every little incident that happens in life has the potential for making us happier or sadder. When a change is positive, leading us to a better situation than we are currently in, we are happy, and when it is negative and things get worse, we end up being sadder and unhappy—and how happy or unhappy depends on just how big the change is.
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  Figure 1.2 When an electron jumps from an outer orbit to an inner orbit, it loses energy, which is emitted as a particle of light (called photon). Vice versa, if the electron absorbs a photon, it gains energy to jump to an outer or higher orbit.

  Think about it: If absolutely nothing ever changed in your life, in the short term you would reach some sort of equilibrium where you are neither happy or sad, but eventually you would just be bored out of your mind. That is why very few people are ever completely content. We are driven by our feelings and our need to feel, and being content is more like an absence of strong feelings. Change needs to happen to trigger the sensations of happiness we seek.

  At a quantum level, changes happen all the time, but inside an atom, they happen in jumps. Since electrons only exist in very specific orbits, they cannot just ease into different orbits (there are no “stairs” among the different orbits like among the floors in a building); they have to jump to get from one orbit to another. And there is magic in those jumps—just as magical as true happiness. Bohr did not get a Nobel Prize just for suggesting stationary states; he realized the wonderful thing that happens when electrons jump between stationary states: light happens! That’s right, the tiny electrons dancing and jumping between stationary orbits is the origin of all the light in the universe. Here’s how it works: An electron in an orbit with a larger radius has more energy than one in a smaller radius, and so when some perturbation triggers an electron to jump from an outer orbit to an inner one, the excess energy is released as a little packet or “quantum” of light, as shown in Figure 1.2. The reverse process can also happen: If a quantum of light with just the right amount of energy comes long, it can be absorbed by an electron to enable it to jump to an outer orbit. And just as the electron states are very specific, all the properties of the packets of light, so absorbed or emitted, are also very specific. Every jump between the same two energy levels will create clones of the exact same quantum of light, which, by the way, are called photons (hence photon torpedoes in Star Trek)1

  We can visualize the changes in the state of our mind as happening similarly to the little quantum jumps of electrons inside an atom. Our mind remains in a stationary state until stimuli, external ones or internal ones (say due to bodily chemical shifts or memory flashbacks), lead to transitions in our mental state. At every waking moment of our life, there are things happening that influence our mood, with metaphorical quanta of happiness floating in and out: You could have been on your way to work at a job that you hate, and then the car radio confirms that you have won the lottery—that’s a big quantum jolt of happiness—you go from being downright miserable to deliriously happy. Then there are the small quanta that change your mood a bit this way and that all the time: an attractive stranger smiled at you, and that made you a just a bit happier instantaneously. Someone behaved like a jerk for no good reason; your happiness drops a quantum. Most of the time, we simply receive too many stimuli on our mind and senses during our waking hours to distinguish individual “quanta” of happiness, so our change of mood might seem just as fluid as a beam of light composed of countless photons.

  Viewed this way, perhaps it is not a coincidence that we have always associated light and brightness with happiness, and its absence and the descent into darkness with despair and gloom. The quantum analogy just reinforces all those metaphors we use to express feelings of joy: “Everything seems bright again,” “The clouds are gone,” “There is light at the end of the tunnel,” “Every cloud has a silver lining,” “If it is winter, can spring be afar?” (the sun fades in the winter; we anticipate its return to glory in the spring). And then all the ones for sadness: “The light is gone from my life,” “It’s all gone dark,” “Why such a dark view of life?” The list goes on. Light is the absolute favorite metaphor and tool in literature, poetry, art, and movies to express the state of the mind, and as we now see, with some primordial roots in the very origin of light. Spread the quanta of happiness, spread the light!

  Now let’s get to the heart of the matter. What is it that defines the stationary states? Why is it that electron orbits can be of only specific radii? What is the reason for quantization? On the human side, what can we do to significantly change our stationary states of mind? To answer all that, we need to understand really what makes quantum mechanics, well . . . quantum.

