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SPINNING
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PREFACE

playing with the universe

Night had set in by the time the green lights started dancing in the skies. I was in a canvas tent, trying to sleep in the bone-chilling cold of the late Arctic summer, worried about hungry polar bears. The cries of my fellow travelers roused me and I cursed, pulling on snow pants, boots, and a warm jacket before facing the night air.

The aurora borealis, or northern lights, were coursing through the black heavens, pulse after pulse of neon green against the scatter of stars, so near it was as if the curtain of light embraced us. They would fade away. We would hold our breath. And then back they would swoop, suffusing the sky. The heavens writhed with the otherworldly green rays, on and on, as if they held sway not just over our planet but over time too.

Watching those neon northern lights, I was closer than I knew to some of those who shared my impulse to understand the planet’s magnetic force. My camping spot was on King William Island in the Canadian Arctic, about 100 miles or so from the Boothia Peninsula, where the British explorer James Clark Ross first pinpointed the Earth’s magnetic north pole in 1831. His discovery of it was part of the magnetic crusade, the most sustained and impassioned scientific campaign the world had seen until then. At that time, the might of nations depended on naval prowess and efficient trade on the seas. And that depended on the magnetic compass. There was a trick to seafaring navigation, though. Knowing where you were depended on being able to adjust for the difference between magnetic north, where the compass pointed, and geographical north. The scientific world was united in an obsessive effort to figure out a formula that would allow sailors to know their coordinates more exactly. That required understanding the strange force that pulled the compass. And that demanded information from the top and bottom of the Earth, where the force showed itself most strongly.

King William Island itself resonates with a grisly piece of the magnetic quest. It is where the British explorer Sir John Franklin vanished in the 1840s along with his 128 men and their two ships. They were trying to complete the Northwest Passage, the quick sea route over the top of North America that would connect the wares of the Orient with the markets of Europe. But Franklin was also a player in the magnetic crusade. The ships in his Arctic adventure, HMS Erebus and HMS Terror, carried enough equipment to set up a state-of-the-art magnetic observatory in the Arctic, one of dozens that were being established all over the world as scientists tried to decode the secrets of the magnet. Franklin himself orchestrated the setting up of a magnetic observatory on the island we now know as Tasmania, off the Australian mainland’s south coast.

But when his Arctic ships got stuck in the ice and Franklin died, along with many of his men, the survivors abandoned ship and took to the frozen island in their leather-soled shoes and navy cloth greatcoats in a bid to walk to safety with the Earth’s magnetic field as their trusted guide. Some resorted to cannibalism. All died. Few of their skeletons have been recovered. It was the worst disaster to hit Arctic exploration. The Inuit who live on King William Island say the sailors’ ghosts haunt the place still. Among the relics recovered from the sailors’ doomed march was a brass pocket compass, currently in the collection of the National Maritime Museum in Greenwich. The men were trying to read their magnetic position even in those grim final days. It was their last hope to get home.

Franklin, Ross, and other Victorian explorers, stuck for years on end in the Arctic, undoubtedly saw the northern lights. But they could not have known how the compass, the magnetic poles, and the auroras fit together. Today, we know that they are facets of one another. The Earth is a giant magnet with its own two poles, north and south. Stretchy magnetic field lines leave the surface of the Earth at the south magnetic pole; run around the planet, where they interact with the magnetic fields of the sun and the galaxy; and then reenter the Earth at the north magnetic pole in unending, erratic loops.

Our magnetic field is generated in the Earth’s most secret inner reaches—its hot, yet frozen, metal inner core surrounded by a liquid metallic outer core. That heat, a remnant of the planet’s violent birth, is the secret to the planet’s magnetic power. The core has been on a multibillion-year quest to get rid of that heat from the inside out and is shedding it through convection. Convection generates electrical currents in the molten metal of the part of the core that is not yet solid, and those currents produce a magnetic field. Phoenix-like, that field is continually being created and destroyed. It stretches out for thousands of miles into space, our planet’s giant defense system against the lethal invisible rays and charged subatomic bits that would otherwise rip through living tissue and tear away the Earth’s atmosphere. Consider that our sister planet, Mars, lost its atmosphere, water, and likely any life forms when its internal magnetic field died billions of years ago.

A compass, with its magnetized needle, is responding to the Earth’s magnetic field. And the auroras? To humans, the magnetic field is invisible and imperceptible. We see the effects of the Earth’s field, for example, when a compass needle moves. But many species actually perceive the magnetic field. Some scientists call it a magnetic sixth sense that is like sight or touch, just more poorly understood and more complex. Creatures from bacteria to spiders to squids to sea turtles to almost everything with a backbone somehow use the magnetic field to navigate; it’s one way they find food, mates, homes. Birds, though, are in a class of their own when it comes to perceiving magnetism. One study found that they can just open their eyes and see it, the way we see light. Biologists believe that humans once had the ability to sense the field the way other vertebrates still do. Vestiges of it are knitted into our genetic makeup, albeit dormant. But mostly we walk around unaware of this hidden force field that has such an effect on our lives and our world.

