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PROLOGUE Camels in a Spin


On July 24, 1917, Flight Sub-Lieutenant Sidney Emerson Ellis of the 4 Naval Squadron took off on a routine training flight in Britain’s newest and most powerful fighter aircraft, the Sopwith Camel. He banked to the right, dived, and inexplicably plunged, spinning into the ground. It was the first of many fatal crashes, as young, inexperienced pilots took their first flights in the plane, a replacement for its predecessors, the Sopwith Pup and Triplane, which were no match for Germany’s new Albatros DIII fighter. With the prospect of losing more pilots and planes through accidents than enemies they could destroy, the authorities plainly had to work out what was going on and seek a remedy.

The cause quickly became apparent: the gyroscopic effect of the Camel’s 130-horsepower Clerget rotary engine. In these power units, the whole engine, nine radially arranged cylinders, was attached to the propeller and span around a stationary crankshaft. This apparently bizarre design had several advantages over conventional fixed engines: the cylinders were cooled by the surrounding air as they spun around, so the engine did not need a radiator or heavy water-cooling system; and oil injected at the crankshaft automatically flowed outward, so there was no need for an oil pump. Rotary engines therefore produced more power for their weight than conventional piston engines. But there were side effects. Together, the engine and propeller acted as a heavy gyroscope; they resisted being rotated at right angles to their axis, so that when a pilot applied turning forces on his controls it had unexpected effects. A turn to the left raised the nose of the plane, slowing it down, while a turn to the right forced the nose of the plane down, speeding it up. It was this that caused the uncontrolled descent into a spin that had killed Lieutenant Ellis.

As we shall see, this effect was totally predictable from the laws of physics, but until then it had been ignored, as it had not posed a significant problem to aircraft. Earlier planes, even Sopwith’s own Pup and Triplane fighters, had also been powered by rotary engines, but these were lighter units that had spun more slowly, and the aircraft themselves had been designed to be inherently stable. Indeed the Sopwith Pup was described by its pilots as the “most perfect aeroplane ever built.” But the stability of early aircraft reduced their maneuverability. To obtain better fighting qualities, the Camel had been designed to be more unstable and consequently more maneuverable. The top wing was straight, rather than rising toward the wing tips as was more usual, which would have prevented it righting itself automatically, while 90 percent of the aircraft’s weight was concentrated in the first seven feet of the fuselage, reducing the torques needed to turn it. The result was a brilliant fighter, but one that could be lethal to inexperienced pilots. By this time, however, there was little the authorities could do to rectify the situation. Pilots were banned from turns to the right at altitudes below one hundred feet, and training machines were modified to hold an instructor sitting behind the pilot who could take over the controls if necessary. With these measures in place, accidents were reduced and the Camel went on to become the most formidable fighter of the war, destroying 1,289 enemy aircraft, and even accounting for the Red Baron, Manfred von Richthofen, himself. The aircraft continued to be a menace to novice pilots, but experienced ones learned to make use of its unusual characteristics, turning to the left in dogfights, for instance, by turning 270 degrees to the right.
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The Sopwith Camel. The propeller is attached to the spinning rotary engine, and the craft’s weight is concentrated at the front of the fuselage.



This historical crisis is just one example that shows how unaware people are about the science of spin. The mathematics governing rotational motion had been known for 150 years when the Camel first flew, yet even so brilliant an engineer as Herbert Smith, Sopwith’s chief designer, had failed to predict how its rotary engine would affect its handling characteristics. And it has largely been fortuitous that gyroscopic effects have rarely posed problems for more recent aircraft. The rotary engine reached the limits of its development in 1918, with Bentley’s 150- and 200-horsepower units, after which it was abandoned. After that, propeller-driven aircraft were powered by engines with stationary cylinders—radials, in-line, or Vee—and the gyroscopic forces of the propeller alone have been manageable. Even in jet engines, in which the turbine blades rotate at high speed, the gyroscopic effects are small compared with the aerodynamic forces on the wings, because most of the weight of the engine is concentrated near the center of rotation.