  The word quantum has become a cliché these days, used for all sorts of things, but few have a clear notion about what quantum really means and misconceptions abound. The word was coined by the German physicist, Max Planck, in 1901, when he suggested that the observed spectrum2 of electromagnetic waves (which includes visible light, x-rays, ultra-violet rays, gamma rays, microwaves, and radio-waves) could be explained only by assuming that such waves (including ordinary visible light) actually come in discrete packets of energy that he called quanta. The idea was slow to catch on at first, but when it did, it caught fire and spurred intense research over the next three decades, which ushered in a completely new way of looking at the universe that has come to be known as quantum mechanics. The name underscores the fact that, as with light, many of the things in nature that were thought to exist as a continuum like a fluid actually come in discrete form like grains of sand. But there is a common misconception that everything in quantum mechanics is discrete or “quantized” and, vice versa, that discreteness is a unique feature of quantum physics. The discreteness is not so much about quantum mechanics per se, but is related to the fact that every system we deal with is finite and has boundaries. It is just that in the very small systems where quantum mechanics is most relevant, that discreteness is particularly conspicuous.

  But how can boundaries make something discrete? It might seem obvious because all discrete or grainy little things have boundaries, due to their finite size. However, it is more subtle than that, because a river has boundaries, too, and we all think of water as a fluid. The way boundaries lead to discrete behavior in quantum mechanics is rather ironic, because to understand it, we need to look at waves, and waves essentially represent quite the opposite of discrete-ness—they are associated with continuous media like fluids. Therein lies a lingering mystery of the quantum world—the wave—particle duality3: Most quantum entities behave both like waves and like particles depending on how you look at it! Let us now see how waves and boundaries lead to quantization.
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  Figure 1.3 When a guitar string is plucked, it vibrates in the shape of a sine wave, characterized by its wavelength (denoted by λ), which is just the separation between adjacent crests of the wave. For each string, different notes are produced by varying its “boundary conditions” as its effective length is changed by clamping down with a finger. The effective length determines the allowed wavelengths as shown in the next figure.

  Consider the waves on a vibrating guitar string; high-speed snapshots show them to have the easily recognizable sinusoidal shape shown in Figure 1.3. We all know that we won’t get far trying to make music with the strings hanging loose! The strings need to be clamped down at the ends and then tightened to the right tension to tune them. Beyond that, playing the guitar (or any string instrument for that matter) is all about varying the effective length of the strings as you pick on them; your fingers act just like temporary “clamps” where they press down along the neck. Everyone, from rock star wannabes to Eric Clapton does just that when pressing down on the frets along the neck of the guitar; bending the strings simply stretches them a bit more. The effective length of a string, illustrated in Figure 1.3, determines the musical note it plays by fixing the wavelength of its vibration. Let’s see how.
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  Figure 1.4 (a) The wave shown here is allowed by the boundary conditions of having the endpoints fixed. The equally spaced points (including the endpoints) that never move are the nodes. (b) The wave shown here is not allowed, since complete half-wavelengths do not fit between the endpoints, requiring motion of the string at the right endpoint, which is not possible since the string is attached there.

  If you were to look closely at any vibrating string, you would just see a blurry outline, as shown in Figure 1.4. But if the string is not too tight, you would also notice that certain points, spaced out at equal intervals along the string, never move at all! Those points are called nodes, and the interval between adjacent nodes is exactly one half-wavelength of the wave playing on the string.4 Now here is the crucial point: Since the endpoints are fixed, and all the nodes in between are equally spaced, an allowed vibration of the string will need to fit complete half-wavelengths between the clamped endpoints. Incomplete half-wavelengths will not do, since they would require impossible motion at the fixed endpoints, as illustrated in Figure 1.4(b). Therefore, any string with its ends fixed can vibrate only at very specific wavelengths; the boundaries of the string determine the wavelengths allowed.
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  Figure 1.5 Snapshots of a vibrating string showing its lowest few stationary states (or harmonics). The nodes are points that never move during the specific vibration associated with each harmonic.

  Even for fixed boundaries, there can still be many allowed wavelengths. But they are not arbitrary. Only such waves can play on a string that exactly fit a set of complete half-wavelengths between the end-points, as shown in Figure 1.5. It’s a bit of a Cinderella situation; only a select few fit the “glass slipper”! Those select few waves are the stationary states for the “boundary conditions” of a particular fixed length of string with its ends clamped down. The states are indeed stationary because, if there were no air resistance or friction, they would vibrate forever, and unlike “traveling” waves, such as ripples in the water, these waves do not go anywhere; they remain right there on the string.

  In quantum jargon, the stationary states would be the eigenstates of the string. In musical parlance, the stationary states are called harmonics, the lowest one with no nodes being the fundamental. So there is a poetic connection between the quantized view of happiness to sound and music as well as to light! The higher the number of nodes, the higher the harmonic, and don’t we associate higher harmonics with happier feelings?

