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   “Common wisdom paints quantum mechanics as one of the most abstract and esoteric of subjects, daunting for non-experts. Yet, as Chad Orzel wonderfully shows in Breakfast with Einstein, a full gamut of our commonplace daily activities—from boiling water for tea…to taking and exchanging photos with our electronic cameras and phones—depends on quantum rules. By focusing on how quantum mechanisms guide the workings of his typical morning routine, Orzel cleverly brings those important principles close to home.”

   Paul Halpern, author of The Quantum Labyrinth:  How Richard Feynman and John Wheeler Revolutionized Time and Reality

   “Orzel draws us in with the everyday experience. And then we find we are on a journey of more than 100 years of physics. The reader is rewarded not only with a deeper understanding of everyday things, but also learns how physicists themselves look at the world every day.”

   David Saltzberg, professor of physics and astronomy at UCLA
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   For David, my favorite Little Dude.

Of all the little dudes I know, you’re the one I love the best.
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‌Introduction

   The sun comes up not long before my alarm clock starts beeping, and I get out of bed to start the day. It’s still dark in the hallway when I leave the bedroom, the status light on the smoke detector casting a faint light on the wall. Down in the kitchen, I put water on for tea—checking for the glow of the heating element to make sure I haven’t groggily put the kettle on the wrong burner again. I open the refrigerator to start breakfast, careful not to dislodge the many works of art held to the door with magnets. I slide a couple of slices of bread into the toaster oven, jiggling the rack when it sticks a bit, and lean against the counter while I wait.

   My tea is still a bit too hot to drink, but I savor the aroma of the rising steam as it cools, and start up the computer to see what’s going on in the world. My social media feeds are full of the usual overnight fare—morning news from Europe and Africa, evening stories from Asia and Australia, digital photos of the kids and cats of friends around the world. My email is mostly from students requesting homework help, plus a couple of receipts and tracking notices from online purchases.

   After my tea and toast, I grab the dog’s leash and we head out for our morning walk. When we return, it’ll be time to get the kids up and ready for school. Once they’re on the bus, I’ll head off to school myself, to teach another class of students about the physics all around them.

   When I tell people I’m a physicist, I’m often met with questions about exotic phenomena, drawing on some of the vivid and colorful examples that have emerged from decades of debate about quantum theory. People ask about Schrödinger’s famous cat, alive and dead at the same time, or about the quantum entanglement that Einstein derided as “spooky action at a distance,” or whether God really plays dice with the universe. These topics capture the imagination of nonscientists as well as professional physicists, because they confound our intuition about how the world works.

   While physicists and popularizers of physics have been very successful at pushing some of these abstract and odd-seeming ideas into popular culture, in a way we are also victims of that success. Most people who have heard of these strange and captivating phenomena also think of them as the sort of things that only turn up in a multibillion-dollar experiment like the Large Hadron Collider, or in extreme astrophysical environments like near the event horizon of a black hole. The counterintuitive nature of these phenomena and the metaphorical language we must use in order to discuss them in nonmathematical terms combine to convince most people that quantum physics has no relevance at all to everyday life.

   It might come as a surprise, then, to learn that nothing in the description of a mundane morning that began this introduction would be possible without “exotic” quantum physics. The time marked by our alarm clocks can be traced back to energy states within atoms that exist because of the wave nature of electrons. The semiconductor chips at the heart of the computers we use to send one another funny cat memes can’t be understood without quantum superpositions like that of Schrödinger’s infamous zombie cat. Neither the chemistry of aroma nor even the stability of solid matter that keeps our breakfasts from falling through the table can be explained without the strange statistical properties of quantum spins.

   On closer inspection, it turns out that our everyday world is profoundly influenced by the “exotic” and “abstract” phenomena of quantum physics. Even the most ordinary of activities, those that make up our morning routine, are fundamentally quantum, when you dig into them a bit.

   This might sound unlikely at first, but if you think about it, it has to be true. After all, physicists inhabit the same everyday world as everyone else. While state-of-the-art physics experiments use lasers and particle accelerators to probe that world at a level far beyond our everyday experience, even the most complicated experiments and observations must begin and end right here in ordinary reality. And the sophisticated apparatus employed for those experiments has mundane roots: the tools and techniques used to study even the most arcane aspects of physics were built up deliberately over many years, following small clues to ever stranger phenomena. The clues that lead us to the exotic and the abstract began with hints and mysteries in the behavior of ordinary objects. If quantum physics didn’t affect the everyday, macroscopic world, we never would’ve needed to discover it.

   The story of that discovery begins with observations and technologies that are very familiar to nearly anyone who has ever made breakfast. The very first quantum theory—in fact, the theory that introduced the word “quantum” to physics—was invented by Max Planck to explain the red glow of a hot object like the heating element in an electric stove or toaster. Quantum ideas were first applied to material objects in Niels Bohr’s model of the hydrogen atom; you see the underlying physics in action any time you use a fluorescent light.