The exception is the auroras. They usually appear in great oval rings around the top and bottom of the planet. Occasionally they show up closer to the equator. They are magnetism briefly made visible, the product of violence in outer space perpetrated by plasma that has roared at us from the sun. That plasma, also known as solar wind, has a magnetic field of its own, and when it is directed in a certain way, it can tear open the Earth’s magnetic field. Solar wind rushes in along the loops of the Earth’s magnetic field, pouring fast-moving, highly energized atomic particles into the polar regions, where they crash into oxygen and nitrogen atoms in the Earth’s upper atmosphere. In turn, the solar wind’s ferocious energy is transmitted to the oxygen and nitrogen atoms, exciting them. As the atoms relax back to normal, they shed their extra energy as light and color. The green northern lights I saw were excited oxygen atoms frolicking in the sky, showcasing the Earth’s own magnetic field. It was like looking into the sky to see a reflection of the machinations of the bowels of our planet.

For thousands of years, men and women have struggled to understand what magnets mean. They have looked to the heavens, not because they thought the aurora or the celestial bodies could provide clues about magnetism but because they thought that the heavens were the Earth’s puppeteers. If they looked closely enough at the stars, they would be able to read whatever they needed to about our planet. Painstakingly, through experimentation and flashes of inspiration and, finally, maths and theoretical physics, they built up the conceptual understanding of magnetism we have today. It is highly abstract. It is ardently creative. It is slightly imperfect. But it is powerful.

And revelatory. It tells us the surprising news that we need to pay close attention to what used to be called our planet’s magnetic soul. The Earth’s magnetic power is on the move. That power is eccentric and, therefore, so are its poles. Eventually, the covert intrigues within the Earth will become so violently disruptive that they will force the poles to switch places. We know this because it has happened hundreds of times in the planet’s history. The last time, 780,000 years ago, our species was not yet on the planet. But the long string of pole flips has left traces buried in the seams of the plates that fashion Earth’s crust and in some of the rocks and lava laid down on top of it. When the poles switch again, the one we call north will move to the south. South will be north. As that happens, the magnetic swaddling that protects our planet will waste away to only about a tenth of its usual vigor. In turn, that will affect each of us and the very fabric of our civilization. As a side note, the auroras, normally seen only in higher latitudes, will likely be visible closer to the equator as solar wind tears more brutally through our atmosphere. When that happens, it will prophesy calamity.

Our Earth’s magnetic field is being made even now in the core. In its turn, the Earth is continually being buffeted by the magnetic field the sun generates within itself, which is within the one our galaxy makes. Most of the planets in our solar system make their own magnetic fields. And they are all related to the universe’s electromagnetic field, one of the fields of fluid-like substances that flow everywhere. The fields can show up in specific places as particles, such as electrons and quarks, which in turn make atoms. As I was trying to understand all this, I spoke with the American theoretical physicist Sean Carroll from Caltech. Theoretical physicists are the poets of science, the ones who can see into the tiny guts of matter and imagine what happened to create the stuff of the universe. At what point in the birth of the universe did the fields and particles show up? I asked him. Fields and particles didn’t show up, he replied. They were always there. Fields are what the universe is made of.

For example, when you try to push the north end of a bar magnet toward the south end of another bar magnet, they snap together. But try to put two norths together and it won’t work, no matter how hard you push. It looks for all the world as if nothing is between the two magnets. But in fact that space is filled with the universe’s immensely powerful electromagnetic force. It is there whether our planet is making its own magnetic field or not. When you play with magnets, you are playing with the universe.

The research for this book has also taken me more deeply into the world of chemistry. One entrée was through my son, Nick Michel, who is studying to be an organic chemist at the University of Toronto. He has patiently sat with me to explain how chemists understand the inner logic of atoms and molecules. I, a Latin scholar, have found myself reading the textbooks of chemistry, physics, and biology. My hunger to understand the planet’s vast magnetic system has prompted me to travel to universities in several parts of Europe and North America, seeking explanations among some of the world’s top scientists. They are the particle physicists who look into the bits that make up atoms and also the astrophysicists whose professional sphere is the machinery of other planets and the stars, including our own sun. They are the geophysicists who yearn to understand how our planet functions and how it once did, and who want to foretell our future. Many of them seemed to be as much at home hacking a piece of rock out of the Earth’s crust as crunching complex numerical simulations through supercomputers.

They have pointed me back in time to the early metaphysicists, to the era when science, magic, and religion were the same thing. For much of the time humans have been investigating magnetism, it was a dangerous enterprise that threatened the theological ideas that dominated society. The very name of this book, The Spinning Magnet, would have been considered heretical at other points in history because it is a different way of describing the Earth from what the Bible says.

Modern scientists have helped me understand the magnetic investigations of the Middle Ages, the electrical exploits of the Renaissance, and the compulsions of the Victorians. Each of these generations of magnetic explorers had its own philosophies and developed novel explanations for what they found. Each tried to explain their findings in words, often in metaphors, sometimes inventing them for that purpose. To describe a magnet’s poles, for example, is to invoke the metaphor of a planet spinning on its axis in the sky. It is the language of early astronomy, yet it persists today. Other concepts are explained in the language of watchmaking—clockwise and counterclockwise. Or direction—up and down. Or classical physics via astronomy—orbit and spin. It’s a bit of a jumble. And the fact is that even today’s primary way of describing the world in the language of quantum physics—orbitals and fields and superpositions—has not caught up with the ideas it is trying to explain, as Carroll points out.