But there is no reason to feel complacent. Sixty years after the Camel crisis, another affair showed how spin continues to baffle even the greatest minds. As a schoolboy I was myself present at the 1974 Royal Institution Christmas Lectures for young people, given that year by the eminent British engineer Eric Laithwaite, the pioneer of the linear electric motor and high-speed maglev trains. In the fourth lecture, “The Jabberwock,” Laithwaite demonstrated to a rapt audience some of the seemingly magical properties of gyroscopes: the way they swiveled around their support without any apparent force being applied; and the way they seemed to hold themselves up, defying gravity. Laithwaite even went on to claim that gyroscopes broke the laws of physics! As you might expect, these claims set off a storm of protest from the physics establishment, and prominent scientists were quick to denounce Laithwaite.

And confusion about spin continues to reign even to this day. Witness, for example, the recent media storm surrounding the observation by a Russian cosmonaut on the International Space Station, Vladimir Dzhanibekov, that in zero gravity a spinning wing nut flips its orientation by 180 degrees every few seconds. This observation caused wonder and consternation in equal measure all across the globe. The press pounced on this so-called Dzhanibekov effect, and the physicists who they invited to comment on the phenomenon were unable to explain why it happens. The Russians were even fearful that such an effect could happen to the spinning earth. If it flipped over in the same way as the wing nut, there would be catastrophic consequences for life on our planet. As we shall see, this is not an isolated occurrence; many other everyday phenomena, from the behavior of spinning tops to the way children pump playground swings, are subject to abject misinformation on the internet and in physics textbooks alike.

This confusion is particularly unfortunate, because the science of spin pervades all aspects of the world around us. It helped form the universe, shaped our solar system and galaxy, and controls how they behave today. Spin is responsible for shielding the earth’s atmosphere from harmful rays, so enabling life to survive on our planet. It shapes our climate and weather, from the periodic return of ice ages, through the global pattern of trade winds, to the local formation of depressions and hurricanes; consequently, it also shapes the ecology and distribution of life on our planet. Most of the machinery that has underpinned the progress of our civilization exploits spin: from spindles, gears, and flywheels that keep it moving; drills and lathes that shape our artifacts; pumps and mill wheels that raise and extract energy from water; and propellers, turbines, centrifugal pumps, impellers, to electric motors that power the modern world. Most important of all, our bodies are systems of rotating joints and levers that are controlled by our unconscious brain. They produce the complex movements of our bodies that enable us to stand up and move about; brandish tools; throw projectiles; and play a whole host of sports.

My aim in this book is to bring clarity to the fascinating subject of spin, so we can see just how it controls the way the world works. Avoiding the mathematics that scientists so often rely on and hide behind, I will provide readers with intuitive physical explanations to explain the mechanics of rotation. Whenever possible I use explanations from the scientific literature, but these are all-too rare; in some cases I have had to devise my own explanations and arguments. I believe this approach should be helpful even for physicists who have long since mastered the mathematics of spin. It should help them dispel whatever doubts Laithwaite brought up about the laws of physics; banish fears that the Dzhanibekov effect could cause a global catastrophe; and help them communicate better with us mere mortals. It should help explain the workings of the world about us. It should shed light on the technology that has built the modern world, technology that was developed long before scientists had anything useful to say about how it works. And this book should help biomechanics and sports scientists to cut through the complexity of the human body to get a better grip on how we move; help design better prostheses and robots; and help sportspeople achieve better performances. And for everybody it should bring the delights of revelation, equipping us with a better understanding of the world about us: one in which spin assumes a more central role. At last this will enable us to appreciate the advantages of our complex jointed bodies and see how they give us a flexibility and economy of movement far superior to wheeled vehicles.

Most of all I hope to return readers to the childlike delights of playing with spinning tops, throwing and catching balls, and swinging sticks around our heads, and show the unlikely links between tightrope walkers and tyrannosaurs, catapults and cricketers, gyroscopes and gymnasts. And if we can understand the mechanics of our bodies, our technology, and the cosmos at large, we will finally be able to understand what really makes the world go round.






PART I [image: ] SPIN AND THE WORKINGS OF THE WORLD







CHAPTER 1 How Spin Created the World



Invention, it must be humbly admitted, does not consist in creating out of void, but out of chaos.