  The essential point here, that boundary conditions determine the states, directly translates to the fundamental rule of happiness in life: the happy or sad (or any other) state of our mind is defined by the boundaries, physical and mental, that frame our existence, meaning that our happiness and our general state of mind for the most part depend on our environment, the circumstances of our life, and the people around us. In any given situation in life, you can easily identify the key set of boundary conditions that constrain you: your connection to family and friends, your bank balance and line of credit, your job security, your home and neighborhood, your health, and such other relevant factors in your life, some major and others minor. With a fixed set of boundary conditions in your life, your options for happiness are restricted or “quantized.” Change the boundary conditions, and your state will automatically change—as surely as musical notes change when the vibrating segment of a guitar string is stretched or shortened.

  Boundary conditions of our lives, however, do not change often or easily, yet we all know that the state of our mind can and does vary day to day, hour to hour, without any significant changes in life situations. That is absolutely consistent with what happens in quantum mechanics; multiple harmonics are indeed possible within fixed boundary conditions as with the guitar strings in Figure 1.5. The catch is that higher harmonics require more energy to generate and are therefore harder to reach; for example, normal picking on a guitar usually generates only the lowest harmonics on the strings. This natural bias toward lower harmonics underscores the essential reality of life that we all live with: It is always harder to achieve a happier and contented state of mind than it is to slide into despondency and depression. Hey, nobody ever complained of too much happiness, while antidepressants have become a staple of the modern world—shrinks count upon nature’s proclivity for the lower harmonics!

  The message here is that there are two routes to happiness: If the boundary conditions in your life remain the same, then you can try to scale up to the higher harmonics of life powered by personal energy and self-motivation. Or you could instead change your boundary conditions—alter and improve the factors that define your life now—and thereby automatically upgrade your state of mind. The trouble with the second route is that many of the boundary conditions in life are often things that we can’t control.
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  Figure 1.6 If the electron is thought of as a wave that is wrapped around in a circle, then it is easy to understand how boundary conditions lead to only a specific size of the orbits being possible. (a) The ends of the wave meet perfectly for this allowed orbit size. (b) The ends of the wave do not match for this slightly smaller orbit size, hence this particular size of the orbit would not be allowed.

  Some say true happiness comes from within. Not quite, according to this quantum perspective. Rather, we can understand it to mean that if we can succeed in making ourselves happy without having to change our boundary conditions, then we are in charge, we need not depend on others and on external factors, and therefore we achieve a more lasting sort of happiness.

  We can understand now why electron orbits are quantized. It is all about the wave—particle duality. Electrons behave like particles and like waves depending on what aspect of it we are looking at. Think of an electron as a standing wave, as on a guitar, only wrapped around in a circle, as shown in Figure 1.6. Instead of it having clamped boundaries where the boundaries cannot move, here instead we need the ends to match up smoothly on being wrapped around. This is a slightly different boundary condition (called periodic boundary condition), but the argument is exactly the same as for the guitar string. Instead of changing the wavelength of the waves, we just keep on adding more and more half-wavelengths. This means that to squeeze in exactly one more half-wavelength, we need to increase the radius by just the right amount to keep the endpoints matched up.

  What is truly amazing is that light and sound—our favorite metaphors for describing the states of the mind—naturally blend into a quantum view of happiness. It is as if somehow we always were in conversation with the universe and understood its language without deciphering the words.
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  1 We never see individual packets of light floating around for the same reason that we do not see atoms and molecules. Light quanta, or photons as they are usually called, are very tiny and there are zillions of them in an ordinary beam of light. As a result, we see light as a continuum, the same way we see water as a fluid and never perceive the little molecules it is made of.

  2 Spectrum is like the fingerprint for different sources of electromagnetic waves. Everything in the universe radiates some form of electromagnetic waves (yes, even you—if you have ever seen thermal images of people, that is due to infrared waves emitted by the body). The spectrum of an object maps the intensities of various electromagnetic waves it emits. The spectrum changes with temperature—that is why we say “red hot” or “white hot,” because as an object gets hotter, it not only emits heat (infrared) but visible light, as well, and starts to glow.

  3 The wave—particle duality is one of the strangest features of quantum mechanics and shows that at very small scales all entities behave both as particles and as waves depending on the type of phenomenon in which they are involved. It’s sort of like a Dr. Jekyll and Mr. Hyde situation—the same person but dual characters manifest in different environments, except that with waves and particles, there is no good or bad, they are both equally relevant.