What that means is that the understanding as well as the language is evolving over time, and will continue to evolve. It also means that the language of one branch of science—say, chemistry—does not necessarily speak the language of another—say, theoretical physics. What you are about to read is a translation of some of these ideas from science into journalism. I hope it throws its own kind of light.



PART I

magnet

I really can’t do a good job, any job, explaining magnetic force in terms of something else that you’re more familiar with because I don’t understand it in terms of anything else that you’re more familiar with.

—Richard Feynman, Nobel laureate, 1983



CHAPTER 1

the beginnings of things

Jacques Kornprobst, the man who can read the secrets of the rocks, was agitated. He had arrived twenty minutes early to pick me up at the hotel in Clermont-Ferrand, an ancient French university town perched on an annealed crack in the planet’s crust. He had the entry code at the ready to get into the free parking lot behind the building. The code had failed him.

Some drivers cruise the streets nonchalantly, certain that the perfect parking spot will open up at just the right time. Kornprobst was not among them. Parking in this city of 150,000 had become troublesome over the decades he had lived there, and as he had mapped out the day’s tightly choreographed itinerary he had made intricate plans about where to park. And now, the first parking spot of the day had fallen through.

Inside the hotel he sprinted, red-faced, fingertips frigid in the spring chill.

“Kornprobst!” he rapped out as he met me for the first time. Then he turned swiftly to the reception desk to let off a stream of injured French, explaining to the bewildered woman sitting there—she had been so friendly earlier, solicitous about replenishing the croissant basket and tinkering with the café-au-lait machine—about the affront. He had called the day before to secure the code. And now, today, he said, chin thrust slightly forward, it was malfunctioning.

Abruptly, she left through a back door. He darted out front to a tiny blue Renault car that was parked haphazardly on a curve at the corner, performed a roundabout U-turn through the city’s tortured roads, and then nosed up to the gate with its uncooperative code. The receptionist stood there, punching in numbers, shivering. He drummed his fingers on the steering wheel. Finally, the barrier began to rise and the receptionist, without so much as a glance behind her, returned inside to her desk. Kornprobst smiled grimly, thrust the little car into gear, gunned the engine, and zoomed triumphantly into a parking spot.

He was watching the clock. He was on a mission to memorialize the life and work of Bernard Brunhes, a French physicist who, along with his research assistant Pierre David, made an astounding, violently unsettling, and controversial find at the turn of the last century. Brunhes, whose name is pronounced “brune,” discovered that the planet’s two magnetic poles—north and south—had once switched places. In the decades following his discovery, his colleagues, originally aghast at Brunhes’s finding, proved that the poles have reversed not just once, but many times on an unpredictable, or “aperiodic,” schedule. The last time was 780,000 years ago.

But despite the fact that our current magnetic epoch is named after him, Brunhes has largely slipped out of the scientific memory. He does not even rate his own entry in the Encyclopedia of Geomagnetism and Paleomagnetism, the bible of the discipline of reading patterns in the Earth’s magnetic fields. Nor is he lionized in France, usually so careful to honor its own. In fact, he’s all but unknown even in his homeland, along with his grand scientific finding that the poles can switch places, that up can become down.

Kornprobst, a fellow physicist, felt that he must right this wrong. He was so committed to Brunhes’s memory that some years ago he took the trouble to find the spot in the countryside where Brunhes hacked a piece of crumbly terracotta rock—similar to the stuff of Greek vases—out of a roadcut and made his great discovery. Kornprobst painstakingly pieced together the clues about where it could be and is one of a handful of people in the world who can usually find it. The first time he made the pilgrimage to the site, he left frustrated, having failed to identify the right seam of rock. He’s found it several times since, but it’s so overgrown, so unmarked, that success is always touch and go.

Kornprobst thought that Brunhes should at least have a commemorative panel at the university in Clermont-Ferrand, so he sweated through a couple of years writing to geological agencies and eminent physicists all over the world jostling their elbows about Brunhes’s contribution to science, raising the money to erect it. Then he arranged for a ceremony and lecture to accompany its inauguration at the university in 2014. It was through that ceremony that I found Kornprobst. He wrote an article about it for Eos, a journal of the American Geophysical Union. I read it and sent him an email asking him if he would help me understand why Brunhes was so important and maybe even find that seam of terracotta. He wrote back thirteen minutes later to say he would be delighted. I was at the hotel in Clermont- Ferrand two weeks later.

Sporting a thick, off-white cable-knit sweater the same hue as his rakish hair, Kornprobst left the car in the lot and we set off briskly on foot from the hotel through the back streets of Clermont-Ferrand. It is one of the oldest cities in France, founded more than two millennia ago on the site of what was then a sacred grove of trees. And so we were marching through time, across the history of science. Up the road named after Pierre Teilhard de Chardin, a Jesuit priest and paleontologist who deeply offended the Vatican for asserting that the book of Genesis is more allegory than fact. Past the geology department of the downtown campus of Université Blaise Pascal, named after the seventeenth-century mathematician and physicist whose seminal experiment on barometric pressure was conducted a few kilometers outside the city by a brother-in-law (“There is the belief that Pascal experimented with pressure here,” Kornprobst declaimed, pointing vigorously down the street, “but it’s not true!”). Across a road named after the nineteenth-century zoologist Karl Kessler. And finally, to rue de Rabanesse, named after the tiny pale stone Renaissance castle that was Brunhes’s home and first observatory.