   The history of quantum physics is also a history of scientists making bold leaps and lucky guesses. Planck and Bohr introduced their quantum models as desperate tricks to explain phenomena that classical physics simply couldn’t. Louis de Broglie proposed that electrons might behave like waves for reasons of mathematical elegance, and the wave nature of matter turns out to be essential for understanding and controlling how electric current moves, enabling an enormous range of modern technologies. Wolfgang Pauli explained the conceptual basis of chemistry in a stroke when he introduced his exclusion principle. “Pauli exclusion” also turns out to be crucial to understanding problems he hadn’t yet considered, like the physics of refrigerator magnets and why solid objects don’t collapse in on themselves.

   Albert Einstein was a key player in all of this—his name isn’t on the cover just to sell books. We mostly associate Einstein with his theory of relativity, a different (and just as fascinating) branch of modern physics, and if he’s mentioned at all in connection with the quantum, it’s usually to quote one of his many pithy and disdainful remarks on the theory from his later years.

   In fact, though, Einstein played a pivotal role in the development of quantum physics. In 1905, the same year he launched relativity, he also picked up and extended Planck’s quantum model to explain the photoelectric effect, the physics of which is essential for the operation of the digital cameras we use to so extensively document our modern lives. A decade later, he elaborated on the interaction between light and atoms in a way that laid the foundation for the invention of lasers, which are the cornerstone of modern telecommunications. And even as he fell away from the mainstream of quantum physics, he made a valuable contribution: his parting shot introduced the idea of entanglement, which is at the heart of many proposals for the next generation of quantum technologies involving unbreakable encryption and computers of unprecedented power.

   My goal with this book is to reveal the quantum foundations of everyday reality by digging into the mundane morning described earlier. In the following chapters, I’ll explore many of the activities described to show how an ordinary weekday routine depends on some of the weirdest phenomena ever discovered. And as I explain how quantum effects connect with our daily life, I’ll also share the story of some of the clues physicists followed to uncover them.

   The intent here is not to drag quantum physics down until it is as unremarkable as a weekday breakfast. Rather, I hope to elevate the everyday by showing the wonder and amazement that can be found in even the simplest activities, ones we take for granted. Quantum physics is one of the greatest intellectual triumphs of human civilization, full of mind-expanding and imaginative new ideas. It’s also all around us, every day, if we just know where to look.

  

 
  
    


‌Chapter 1

   Sunrise: The Fundamental Interactions

   The sun comes up not long before my alarm clock starts beeping, and I get out of bed to start the day …


   It might seem like cheating to start a book on the quantum physics of everyday objects by talking about the sun. After all, the sun is a vast sphere of hot plasma, a bit more than a million times the volume of Earth, floating in space ninety-three million miles from here. It’s not an everyday object in the same way as, say, an alarm clock that you can pick up and throw across the room when it wakes you after a too-short sleep.

   On the other hand, in a sense the sun is the most important everyday object of all, even beyond the glib observation that a day doesn’t start until the sun rises. Without the light we receive from the sun, life on Earth would be utterly impossible—the plants we rely on for food and oxygen wouldn’t grow, the oceans would freeze, and so forth. We’re dependent on the light and heat of the sun for our entire existence.

   For the purposes of this book, the sun is also a useful vehicle for a kind of dramatis personae, introducing the key players of quantum physics: the twelve fundamental particles that make up ordinary matter, and the four fundamental interactions between them.

   The twelve fundamental particles—particles that cannot be broken down any further into even smaller parts—are divided into two “families,” each with six particles. The quark family consists of the up, down, strange, charm, top, and bottom quarks, and the lepton family contains the electron, muon, and tau particles, along with electron, muon, and tau neutrinos. The four fundamental interactions are gravity, electromagnetism, the strong nuclear interaction, and the weak nuclear interaction. You can often find these particles and interactions enumerated on a colorful chart hanging in a physics classroom, collectively referred to by the sadly generic name “The Standard Model of physics.” The Standard Model encapsulates everything we know about quantum physics (and also about the ability of physicists to come up with catchy names), and ranks as one of the greatest intellectual achievements of human civilization.1 The sun is a perfect introduction to the Standard Model, because all four of the fundamental interactions have a role to play in order for the sun to shine.

   So, we’ll start our story with the sun, taking a whirlwind tour of its inner workings to illustrate the essential physics that powers everything else we do. We’ll go through each of the fundamental interactions in turn, beginning with the best known and most obvious of these forces: gravity.

   Gravity

   If you were to generate sports-radio-style “power rankings” of the fundamental interactions of the Standard Model, three of the four have a decent case for claiming the top spot. If pressed to make a choice, though, I’d probably give the honors to gravity, because gravity is ultimately responsible for the existence of stars, and thus for most of the atoms making up our bodies and everything around us, enabling our silly conversations about ranking fundamental forces.