  4 The wavelength of a wave is the distance over which it repeats its shape (see Figure 1.3). The wavelength is a fixed characteristic of a wave; it is the same for any pair of crests of a particular wave. The nodes are a half-wavelength apart because the shape of the wave repeats exactly only at every other node. For more about waves, see Chapter 9·


  
    
CHAPTER 2

    THE HEISENBERG COMPROMISES

  

  A cornerstone of quantum mechanics, the Heisenberg Uncertainty Principle, provides the ultimate answer to one of life’s eternal conundrums: Why is it that we can never “have our cake and eat it too”?

  Charting the best course through life is often about making the right compromises—a lesson we all learn sooner or later. Coming to terms with this fact marks the transition to maturity. We start life wanting it all and throwing tantrums until we get what we want—a brief phase that passes quickly enough as various trade-offs are forced upon us, innocuously at first by parents and siblings but then with increasing intensity as life goes on. And there is no getting around them, no matter who you are, or how lucky and powerful you feel. We all need to make compromises in life, and we need to make them often. Really now, what chance could we ever have, considering that trade-offs are built into the very fabric of the universe through one of the cornerstones of quantum mechanics: the Heisenberg Uncertainty Principle. It’s a fundamental law with telling analogies that apply to all the inevitable sacrifices that we have to make in our lives. What the uncertainty principle says is deceptively simple and quite easy to understand, but the implications are so unsettling that even Einstein could never come to terms with it.

  As a recognized fundamental law of nature, the uncertainty principle has been around for less than a century. However, the message of it has been ingrained in our traditions for ages. The English language, for example, has the old familiar adage, “You cannot have your cake and eat it too.” Variations of that surely exist in all languages and cultures, so chances are you have heard or said something to that effect one time or another. If this particular phrasing gives you pause (after all, how do you eat a cake you never had?), well, that’s because of its roots in old English. Turn the phrase around, “You can’t eat your cake and have it too,” and the message comes through—that you cannot continue to have the same cake tucked away in your kitchen after you have already eaten it. Well, cakes are nice, and we would like to eat them often and still have plenty to go around. But, of course, this idiom is not really about cakes. It is the distilled wisdom of the ages about the trade-offs in life—the undeniable fact that in most life situations, you cannot have things to your satisfaction in every way you want, like having a full cake in your possession after enjoying the taste of it.

  Compromises never get any easier with practice, and the big ones always leave behind regrets and a sense that the cards are stacked against you. Whenever you feel that way, you might remind yourself of the uncertainty principle to put it all in perspective. Because, you see, it is not just your particular lot in life to make the hard choices; compromise is an inherent and ubiquitous feature of the universe we inhabit. But why are compromises so difficult? Mostly because we never completely know the consequences of our choices. And our potential for knowledge is exactly what the uncertainty principle is about.

  Science, as we all know, is in the business of knowledge, and given all the progress we have seen in the last century, we may feel confidence that gaining complete knowledge of anything is just a matter of time and about crafting better tools. Well, “complete knowledge” is hard to define, so let us start with something diametrically less ambitious: “minimal knowledge.” We can agree that at the very minimum, our knowledge of any object, animate or inanimate, big or small, requires knowing two things about it: (1) its position (where it is located) and (2) its velocity (how fast it is moving and in what direction; if it is not moving at all, its velocity would be zero).

  We should be able to measure them both as precisely as we care to. In everyday life, we absolutely rely on that belief—our common sense demands it. For instance, a traffic cop expects to be able to use his radar gun to determine the velocity of a car and simultaneously pinpoint the location of the vehicle. If that were not the case, it would be a breeze fighting speeding violations in court. Imagine the cop, standing alongside of you in front of the magistrate at the county court, with typical serious demeanor making statements like, “Yes, Your Honor, the defendant was going 100 miles per hour, but I am not quite sure exactly where the violation occurred,” or better still, “I observed the defendant speeding at the corner of Fifth Avenue and Forty-Second Street, but her speed could have been anything between 15 miles per hour and 100 miles per hour.” The magistrate would have no choice but to dismiss your ticket and would be absolutely justified in recommending probation for the officer on account of insanity or inebriation on the job. Justified—because the magistrate shares the general expectation of all sensible people that the officer should be able to determine with certainty both the speed and the location of the violation.