Kornprobst gestured to it triumphantly, eyebrows raised, as if it explained a great deal.

It looked like nothing out of the ordinary. It was standing forgotten on an overgrown patch of land across the street from a busy art school, surrounded by two layers of forbidding wire fence. Many of its lower windows—once elegant—were partially filled in with cement blocks. The plaster that had covered the volcanic fieldstone that made up its walls had decayed, leaving gaps along the seams so you could see how it had all been fitted together. Its turret, where Brunhes collected meteorological information beginning in 1900, was still sturdy, reaching six floors into the sky, fifteenth-century iron fretwork still robust.

This observatory is where the tale of Brunhes begins. And where the tale of Brunhes begins, so too does the story of the discovery of the planet’s long string of pole reversals. And that story, in turn, contains the tale of the mysterious magnetic organism in the core of the planet and how it has become deeply disturbed once more, yet again deciding whether to reverse.

It was here that Brunhes, whose name means “brown” in the Occitan language of the ancient troubadours of this land, began to dream of understanding magnetism, the Earth’s secret power. We never feel it and rarely see it, but all the same, scientists and philosophers have been trying to understand it for thousands of years. For most of that time, people have imagined it to be local and transient. Magic, even. And fickle magic at that. In fact, magnetism is one of the few essential powers of the universe. To understand it, you have to go back in time to the birth of the universe, to see how the universe is arranged. And you have to do that in the company of theoretical physicists, who have developed the most precise mathematical laws so far to describe reality.



CHAPTER 2

the unpaired spinning electron

Today, magnetism is properly known as electromagnetism, one of the universe’s four fundamental physical forces. A fundamental force is one that simply exists. It is a never-ending characteristic. If you compare it to mathematics, it’s conceptually akin to a prime number—like 3 or 13—that can’t be divided into any combination of whole numbers except itself and 1. A fundamental force can’t be reduced into a more basic force; it simply is.

In theory, there are an infinite number of prime numbers. But in the universe today, there are only four fundamental physical forces—at least that we know of: gravity, strong nuclear interactions, weak nuclear interactions, and electromagnetism. (Caveat: scientists continue to look for a mysterious fifth force and make occasional, highly contested claims that they have found it. Stay tuned.) Each of these forces is intrinsic to the workings of the universe, indispensable, inescapable. They were born along with the universe, the sun, stars, moon, and skies.

Gravity is the force that made Isaac Newton’s apple fall to the ground and that keeps you from falling off the face of the Earth as it spins. It governs bulk matter and attracts but doesn’t repel. It is the weakest of the forces but stretches to infinite space. The nuclear interactions govern the insides of atoms but nothing larger. Strong nuclear interactions hold the cores of atoms together. Weak ones (called weak because their sphere of influence is even smaller than strong nuclear interactions) allow atoms to fall apart and metamorphose into other types of atoms. That makes the weak nuclear force the ultimate alchemist. It is responsible for radioactive decay. The energy of our sun, which makes Earth the warm, livable place it is, is the result of both types of nuclear forces. As you read this, the weak interaction is allowing hydrogen protons to shed enough energy to become heavy hydrogen (deuterium) and then the strong interaction allows the atoms that result to fuse together into helium atoms.

So what is electromagnetism? It is the force that holds matter together. Apart from gravity, which holds us down on Earth, everything we see around us is due to magnetic and electric forces, explained the American theoretical physicist Sean Carroll. It is the basis of the structure of the atom, holding electrons in place and allowing atoms to link up into molecules. But where did the structure of the atom come from? From the birth of the universe itself.

So, Big Bang, about 13.7 billion years ago. The universe is created. What makes up the universe and everything in it? Is it atoms and the elements they form? To quantum field theorists, the answer can be stripped back to something more fundamental than atoms. To them, the universe is fashioned of fields: a field for each of the fundamental forces and thirteen other fields governing matter. A field is simply a mathematical way of talking about fluidlike substances that are spread out everywhere throughout the universe and have a value everywhere in the world. They ripple and sway. It’s a difficult concept. In his famous physics lectures to undergraduates at the California Institute of Technology, the late American physicist Richard Feynman said he had never been able to develop a mental image of the electromagnetic field: “How do I imagine the electric and magnetic field? What do I actually see? What are the demands of scientific imagination? Is it any different from trying to imagine that the room is full of invisible angels? No, it is not like imagining invisible angels. It requires a much higher degree of imagination to understand the electromagnetic field than to understand invisible angels.”

Some portions of the electromagnetic field can be discerned. A wave of light is a bump in the electromagnetic field that travels through space. A particle, on the other hand, exists in only one location and nowhere else. But, like light, a particle is still a facet of a field, a little wave tied up into a bundle of energy. And particles make up atoms, or the stuff we can see and feel. The most basic particles, for our purposes here, are electrons and two kinds of quarks: up and down. Each of them has its own field. If you were to think about it in biological terms, they are like the base pairs of DNA that are the foundation of every living thing on Earth. The magic of the universe is that, conceptually, any of these quarks could be exchanged for any other quark. The same goes for electrons. They and their fields are the building blocks of all matter, including you.

The inevitable implication of this, to a theoretical physicist, is that what we observe is only a portion of what is there. What we normally think of as empty space is filled with this powerful electromagnetic force field that gives matter its concreteness, as well as the other forces and fields. To physicists, this is humdrum reality.