   In our everyday lives, gravity is probably the most familiar and inescapable of the fundamental interactions. It’s gravity that you fight against when getting out of bed in the morning, and gravity that keeps me from being able to dunk a basketball (well, gravity, and being woefully out of shape …). We spend the vast majority of our lives feeling the pull of gravity, which makes its temporary absence—as in amusement park rides featuring sudden drops—fascinating, and even thrilling.

   That familiarity also makes gravity one of the most-studied forces in the history of science. People have been thinking about how and why objects fall to the earth for at least as long as we have records of people pondering the workings of the natural world at all. Popular legend traces the origin of physics to a young Isaac Newton being struck (literally, in some versions) by the fall of an apple from a tree, and thus impelled to invent a theory of gravity. Contrary to the image conjured up by this apocryphal tale, though, scientists and philosophers were already well aware of gravity, and had devoted significant thought to how it works. By Newton’s day, experiments by Galileo Galilei, Simon Stevin, and others had even made some quantitative headway on the subject, establishing that all dropped objects, regardless of their weight, fall toward the earth with the same acceleration.

   As an old man, Newton himself recounted a version of his apple encounter to younger colleagues. It isn’t mentioned in his papers from the time when he was actually working on gravity, but he did spend an extended time during that period at his family’s farm in Lincolnshire, when the universities were closed due to an outbreak of plague. To the extent that there’s truth to the story however, the most popular telling misidentifies the nature of Newton’s insight. Newton’s epiphany was not about the existence of gravity but its scope: he realized that the force pulling an apple to the ground is the same force that holds the moon in orbit about the earth, and the earth in orbit around the sun. In the Philosophiae Naturalis Principia Mathematica, Newton proposed a universal law of gravitation, giving mathematical form to the attractive force between any two objects in the universe having mass. This form, combined with his laws of motion, allowed physicists to explain the elliptical orbits of the planets in the solar system, the constant acceleration of objects falling near the earth, and a host of other phenomena. It established a template for physics as a mathematical science, one that is followed right up to the modern day.

   The crucial feature of Newton’s law of gravity is that the force between masses depends on the inverse of the distance between them squared—that is, if you halve the distance between two objects, you get four times the force. Objects that are closer together experience a stronger pull, which explains why the inner planets of the solar system orbit more rapidly. It also means that a diffuse collection of objects will tend to be drawn together, and as they grow closer, they are compressed ever more tightly by the increasing force of gravity.

   This increasing force is critical for the continued existence of the sun, and it’s the ultimate source of its light. The sun is not a solid object, but rather a vast collection of hot gas, held together only by the mutual gravitational attraction of all the individual atoms making it up. While it may top our list in terms of everyday impact, gravity is the weakest of the fundamental interactions by a mind-boggling amount—the gravitational force between a proton and an electron is a mere 0.000000000000000000000000000000000000001 times the electromagnetic force that holds them together in an atom. The enormous quantities of matter present in the sun, however—some 2,000,000,000,000,000,000,000,000,000,000 kg—build up a gigantic, collective gravitational force, pulling everything nearby inward.

   A star like the sun begins life as a small region of slightly higher density in a cloud of interstellar gas (mostly hydrogen) and dust. The extra mass in that region pulls in more gas, increasing its mass, and thus increasing the gravitational attraction to pull in more gas still. And, as new gas falls in toward the growing star, it begins to heat up.

   At the microscopic scale, a single atom drawn toward a protostar speeds up as it falls inward, just like a rock dropping toward the surface of the earth. You could, in theory, describe the behavior of the gas in terms of the speed and direction of each of the individual atoms, but that’s ridiculously impractical even for objects vastly smaller than a sun-sized ball of gas—not just because of the number of atoms, but because the atoms interact with each other. A non-interacting atom would be drawn in toward the center of the gas cloud, speeding up as it went, then would pass out through the other side, slow down, stop, and turn around to repeat the process. Real atoms, though, don’t follow such smooth paths: they hit other atoms along the way. After a collision, the colliding atoms are redirected, and some of the energy gained by the falling atom as it accelerated due to gravity is transferred to the atom it hit.

   For a large collection of interacting atoms, then, it makes much more sense to describe the cloud in terms of the collective property known as temperature. Temperature is a measure of the average kinetic energy of a material as a result of the random motion of the components making it up—for a gas, this is mostly a function of the speed of the atoms zipping around.2 An individual atom is pulled inward and accelerates, gaining energy from gravity and increasing the total energy of the gas. When it collides with other atoms, that energy is redistributed, raising the temperature. The total energy doesn’t increase, but rather than having a single, fast-moving atom passing through a bunch of slower ones, after many collisions, the average speed of every atom in the sample increases by a tiny amount.