  Until the mid-1920s, that worldview, that at least in principle we can simultaneously gauge all the relevant parameters of an object with any precision, was accepted as a self-evident truth that was universally applicable. Then, that cozy view fell apart when the young German physicist Werner Heisenberg showed with his uncertainty principle that for a tiny particle like an atom or an electron, it is impossible to know simultaneously both its position and its velocity exactly. If you measure its position precisely, then you will lose some information about its velocity; vice versa, if you measured its velocity precisely, you will have to sacrifice complete knowledge of its position. Here’s a simple way to understand why: If we make a very careful measurement to pinpoint the location of an electron, then the very process of that measurement will make its velocity uncertain. That is because to find its position, we will have to probe it somehow, like by shining a light on it as shown in Figure 2.1, and for something that small, even the light hitting it would give it a kick that would change its motion. As a result, its velocity now becomes uncertain. Of course, with larger entities, like you and me, light can’t knock us around. But the principle holds; there is an eventual limit to how much we can know about any object in this universe. Our knowledge of even the tiniest particle in the universe is fundamentally limited by a quantum trade-off!

  [image: images]

  Figure 2.1 The process of determining the position of a subatomic particle, such as an electron, changes its velocity because even the energy of the light used to observe it gives it a kick.

  But the strangest thing about the uncertainty principle is that all observable physical parameters come in pairs called conjugate variables, for which if one is measured very precisely, inevitably some precision is lost in the other. It is kind of like most married couples, both can never seem to be happy at the same time! Well, the name can’t be a coincidence—after all, a married couple is a “conjugal” pair! Position and velocity happen to be just one such pair, but there are many others, like energy and time, for example. Interestingly enough, each member of a conjugate pair affects its partner, but not necessarily members of other pairs. So, for example, we can measure the position and the time both as precisely as we want to, likewise the momentum and the energy—no uncertainty trade-offs there. Now if that seems bizarre, just think about marital conjugal pairs; the happiness of a wife might correlate with her husband’s but is independent of how the neighbors are feeling.

  The uncertainty principle is a primary reason why the quantum view of the universe is so very different from the classical view. In the classical worldview defined by Sir Isaac Newton, you could know everything about any object in the universe completely and up to arbitrary precision—well at least in principle. This led to a deterministic view of the world, which strongly influenced the cultural and philosophical outlook in the centuries that followed Newton. The universe was viewed as a clockwork mechanism, so that if you knew the initial position and velocity of every particle in the universe and the forces acting among them, you could, in principle, predict how the drama of the universe would play out for all eternity.

  The trouble with this deterministic view is that it did not leave any room for free will or matters of chance. If you bought into that picture, then you will have to believe that everything in the universe (including all our lives) were predetermined at the origin of the universe! So certainly some change of view was inevitable. Yet nobody could have expected the magnitude of the change that was to come! The quantum view à la the uncertainty principle really took us all the way to the other extreme: Now instead of the universe being completely deterministic, it turns out that, at the subatomic level, everything is governed by uncertainties and laws of chance. Forget about predetermining the fate of the universe, the uncertainty principle tells us that we cannot even precisely determine the fate of one single tiny electron!

  In retrospect, the classical deterministic view of the world was an unrealistic one at many levels. For one, it simply does not agree with any of our life experiences. In a predetermined universe, chance can be eliminated, so you could, in principle, know it all. Well then, if you could know it all ahead of time, you could also arrange to have it all. Yeah, right! The reality is that in life we can never have it all, and our lives are indeed governed by chance, much more than we would like to admit. Life is chock-full of trade-offs, just like the uncertainty principle. And as with the uncertainty principle in nature, all the desirable and worthwhile things in life seem to come in conjugate pairs, with a built-in catch so that you can never get enough of both—because too much of one always means sacrificing on the other. In the language of quantum physics, we just say that conjugate pairs do not commute.

  My favorite one is the “time versus money conjugate pair”; you never can seem to have all the money you want and the time to spend it simultaneously. Barring a few lucky individuals—those who came into large inheritances, like the idle aristocrats in the novels of P. G. Wodehouse, or those lucky few who made their pile young and retired early—the rest of us with high financial ambitions have to slog at it for most of our lives, leaving very little time to play with the money as we struggle to push up our net worth higher. On the other hand, if you have no financial ambitions, and you are completely content with living in a barrel—like Diogenes of ancient Greece—and with having nothing at all—like the naked fakirs in the Himalayas—you will likely have all the time in the world, but of course not much money to measure that time with. In the quantum jargon, time and money just do not commute!