By the time the universe is a few millionths of a second old, it has cooled down enough for quarks to join together to create protons and neutrons, the bits that will eventually form the cores of atoms. (The word “atom” comes from the Greek meaning “indivisible.” Wrong, as it turns out.) Electrons don’t join up to make anything bigger; they remain solo. These particles aren’t forming atoms at this point; the universe is still too hot. They’re just bits.

At about the 100-second mark in the life of this new universe, things have cooled down enough for some protons and neutrons to link up and make the heavy centers, or nuclei, of helium atoms—two protons, two neutrons. Give it another 380,000 years and now it’s cool enough that some of those simple nuclei have got electrons in the space around them. The electrons are negative. The protons are positive. They are responding to the maxims of the electromagnetic field: Opposite charges attract and like charges repel. So the negative electrons are drawn to the positive protons. That attraction keeps the electrons inhabiting the space around the nucleus. Neutrons, as the name suggests, are neutral. Why are protons positive and electrons negative and neutrons neutral? No one has satisfactorily explained that; they seem simply to have been born with those differences and we happened to endow them with that nomenclature. Why do opposite charges attract? Again, it just seems to be part of how the fields showed up.

Most of the atom’s weight is in its center, in the protons and neutrons that are the nucleus. The electrons are lightweights, usually in motion. Some chemists like to say that if the whole atom were the size of a baseball stadium, the nucleus would be about the size of a baseball in the middle. That means most of an atom is what the early theorists of atomic structure used to think of as empty space. Today we know that it is filled with invisible fields. Because atoms create matter, that also means that most matter, not just space, is invisible fields. That includes the matter that makes up your body. I sometimes imagine what it must have felt like for the scientist who figured that out. I imagine him looking at his hand with renewed intensity, trying to peer through it.

It’s the arrangement of these three main components of an atom—electrons, protons, neutrons—that determines which type of atom is which. If you can wade through a few more points here, you’ll get to one of the ideas that lies at the heart of magnetism.

The number of protons is key. That number determines which element it is. In other words, an element’s very identity is controlled by the number of protons in its nucleus. So is its order in the periodic table of elements, because the periodic table is arranged by ascending atomic number, from hydrogen on up.

When the number of protons changes—for instance, during radioactive decay or nuclear fusion—then the name of the atom changes as well. So hydrogen is hydrogen because it has only one proton in its nucleus. When immense heat forces a hydrogen nucleus to fuse with another hydrogen nucleus, the atom that emerges has two protons, and therefore it is helium. As goes the number of protons in a nucleus, so goes the name of the element.

By contrast, the number of neutrons and electrons in an atom can shift around without changing the atom’s name. So carbon, for example, the sixth element on the periodic table, will always have six protons. But sometimes, in nature, it has different numbers of neutrons. Those variations are called isotopes. Too many neutrons, and an atom becomes radioactive and unstable and wants to metamorphose into a different, more stable element.

It’s the electrons, which inhabit the space around the nucleus, that provide one of the secrets to the puzzle of electromagnetism. Just over a century ago, when electrons were discovered, scientists imagined them as little planets moving in a fixed track, or orbit, around a home star, or nucleus, just as the Earth does around the sun. They even used that imagery in the names they gave things, like orbits.

Today, they say instead that electrons move in orbitals, which are mathematical expressions of where electrons probably are. To me, it sounds like gobbledygook. But it just means that electrons are not in a track but somewhere in a pretty well-defined three-dimensional cloud around the nucleus. Probably. You can’t point to a spot and say that’s exactly where an electron is right now. And it’s not necessarily in an orbit. Orbitals have many theoretical shapes, some spherical, others complicated three-dimensional figure eights or dumbbells, others far more complex.

The basic, extremely counterintuitive, but absolutely critical idea is that the electron and other particles operate as both a fluidlike component of a field and as a single physical particle at the same time. They are components of the fields that form the universe. For example, when electrons jump from one orbital to another, they are acting as individual physical entities. But when they are incapable of being in a single identifiable place at any time, they are acting like a wave or a field. To understand electromagnetism, we have to live with the complexity of this.

There’s a little more. While the planetary language to describe electron behavior is now obsolete, it is still helpful as a mental image. So is the fact that the orbitals are arranged in groups of concentric rings or layers or shells around the nucleus. That simplification makes them a little easier to visualize. A central point is that the farther away from the nucleus the electron is, the more energy it has and the more apt it is to be able to be persuaded to move away from an atom’s influence.

The idiosyncrasies of these electrons in orbitals provide one way to create a magnetic field. With some exceptions, every electron in the universe is held in one of these orbitals or is in the process of moving into one. But one of the unbreakable rules of the universe is that each orbital has room for only two electrons—a pair—and the electrons in a pair must spin in opposite directions. Confusingly, here the metaphor to describe direction comes from watchmaking: If one in the pair spins clockwise, then the other must spin counterclockwise. The point is that one movement must offset the other in order to reach balance. In addition, each orbital is contained within a shell, or grouping, that can hold a fixed number of pairs of electrons.