   The increasing speed of the atoms in the cloud of gas tends to push it outward, as a faster-moving atom can travel a greater distance from the center before gravity turns it around and brings it back in. The redistribution of energy from new atoms, though, means that this increase isn’t enough to stop the collapse, and as new atoms are pulled in, the mass of the protostar increases, increasing the gravitational force. This, in turn, draws in more gas, bringing in more energy and more mass, and so on. The cloud continues to increase in both temperature and mass, becoming denser and denser, and hotter and hotter.

   Left unchecked, the growing force of gravity would crush everything down to an infinitesimal point, forming not a star but a black hole. While these are fascinating objects, warping space and time and presenting a major challenge to our most fundamental theories of physics, the environment near a black hole is not a hospitable place to have a weekday morning breakfast.

   Happily, the other fundamental interactions have their own roles to play, halting the star’s collapse and allowing the formation of the sun we know and love. The next to kick in is the second most familiar: electromagnetism.

   Electromagnetism

   We regularly encounter the electromagnetic interaction in everyday life, whether in the form of static electricity crackling in a load of socks fresh from the dryer, or that of magnets holding grade-school artwork to the refrigerator. Unlike gravity, which is always attractive, electromagnetism can be either attractive or repulsive—electric charges come in both positive and negative varieties, and magnets have both north and south poles. Opposite charges or poles attract each other, while like poles or charges repel. The electromagnetic interaction is even more ubiquitous than static charges and magnets, though—in fact, it’s responsible for our ability to see, well, anything.

   In the early 1800s, electromagnetism was a hot topic in physics, with many phenomena involving electric currents and magnets being studied for the first time. Among those studying electromagnetism was British physicist Michael Faraday. He is responsible for a number of technical advances that play a key role in an everyday morning, including his work on liquefying gases, which finds application in refrigeration, and the development of the “Faraday cage” that (among many other things) helps contain the electromagnetic fields used to cook your food in a microwave oven. Unquestionably, his most important discovery was that not only can electric currents affect nearby magnets, but moving magnets and changing magnetic fields can create current—which is the basis of the vast majority of commercial electricity generation powering the conveniences of modern life. He was one of the first to understand the behavior of charges and magnets in terms of electric and magnetic fields filling empty space and telling distant particles how to move.

   Faraday is a seminal figure in physics, one of three people whose likenesses Einstein displayed in his office (the other two were Newton and James Clerk Maxwell). Alas, he came from a poor background, and while he was a great experimenter with deep physical insight, he lacked the formal mathematical training needed to translate this insight into a form that would convince the physicists of his day to take the “field” concept seriously. It fell to James Clerk Maxwell, from a well-off Scottish family, to put electric and magnetic fields on a firm mathematical foundation. In the 1860s, Maxwell showed that all known electric and magnetic phenomena could be explained by a simple set of mathematical relationships—in modern notation, there are four “Maxwell’s equations,” compact enough to fit on a T-shirt or coffee mug. Faraday’s electric and magnetic fields are real things, connected to each other in deep ways—a changing electric field will create a magnetic field, and vice versa.

   Maxwell’s equations encompass all known electric and magnetic phenomena, and also predicted a new, unified one: electromagnetic waves. If an oscillating electric field is combined in the right way with an oscillating magnetic field, the two will support one another as they travel through space, the changing electric field causing a change in the magnetic field, which causes a change in the electric field, and so on. These electromagnetic waves travel at the speed of light, and light was already known to behave like a wave;3 Maxwell’s equations were quickly embraced as an explanation for the nature of light—namely, that it is fundamentally an electromagnetic phenomenon. Electromagnetism provides the basis for understanding how light and matter interact, and as we’ll see in chapters to come, probing the nature of the interactions between material objects and electromagnetic waves sets the stage for many of the discoveries that established quantum mechanics.

   Electromagnetic forces are also largely responsible for the familiar structure of the objects we encounter each day. Ordinary matter is made up of atoms, which are themselves made up of smaller particles distinguished by their electric charge: positively charged protons, negatively charged electrons, and electrically neutral neutrons. An atom consists of a positively charged nucleus containing protons and neutrons, surrounded by a cloud of electrons drawn in by the electromagnetic attraction of the nucleus.

   As mentioned earlier, the electromagnetic interaction is vastly stronger than gravity—a fact nicely demonstrated by the party trick of rubbing a latex balloon on your hair and then sticking it to the ceiling. In the rubbing process, a tiny fraction of a percent of the atoms in the balloon steal an electron from atoms in your hair, giving the balloon a small negative charge.4 The attraction between this tiny charge and the atoms in the ceiling is strong enough to hold the balloon in place, resisting the gravitational pull of the entire Earth, with a billion billion billlion times the mass of the balloon.