  Then, take the whole marriage thing, for instance. Not so long ago, the popular comedian, Chris Rock, a keen observer of human behavior, had this to say about marriage: You can either be “single and lonely” or be “married and bored.” Without perhaps realizing it, he was touching a bit on the uncertainty principle, because I think that captures another one of life’s great trade-offs. If you stay single, you can continue to play the field, you can hit the bars on the weekends, date several people in a single year at varying levels of intimacy, and move on when you are bored (assuming that you have the charm and the social skills to get someone to go out with you in the first place). At the end of every day, when you leave your workplace, you are free as a bird, you can do anything you want in your pad. If you happen to be a guy for whom a regular cleaning schedule is thing of mystery, there would be no wife to question your notions of cleanliness; if you planned for days to watch that game on Monday night, you would not be cajoled and manipulated into watching the mushy sitcom instead. And vice versa, if you are a woman who likes your nest to be organized and pretty, there is no one to mess up your place, no badly aimed urine all over your toilet, and if one night you felt like having a good cry watching The Bridges of Madison County, there is no danger of some insensitive lout switching channels just as Clint Eastwood is driving away from that last crossroad.

  So, it is all great, you are completely free to enjoy yourself and live as you want to—that is, until you hit those weekends with no dates and cannot find any friends to hang out with; you are rained in and you do not even feel like watching television because it reminds you of all that is missing in your life; worse still, you are middle-aged now and getting dates is not as easy or as much fun as it used to be—and all your friends are married with kids and busy with their lives. Then you might start wishing for a family and kids yourself. You might have enjoyed the single life, but all along there was this risk of eventually ending up lonely and depressed. Not to mention that you probably have shortened your life by excessive partying, drinking, and smoking in the name of socializing.

  Well, those are the trade-offs for the single life. There is plenty to say about the other side as well, the married life. I read somewhere that married guys are among the largest consumer demographics of the adult industry in America. So I am assuming all is not so quiet on that domestic front. For sure, married people envy their single friends often, and perhaps that is why they always try so hard at matchmaking; you know that if you are single after a certain age, and most of your friends are married, they will harass you about getting married, and they will keep on trying to set you up with someone— usually with people you do not want to meet. I think married people simply cannot bear to see all the fun their single friends are having that they themselves are missing out on, while they are doing household chores amidst whiny kids and intolerable spouses. So they try to ruin that fun for their single friends, by getting them married, as well. But hey, if you can survive all that and make it through the tough times, you will have very little time to get depressed and lonely, partly because you will never be alone for any length of time to indulge in either. And in your middle age, when the kids are off to college and doing well, you will be so proud and happy, and the spouse of many years has now become someone you cannot imagine living without. So when your still-single friends, the ones you used to envy a decade ago, stop by, they will linger over the photographs of your kids and wonder what went wrong in their lives.

  While on the topic of family life, one can also apply the uncertainty principle to having kids. Sure, they can make you smile and make you proud and might rally around you (if you are lucky) in your old age, but then you have to be prepared to go through those sleepless nights and the trips to the doctor, the PTA meetings, soccer practice, piano lessons, and pretty much sacrifice many of the best years of your life to take care of their needs while they grow up.

  Other trade-offs in life have a closer semblance to another set of conjugate variables in quantum physics. The energy—time uncertainty principle is just as fundamental as the position—velocity one we talked about. And in quite the same way, the more precisely we specify the total energy in a system, the less precisely can we define the time scale associated with it. This is somewhat trickier than the other sets of uncertainty-bound conjugate pairs in physics, because unlike position or velocity or even energy, time is not a characteristic of an object, be it an electron or a human being. Time, like space, is more like a background against which all other things play out. One way to understand the energy—time uncertainty principle is as follows: All fundamental particles have some intrinsic energy as a part of their quantum identity, just as your height, eye color, and other characteristics identify you. And the more precisely you want to know the energy of a particle, the more time you need to do the measurement. Therein lies the trade-off: The more precise your knowledge of the energy, the less precisely can you pinpoint the time when you actually have that knowledge, and, vice versa, the less time you spend in measuring that energy, the more precisely you can specify the exact moment of the energy measurement, but then you have to sacrifice the accuracy of the energy value you have.
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