Electrons have strong preferences when it comes to inhabiting their orbitals. They fill them up in highly regimented ways. In fact, they have a rigid code of conduct that can be broken only in exceptional circumstances, filling up one shell of orbitals before moving on to another. Going back to the image of the baseball stadium, it’s a little like filling up seats at ground level close to the diamond first, and then, if there are enough electrons, moving higher up and farther away, section by section, row by row.

Electrons strongly prefer not to be in pairs. They’d rather have a solo slot in an orbital. Pairing is a last resort. But they’ll do it before spending the energy to move to a higher shell, or level in the stadium, where they could have a slot all to themselves.

A rather unselfconscious university chemistry teacher, perhaps remembering a beer-soaked baseball game from his youth, once described it this way: Imagine you have six young men who urgently need to urinate, and only three urinals. Each of the first three men in the line will naturally take a separate urinal. At that point, each of the others will ask to share one of the urinals. They don’t show up two to a urinal when there are empty ones. They prefer to have one to themselves. And when even the second spot at each urinal is taken, the knee-clenching next men in line are forced to go upstairs to another bathroom.

But while each orbital has an even number of slots—two—each atom does not have to have an even number of electrons. That means sometimes electrons have a slot in the orbital all to themselves. They are unpaired. The French call them “celibate.”

This is where magnetism comes in. When a material is made up of atoms with one or more unpaired spinning electrons, the atom itself creates a tiny magnetic field. But in some unusual substances, a majority of those solo electrons can be made to spin in the same direction, lining up, magnifying the field in a larger material, making a sphere of influence greater than themselves. In most substances, that field is weak and passing and can be measured only by sensitive instruments. In some, the fields within a substance organize themselves in such a way as to cancel each other out instead of amplifying each other. But a few atoms can retain a strong magnetic field. The most common are iron, cobalt, and nickel. The iron atom has four unpaired electrons in its outermost rank of filled orbitals. Cobalt has three and nickel, two. When those elements combine with others to make such materials as magnetite or terracotta or basalt, the magnetic field within the material can last a very long time.

Because unpaired electrons spinning in the same direction create a magnetic field, it makes sense that a magnetic field itself flows in a direction. It does. As with the orbitals, scientists use everyday planetary imagery to describe this phenomenon. They say that a magnet has a north and south pole, where the field is strongest, and that the field travels from north to south.

Magnetic fields moving in the same direction repel each other and those moving in the opposite direction attract. It’s the same idea as the positive and negative charges of the protons and electrons within the atom’s structure: Opposite charges attract, like charges repel. So when you try to stick a south-facing magnet to a north-facing one, they click together, making the field bigger, magnifying it. But try to put two souths or two norths together and the magnets push each other away. They resolutely refuse to join. This is the fundamental push and pull of the magnet. It is their strong, invisible fields that are doing the pushing and pulling, the same fields that the universe is made of.

Along with direction, a magnet also has a strength or intensity. As you can imagine, if you have a single atom, the field is pretty weak, no matter how many unpaired spinning electrons there are. Gathering a lot of atoms with unpaired spinning electrons together makes a stronger, or more intense, field. So a larger magnet is stronger than a small one. And joining two magnets together, like the south- and north-facing ones we just talked about, creates a more powerful magnet. It makes sense. You’ve got more of those unpaired spinning electrons all pulling in the same direction.

To fully describe a magnet, or the field it creates, it follows that you need to be able to talk about both direction and intensity. Mathematicians call something made up of two components a vector. We use the language of vectors when we talk about velocity, which is direction as well as speed. So, the car’s velocity is 100 kilometers an hour to the northeast. That’s different from saying that the car is traveling northeast (just direction), or saying that the car is traveling 100 kilometers an hour (just speed).

The big picture is that if the universe had been created without the fundamental force of electromagnetic interactions, it would be a profoundly, unimaginably different place, right down to the structure of every atom.



CHAPTER 3

parking in the shadow of magnetism’s forgotten man

Kornprobst was walking around the perimeter of the property on rue de Rabanesse, savoring Brunhes’s role in transforming the science of magnetism. But he wanted to make it clear that he was not an expert on magnetism, just on Brunhes. I was not fooled. There is a tradition among scientists to disavow knowledge of a field unless they have published scores of papers on it. Kornprobst knew much more about magnetism than all but a few hundred people on the planet.

As a young scientist, he fell in love with the Earth’s mantle, the thickest of the planet’s four layers. It is named after a cloak because it encloses the spherical outer core and inner core. Most of the mantle is enclosed in its turn by the rocky crust. There are a few exceptions where it pokes through. “It was Morocco,” Kornprobst said, sighing, a dreamy look in his eye. “There is a splendid piece of mantle there.”

The mantle is a highly pressurized mass of silicon-based material—the same element we use to make computer chips—heated by radioactive energy. It moves sedately all the time, more slowly than the core. And the crust, formed of hard tectonic plates, moves yet more slowly still over the top of it, shifting the continents and oceans millimeter by millimeter. Occasionally, the plates rip apart or suck each other under, which can result in earthquakes or volcanic eruptions. Like the inner and outer cores, the mantle’s job is to get rid of some of its heat, which is the point of volcanoes and earthquakes. That impulse to shed heat is also the agent behind the Earth’s own magnetic field, the one generated within the core. The planet’s heat moves from the inside out: from the inner core to the outer core and into the mantle and then the crust. To understand the mantle is, therefore, to have some understanding of the core and of the magnetic force itself.