   The strength of electromagnetism is an indispensible factor in producing the sun. Electromagnetic interactions are responsible for the collisions between atoms that convert the energy gained from gravity into heat. As the temperature of the gas falling into a growing star increases, it eventually becomes hot enough—around 100,000 kelvin or almost 180,000 degrees Fahrenheit5—to separate the electrons in hydrogen atoms from the protons in the nucleus, producing a gas of electrically charged particles: a plasma. Gravity continues to compress the plasma, but the mutual repulsion between the positively charged protons holds them apart, resisting gravity’s pull. As the forming star continues to draw in more gas, the temperature increases to higher and higher levels.

   Despite the enormous disparity between electromagnetism and gravity, though, the plasma can’t escape gravity entirely because the electrons that were part of the gas cloud are still around. They’re moving too fast to be captured by protons to make atoms, but they keep the star as a whole electrically neutral. If protons alone were present, the mutual repulsion of such an enormous collection of positive charges would blow the whole star apart in an instant. Thanks to the neutralizing background of electrons, though, any individual proton feels only the force of its few nearest neighbors, while the gravitational pull compressing the star comes from the mass of every single particle. As more gas is added, the gravitational force gets stronger and stronger, eventually overwhelming the electromagnetic force.

   Electromagnetic interactions can slow the compression of a hot plasma collapsing under gravity, but electromagnetism alone can’t stop the collapse and produce a stable star. To create the stable sun as we know it requires an enormous release of energy leading to even higher temperatures, which brings us to the next player in our story: the strong nuclear interaction.

   The Strong Nuclear Interaction

   The third fundamental interaction is not one that we’re directly aware of in everyday life, as it is an extremely short-range force, acting over a distance comparable to the size of an atomic nucleus, about 0.000000000001 mm, or around one ten-billionth the thickness of a human hair. We’d certainly notice its absence, however, as it’s responsible for around 99 percent of the mass of everything we deal with.

   Understanding the strong nuclear interaction requires us to recognize that two of the particles that make up ordinary matter, protons and neutrons, are in fact pieced together from “quarks,” particles with an electric charge equal to a fraction of that of an electron.6 A proton is made of two “up” quarks (each with a positive charge two-thirds of the electron charge) and one “down” quark (negative one-third of the electron charge),7 while a neutron consists of one up and two down quarks. These quarks are held together by the strong nuclear interaction, similar to the way electromagnetic forces hold electrons in atoms. And just as “electric charge” is the property associated with electromagnetism, the strong force is associated with a property called “color,” which takes on three values: red, green, and blue. A three-quark particle like a proton will have one quark of each color, making it “colorless” in the same way that an atom containing equal numbers of protons and electrons is electrically neutral.

   The composite nature of protons and neutrons, and the quark-to-quark nature of the strong interaction, helps explain one of the puzzling features of matter, namely how the nucleus of a complex atom holds itself together. Carbon atoms, for example, have six protons in their nucleus, each with a positive charge. As we know from electromagnetism, these positive charges repel each other, producing an enormous force that tries to blow the nucleus apart. So, as many a kid in school learning about atoms has asked, why doesn’t the nucleus fall apart?

   The answer is the strong nuclear interaction, which, as its name suggests, acts within the nucleus, and is very strong. In fact, it is just over 100 times stronger than electromagnetism, more than powerful enough to hold protons together within an atom. Since the interaction is between individual quarks, though, it only comes into play when the particles are close enough together to “see” that they’re made up of quarks. In the same way that two neutral atoms will not interact when they’re widely separated but can feel a force pulling them into a molecule when they get close, colorless protons separated by more than a few times their own radius do not interact with each other via the strong nuclear interaction. The result is similar to the screening of protons by electrons that lets gravity prevent the plasma in a star from blowing apart, as mentioned earlier: the presence of other colors screens out the strong interaction between individual quarks, leaving only the electromagnetic repulsion.

   Close up, however, the individual quarks in neighboring particles are drawn to each other, and this is what holds protons (and neutrons) together inside the nucleus. This is also where the strong interaction comes into play within the sun. At ordinary temperatures, electromagnetism keeps protons too far apart for the strong interaction to kick in, but as the plasma inside a forming star gets hotter and hotter, and protons move faster and faster,8 they begin to approach each other more and more closely. At the temperature and density of matter found in the core of a star-to-be, a tiny fraction of these protons will get close enough for the strong force to take over and stick them together. This process converts hydrogen (the simplest atom, with a nucleus containing a single proton) into helium (a nucleus with two protons), and along the way releases an enormous amount of energy.

   Where does this energy come from? The short answer is “the world’s most famous equation, E = mc2.” That is, some of the mass of the initial hydrogen is converted into energy: the energy release of the sun involves converting four million metric tons of mass into energy every second. But that answer can be kind of confusing, since the total number of particles doesn’t change—four hydrogen nuclei contain twelve up and down quarks, as does a helium nucleus—so it’s not obvious where the missing mass came from. Explaining this requires a deeper look inside the proton and the nature of the strong interaction.

   Particle physicists have been aware of the existence of quarks since the 1960s, and the properties of the up and down quarks are well-known. If you search for “quark” using Google, you’ll get all manner of information about these particles, including the masses of up and down quarks—2.3 and 4.8 in the units physicists use to measure such things.9 This is a little surprising, though, as the mass of a proton in those same units is 938, about 100 times greater than the mass of the particles that make it up.

   So, where does the mass of a proton come from? The answer, again, is E = mc2: The quarks inside the proton are bound together by the strong nuclear interaction, and that interaction involves an enormous amount of energy. To observers outside the proton, this interaction energy manifests as mass. Something like 99 percent of the mass of a proton, then, is not in the form of material particles, but is energy from the strong interaction holding the proton together.

   The same basic process takes place inside of an atom, between the protons and neutrons bound together by the strong force. The mass we measure for the nucleus of an atom is not just the sum of the masses of the protons and neutrons making it up, but it also includes a contribution from the energy of the strong interaction that binds them together.

   Exactly how much mass the strong interaction contributes, though, depends on the details of the specific atom and how it’s put together. For very light atoms like hydrogen and helium, it turns out to be slightly more efficient to have a bigger nucleus—the amount of strong-interaction energy needed to keep two protons and two neutrons together is slightly less than that required for four individual protons. When four protons undergo nuclear fusion to make helium,10 then, they no longer need some of the energy they initially had, and that energy gets released as heat. The energy released per reaction is very small—a baseball pitched with this same energy would take about a month to reach home plate—but there are vast amounts of hydrogen fusing inside the sun, a staggering 1038 (1 followed by 38 zeroes) of these reactions happening every second (give or take).

   To recap: As a star like the sun is forming, gravity and electromagnetism begin the process of heating the gas as it falls toward the center. When the temperature gets high enough for a few hydrogen atoms to begin fusing into helium, the energy they release rapidly increases the temperature, which in turn increases the rate of fusion. Eventually, a balance is reached between the inward pull of gravity and the outward pressure produced by this heating, and the star remains stable for as long as there is hydrogen in the core to “burn.”

   The several-billion-year life of a star, then, is driven by gravity, electromagnetism, and the strong force. Gravity draws gas together, electromagnetism resists the collapse and increases the temperature, and when that temperature is high enough that electromagnetism no longer keeps protons well apart, the strong nuclear force releases vast amounts of energy as hydrogen fuses into helium. The competition between the three produces a stable star, generating the light and heat that sustains life on our planet.

   It might seem like we’ve told the entire story with only three of the four fundamental interactions, sadly neglecting the weak nuclear interaction (which was already saddled with the worst name of the lot). But in fact it, too, has a part to play in powering the sun—a contribution more subtle than that of the others, but no less essential.

   The Weak Nuclear Interaction

   The weak nuclear interaction occupies an unusual position in the Standard Model, being arguably the least obvious fundamental interaction, while also being one of the best understood. The mathematical theory of the weak interaction and its close relationship with electromagnetism was developed through the 1960s and early 1970s, and the experimental confirmation of that theory’s predictions, culminating in the discovery of the “Higgs boson” in 2012, ranks among the greatest triumphs of the Standard Model. The strong nuclear interaction, meanwhile, continues to pose problems for theorists computing properties of matter, while gravity is famously mathematically incompatible with the other three.11

   At the same time, however, it’s very difficult to point to exactly what the weak nuclear interaction does. What makes the weak interaction especially tricky to explain to nonphysicists is that, unlike the other interactions, it doesn’t manifest as a tangible force in the usual sense. The pull of gravity is a central element of our everyday experience, and electromagnetic forces between charges and magnets are something you can feel. And while the strong interaction operates at an extremely remote scale, it’s still easy to understand as a force holding the nucleus together against electromagnetic repulsion.

   The weak interaction, on the other hand, isn’t used to stick anything together, or to push anything apart. This is why most physicists have dropped the pleasingly alliterative term “fundamental forces” in favor of “fundamental interactions.” Instead of pushing or pulling on particles, the weak nuclear interaction’s important function is to cause particle transformations: more specifically, it turns particles from the quark family into particles from the lepton family. This lets a down quark (which has a negative charge) transform into an up quark (which has a positive charge) by emitting an electron and a third particle known as a neutrino—or an up quark transform into a down quark by absorbing an electron and emitting an antineutrino. These transformations enable neutrons to turn into protons, and vice versa.

   The process taking place in the sun involves the latter, and is the inverse of the better-known phenomenon of “beta decay,” in which a neutron in the nucleus of an atom spits out an electron and changes into a proton. Beta decay has been known of since the early days of research into radioactivity, but explaining it posed a vexing challenge in the early days of quantum theory, leading to one of the more colorful anecdotes of twentieth-century physics.