When Kornprobst was head of the geology department at Université Blaise Pascal in Clermont-Ferrand in the mid-1980s, he established a research center on volcanism and magnetism that put the university at the forefront of the field globally, part of the long love affair French academics have had with the discipline. For ten years, ending in 1998, Kornprobst was the director of l’Observatoire de Physique du Globe in Clermont-Ferrand. It’s the same job Brunhes held when he lived in this tower on rue de Rabanesse in the first years of the twentieth century. And this tower was the original Observatoire de Physique du Globe of Clermont-Ferrand.

At the base of the tower was a thick plank door, so low as to encourage stooping. Brunhes must have entered his home and observatory by that door, walked up the six flights of stairs; he must have stood behind the railing of that round turret and thought about both the stars of the universe and the roiling of the planet’s core. Some of the trees still standing on the land looked old enough to have lived there when Brunhes and his family did.

A sign hung from the fence. Despite the fact that the structure had been designated a French historic monument in 2009, the property had been sold and was slated for redevelopment into forty-two housing units. Kornprobst set his mouth in a straight line. Again the chin jutted out. He had already helped to organize a student protest about the plan. He wasn’t about to stand still for the desecration of Brunhes’s first observatory.

The slender Rabanesse tower in Clermont-Ferrand started out as a link in a European chain to gather information about weather and atmospheric conditions, Kornprobst explained. Originally, it had nothing to do with magnetism or with changing the course of science.

It was connected by telegraph line to the world’s first mountain meteorological observatory on top of the Puy de Dôme volcano outside Clermont-Ferrand. The volcano is the most famous in the ancient chain of volcanoes scattered through central France, so steep and forbidding that it once formed part of the route for the Tour de France bicycle race. Even today, it is an overwhelming presence in the city, an all-seeing giant. On a clear day, you can see the observatory perched on the volcano’s summit, still collecting data about atmospheric conditions.

In turn, Rabanesse was joined to Paris, forming a network of meteorological observations from the mountain to the plains to the capital and from there to the rest of Europe. But Brunhes was not only interested in meteorology. Born in 1867, he came from a remarkable family, the oldest of seven intellectually gifted children, according to a short biography of him published in 1999. Perhaps he wanted to make his own mark.

His father, Julien, was the son of a master shoemaker in Aurillac, about two hours’ drive south of Clermont-Ferrand. Julien made the leap from the trades into academia, eventually studying in Paris and becoming a physics professor and then dean of science at the University of Dijon.

Both Bernard Brunhes and his younger brother Jean followed their father into the sciences. In fact, after Julien died in 1895, Bernard took his place on the Dijon faculty. But it is Jean, a geographer, who is the better-known brother, famous for inventing the term and discipline of “human geography”—a social science that examines humans’ interaction with the environment.

The impression that emerges of Bernard Brunhes from his published papers and the biography is of a frail but driven man, a fervent Roman Catholic and an idealistic social reformer. He and Jean traveled to Rome to meet Pope Leo XIII at the Vatican in 1892, part of a delegation of young Christian socialists. The brothers were inspired by the 1891 papal encyclical Rerum Novarum (About New Things), the first to explore the conditions of the working classes. It is the foundation for the modern Catholic understanding of social justice and climate change, including the work of Pope Francis. Motivated by the encyclical, the Brunhes brothers gave night courses to blue-collar workers.

Academically, Bernard Brunhes was a polymath, like so many scholars of his era. His interests ranged from optics to acoustics, from electricity to thermodynamics to X-rays, from horticulture and botany to what today would be called environmentalism. But in 1900, after he was named director of the observatory in Clermont-Ferrand, as well as a professor of science, he enthusiastically switched gears: The emerging discipline was geophysics. It’s a broad field, taking in the shape and structure of the planet and its atmosphere. But it also encompasses seismology, gravity, volcanism, and magnetism.

Brunhes renovated the observatory on the Puy de Dôme, making it bigger, installing a gas motor to run electricity—a brave innovation—and sending his apprentice Pierre David to live there full-time. As for the Rabanesse tower, Brunhes reckoned that it was in the wrong place to produce the best meteorological data, so he devised a plan to build a magnificent new building several kilometers away.

Brunhes’s ardor, as he sifted through weather data, ran the Rabanesse tower, and renovated the mountain observatory, turned to the magnetism of rocks. Basic questions were unclear. How did rocks get a charge and hold on to it? How could you tell when they had become magnetic? What did magnetic rocks tell you about the workings of the planet?

By this point in our day’s schedule, Kornprobst was driving his little Renault toward the empty parking lot of Les Landais. This was the grand building Brunhes commissioned early in the twentieth century to be built on what is now the main campus of Université Blaise Pascal. He leapt out of the car, looked around possessively, and slowly filled his lungs with the scent of cherry blossoms. Les Landais is a handsome two-floor red building with banks of windows surrounded by a bewildering assortment of cherry trees and a couple of outbuildings. Opened in 1912, it was a dramatic step up from the tiny Rabanesse tower downtown. Kornprobst had been director at this building for nine years, and it was the scene of many of his own triumphs: a Doppler radar that could determine the speed of particles in volcanic clouds, and a seismological observatory with one of France’s dozen seismometers, providing up-to-the-minute measurements freely available to the public and scholars in case anyone wanted to track potential earthquake activity.

The main building had been turned over to the French geological survey—the Bureau de Recherches Géologiques et Minières (BRGM)—which collects information about such things as water levels, boreholes, and seams of coal, lead, and uranium in the region. Its latest director had started there only a handful of weeks earlier and Kornprobst, with his customary efficiency, had called ahead to inform her of his visit. He marched up to the door. “Kornprobst,” he declared when she arrived. She looked startled at his vehemence, but showed him around.

He was taken aback, perhaps horrified by all the renovations in his former office. The luxury! A wide desk. Magnificent views. From her office, he pointed to the next stop on our itinerary: a huge new building just across a field, with hardly any parking at all. We would leave the car in the parking lot of Les Landais and walk, he said.

Now the director was soothing. Surely Kornprobst could brave the parking stress? We went back to the car. He drove up to the imposing modern cement complex and, rather defiantly, parked in front of it in an illegal spot. It was the third and current home of l’Observatoire de Physique du Globe de Clermont-Ferrand, Kornprobst’s pride and joy.

He can trace the observatory’s history from the Renaissance tower to Les Landais to this cement behemoth. Among all the physicists who have ever lived in France, just Kornprobst and Brunhes have held the same two important roles: directors of l’Observatoire as well as the guiding minds behind building more modern incarnations of it.

That affinity has led Kornprobst on this quest to make sure the world—or at least the observatory’s students and staff in Clermont-Ferrand—remembers Brunhes. It’s a strangely hard slog. The scientific memory is usually precise and generous. Kornprobst gestured to an imposing stand-alone panel directly in front of the building. This was the panel he had written about in Eos. It was made of brilliant turquoise-colored enameled lava—the lava part is an in-joke among volcanologists and the paleomagnetism crowd—set on two sturdy legs. It celebrates the centenary of Brunhes’s find in sharp white script, featuring a side-view portrait of Brunhes in relief.

Brunhes is depicted as a slender man with a carefully trimmed, pointed beard, long neck, and crisp, high collar reminiscent of the fin-de-siècle. This panel and a plaque inside the building featuring the same portrait are, so far, the only two formal monuments in France to Brunhes. Despite Kornprobst’s efforts, Brunhes is still a forgotten man of physics.

Gleefully, Kornprobst motioned to the depiction of a compass in the panel’s bottom right-hand corner. Four arrows, one pointing to each of the four ends of the Earth. Except in this version, east and west are just where you’d expect and north and south have changed places. It is a puckish reminder of what Brunhes found but also a little-known modern scientific truth: Today’s north is actually in the south. That’s because in magnetic nomenclature, the pole from which the magnetic field flows is its north. The receiving pole is south. Today, the field flows from what we call the South Pole.

For the entire time Homo sapiens has been trying to unravel the mysteries of magnetism, those magnetic poles have been on the opposite sides of the Earth from what we imagined.



CHAPTER 4

into whose embrace iron leaps

Because magnetism is ultimately about how the planet, its geological features, and even its species came to be, new findings have often kicked up against religious orthodoxies. Frequently, as Brunhes found out, they have challenged scientific ones too. Some of the investigators have put reputation, jobs, freedom, and even their lives in jeopardy when their discoveries called into question the teachings of the day. For generations, it has taken a countercultural imagination to puzzle out the meaning of magnetism.

The very name “magnet” has ancient roots in the arts. It goes back to the classical Greek poet Homer, who wrote his famous epics, The Iliad and The Odyssey, in about the eighth century BCE. Those epics, in turn, were based on the tales of oral poets whose work came even before the invention of the alphabet. Homer writes about the mythical hero Magnes, a son of the Greek god Zeus, who was king of a region of Thessaly in central Greece. It was named Magnesia after him and his people, the Magnetes. One of the minerals common in the lands of the Magnetes was a substance that came to be called magnetite, after the people, their land, and their hero king.

Magnetite, an iron oxide, is a naturally occurring permanent magnet, which means that enough unpaired spinning electrons in its molecules stay lined up in the same direction to keep its field strong. For centuries, magnetite has also been known as lodestone, a word that has crept into literature as a metaphor for a power that guides one’s life, or a moral reference point. Modern analysis shows that Thessaly, in Greece, is home to rare pure compounds of magnetite, which means that they were unusually strong natural magnets.

Another tale, told by the Roman author Pliny the Elder in his first-century encyclopedia Naturalis Historia, or Natural History, is that a shepherd named Magnes discovered the charged stones when the metal in his shoes and staff stuck to them on a mountain in either Asia Minor or Crete. His name became the name of the substance “into whose embrace iron leaps,” Pliny writes.

But why does the iron leap? Early Western philosophers toyed with two main explanations, as the historian A.R.T. Jonkers chronicles. One camp held that magnets were drawn together, just as living creatures were, by an affinity or sympathy for each other. The other believed that the attraction was mechanical, born of actual particles or emanations or “eﬄuvia.”

Thales of Miletus, who lived in the sixth century BCE, was in the sympathy camp. Known as the first Western philosopher, he was a gifted mathematician and astronomer who discovered the constellation Ursa Minor and correctly predicted the solar eclipse of May 28, 585 BCE. His ideas survive because Aristotle and others wrote about them. He’s credited with helping lay the foundation for the modern understanding of the world, resting on steely-eyed observation rather than dogma.
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