   The problem with beta decay is that the electrons spat out by decaying nuclei emerge with a wide range of energies (up to some maximum value). This shouldn’t be possible for a reaction involving only two particles—the laws of conservation of energy and conservation of momentum should dictate only a single possible energy for the departing electron (as is the case for the process of “alpha decay,” in which a heavy nucleus decays by spitting out a helium nucleus: two protons and two neutrons stuck together). Explaining the range of energies seen in beta decay stymied physicists for a long time and led some to propose drastic measures—like abandoning the idea of conservation of energy as a fundamental principle of physics.

   The solution was found by the young Austrian physicist Wolfgang Pauli, who in 1930 suggested (in a letter sent to a conference he was skipping to attend a ball in Zurich) that beta decay didn’t involve two particles, but three—the neutron-turned-proton, the electron, and a third, undetected particle with a very tiny mass. The new particle, quickly dubbed the “neutrino” (loosely “little neutral one” in Italian), carries away some energy, with the precise amount depending on the exact momentum of the electron and neutrino when they leave the nucleus.

   Introducing the neutrino initially didn’t seem much less desperate than ditching conservation of energy—Pauli himself wrote to a friend, “I have done something terrible. I have postulated a particle that cannot be detected. That is something a theorist should never do.” Within a few years, though, the great Italian physicist Enrico Fermi developed Pauli’s rough suggestion into a complete and remarkably successful mathematical theory of beta decay, and the idea was quickly adopted. Pauli’s original neutrino turns out to be one of three (the original electron neutrino, plus “muon,” and “tau” varieties), and despite his initial lament, neutrinos can, in fact, be detected, and were experimentally confirmed by Clyde Cowan and Frederick Reines in 1956.12

   What does all this have to do with the sun? The answer is subtle, but hinted at a few times in the earlier discussion of fusion. The sun is powered by fusing hydrogen nuclei, which are single protons, into helium nuclei consisting of two protons and two neutrons stuck together. Somewhere in this process, two protons need to turn into neutrons, which is possible thanks to the weak nuclear reaction and the process of “inverse beta decay” mentioned above, in which a proton turns into a neutron, emitting a neutrino in the process.13 As a result, the sun produces incredible numbers of neutrinos, which have been detected on Earth, and measurements of these solar neutrinos provide information both about nuclear reactions in the core of the sun, and also about the properties of neutrinos themselves.

   The conversion of protons to neutrons inside stars is essential for the existence of the enormous range of elements we interact with on a daily basis—the oxygen in the air we breathe and water we drink, the carbon in the food we eat, the silicon in the ground beneath us. When a very heavy star burns through most of the hydrogen in its core, it begins to fuse helium into even heavier elements; when the helium runs low, these extremely heavy stars begin to burn carbon, and on up through the periodic table. At each step of the process, though, the strong-interaction energy released by fusion decreases,14 until silicon is fused into iron. The fusion of iron does not release any energy, cutting off the flow of heat that’s propping up the core of the star. At that point, the outer layers of the star come crashing inward, and bounce off the core to produce a supernova explosion, releasing enough energy that the exploding star often temporarily outshines the rest of its home galaxy.

   In a supernova, much of the mass of the star is blasted outward in an expanding cloud of gas, carrying with it the heavier elements produced in the core during the later stages of fusion. These gas clouds expand and cool and interact with other gas in the neighborhood, forming the raw material for the next generation of stars—and also rocky, Earthlike planets, which are largely made up of the heavy elements created in the core of the dying star.

   The enormous variety of substances we see on Earth—rocks and minerals, breathable air, plants and animals—are all built from the ashes of dead stars, created through all four fundamental interactions. Starting with simple clouds of hydrogen formed shortly after the Big Bang, gravity pulls gas together, electromagnetism resists the collapse and heats the gas, and the strong nuclear interaction releases vast amounts of energy in nuclear fusion. And, finally, the weak nuclear interaction enables the particle transformations that turn hydrogen into heavier and more interesting elements. Take any one of these fundamental interactions away, and our everyday existence would be impossible.

   The Rest of the Story

   The above is not by any means the complete story of fundamental physics. The four fundamental interactions that power the sun are the only ones we know of, but the Standard Model includes four types of quarks beyond the up and down varieties that make up protons and neutrons, and four additional leptons beyond the electron and electron neutrino. The particles of the Standard Model also have antimatter equivalents—particles with the same mass but the opposite charge—and when a particle encounters its antimatter equivalent, they are both annihilated, their mass converted into high-energy photons of light. All of these particles have been experimentally confirmed, and their properties studied in great detail.

   None of these additional particles stick around for long, though—the longest-lasting is probably the muon, with an average lifetime of around two one-millionths of a second—so their influence on everyday experience is pretty minimal. They’re created for a fleeting instant in high-energy collisions between more ordinary particles, whether in earthbound physics experiments or astrophysical events, and they decay rapidly into up and down quarks (usually in the form of protons and neutrons), electrons, and neutrinos. The history of their discovery and the development of the standard model is a fascinating story, but one beyond the scope of this book.

   For the purposes of exploring the physics of everyday objects, we can largely confine ourselves to just the three most familiar material particles: protons, neutrons, and electrons. These combine to make atoms, which in turn make up everything we interact with in the course of an ordinary day. In terms of fundamental interactions, a typical morning routine relies mostly on electromagnetism, which is responsible for holding atoms and molecules together, and connecting matter to light.

   It’s worth remembering, though, that deep beneath the surface, even something as seemingly fundamental as the mass of objects can be traced back to the exotic physics of the strong nuclear interaction. And that all four interactions, acting among an assortment of quarks and leptons, are required for the operation of even our most quintessentially everyday companion—the sun.

   Notes

   1 For a more complete overview of the physics involved in the Standard Model, I recommend Robert Oerter’s The Theory of Almost Everything (Plume, 2006); the historical development is described in detail in Frank Close’s The Infinity Puzzle (Basic, 2013).


   2 To give a sense of the scale, a hydrogen atom in a room-temperature gas is moving at around 600 m/s (about twice the speed of sound), while one near the surface of the sun is moving at about 3,000 m/s.


   3 We’ll discuss the experiments that proved the wave nature of light in Chapter 3.


   4 Your hair is left with a corresponding positive charge, which is why this trick will make fine hair stand up: the now-positively charged hairs repel each other and spread out as much as they’re able to.


   5 One kelvin is equal to one degree Celsius, but the kelvin scale has no negative numbers and instead starts at absolute zero (the temperature at which molecular activity is at a minimum). Water freezes at 0˚C, which is around 273K.


   6 According to our best current understanding, electrons are truly fundamental, and not made up of other, smaller particles.


   7 The names “up” and “down” are arbitrary labels, and reflect the tendency of physicists to give things very prosaic names.


   8 The electrons also move faster, but they were already moving at such high speeds that the increase doesn’t make much difference. Their only role in the plasma inside a star is to provide a diffuse background of negative charge, keeping the whole star electrically neutral.


   9 The units are based on the energy content through E = mc2: an up quark’s mass of 2.3 MeV/c2 indicates that converting an up quark into energy would release 2.3 million electron volts worth of energy (the usual way this happens is when an up quark collides with its antimatter equivalent and both are annihilated, releasing two photons each with 2.3 MeV of energy). Or, to flip it around, it requires 2.3 MeV of collision energy to create an up quark in a particle accelerator (or, more practically, 4.6 MeV to create an up quark and an up antiquark as a pair).


   10 If you look in detail at the hydrogen fusion process, it’s rather complicated, with multiple possible intermediate paths involving interactions with additional particles and the temporary formation of unstable elements. In the big picture, though, what matters is just the energy difference between the start state (four free protons) and the end state (a helium nucleus).


   11 Our best theory of gravity is general relativity, which describes gravity’s effects in terms of a curvature of space and time, which are smooth and continuous. The other three forces are described by quantum theories that involve discrete particles and sudden fluctuations. The mathematical techniques used for one do not easily translate to the other, and the problem of finding a way to combine them to make a quantum theory of gravity has bedeviled theoretical physics for decades. Happily for us, the situations where you need both quantum physics and general relativity are very rare—near the center of a black hole, or in the very early universe—and not the sort of thing you’ll see in the course of a typical morning.


   12 Reines shared the 1995 Nobel Prize in Physics for this work (Cowan had died in 1974, and the Nobel is not awarded posthumously), and two other Nobels have been given for work with neutrino detectors: to Raymond Davis Jr. and Masatoshi Koshiba in 2002, and to Takaaki Kajita and Arthur B. McDonald in 2015.


   13 In the process, the proton must also either emit a positron (the antimatter equivalent of the electron) or absorb one of the huge number of electrons left over from the original gas present in the sun. Any positrons emitted will quickly annihilate with one of the aforementioned electrons, so the end result is the same from the outside: one proton and one electron are gone, leaving one neutron and one neutrino in their place.


   14 The decreasing energy return can be understood in terms of the strong-force energy that manifests as mass: the energy required to hold twelve quarks together in a helium nucleus is substantially less than that needed for four individual, unattached protons, but as the number of particles increases, the energy savings from adding new ones to the mix decreases. It’s a little like the organizational efficiency of grouping people: two people sharing an apartment can live more cheaply together than alone, but adding roommates only saves money up to a point. The hassle of accommodating a sixth roommate can be greater than the cost savings can justify. In a similar way, the energy saved by adding more particles to a large nucleus just isn’t that much.
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