—Mary Shelley



It seems to be a human instinct to want to know more about our own origins: how our parents met; how our country came to be founded; how humans emerged and managed to dominate the world; how the earth was made; and even how the universe itself came into existence. So strong is this instinct that we tend to make up all sorts of stories to explain aspects of the past of which we have no personal experience. In the Bible narrative, for instance, explaining how we came to be here was all so simple. God created the heavens and the earth, with the earth at the center, and the sun, moon, and stars rotating around it and lighting up the sky. He then molded our planet into a home fit for his ultimate creation: humankind. He separated the land from the sea, covered the land with plants, and created a host of fish to fill the seas, birds to fill the skies, and animals to live on the dry land. He made it into a perfect place for us humans to live in, and he did it all in the double-quick time of six days.

Today, of course, we know a lot more about the universe in which we live, and about the planet we live on, and consequently we know that we are far from being center stage. The universe does not revolve around us at all. Instead, the earth is just one of eight planets, several minor planets, and many asteroids and comets, all of which orbit around our sun. And our sun is itself just a minor star, one of hundreds of billions of stars revolving around the center of our galaxy. And in turn our galaxy is just one of an infinite number of galaxies that make up our universe. But the fact remains that the earth is a great place to live. Light from the sun keeps us warm, and provides the energy that plants use to make our food, while the earth’s magnetic field protects us from damaging solar rays. Our seas are rich in salts and nutrients and full of life, and gentle tides caress the shore. The air is easy to breathe and its light winds carry soft refreshing rain to the land, watering our crops and filling our lakes and rivers. We might well agree with Voltaire’s Dr. Pangloss that we live in the best possible of all worlds. And as I hope to show in this first part of my book, we owe it all to a motion to which people rarely give more than a few minutes attention: spin.

The first thing that science has had to explain is how our solar system was formed. And if you look at an orrery—a clockwork model of the solar system—you will immediately see clues. The planets all circle the sun in the same plane, and they all orbit it in the same direction. Not only that, but they almost all spin in the same direction, and the moons that orbit the planets rotate about them in the same plane and in the same direction as well. This uniformity demonstrates that the solar system must have been shaped by a single simple process, and all the evidence shows that, like Mary Shelley’s Frankenstein, the order was created not out of void, but out of chaos. The generally accepted account of the formation of the solar system is that given by the nebular hypothesis, first proposed in the eighteenth century by the Swedish theologian, philosopher, and mystic Emanuel Swedenborg and the great German philosopher Immanuel Kant.

According to the nebular hypothesis, the earth was formed from a huge cloud of gas and dust. About 4.5 billion years ago, this was hit by the shock wave resulting from a supernova: an explosion produced by the sudden collapse of a large star. This explosion caused the cloud to densify and swirl around in vortices, like the eddies you see on either side of your spoon when you stir your cup of tea.

At this point in our tale, it is worth taking a little time to consider what rotation and spin actually are. After all, they will be central to the rest of this book, and to most of us it is not immediately clear what is going on in these complex motions. It took the genius of the great seventeenth-century scientist Robert Hooke to define them. A particle that is rotating about a central point has two components to its motion. It moves at a constant speed, but its velocity is continually changing because it is also accelerating inward. To keep an object rotating, you therefore have to provide an inward centripetal force. And as a consequence of this acceleration, the rotating particle exerts an apparent outward centrifugal force that resists it being drawn farther into the center. An important aspect of steady rotation is that because the force is at right angles to the motion, no energy is needed to keep it going; in the absence of friction a ball rotating at the end of a rope, or a planet orbiting the sun, will keep on moving around forever. In an object that is spinning, exactly the same thing is happening, but since each part of the object rotates at the same rate, the parts that are farther away from the axis of rotation move faster; and as the object spins, centrifugal forces tend to stretch it outward.


[image: Image]
Rotation and spin. In an object rotating around a fixed point (left), such as a planet orbiting the sun, its motion is a combination of a constant velocity and an inward, centripetal, acceleration. The earth exerts a corresponding centrifugal force on the sun. In a spinning object such as a top (right), the velocity of each point increases with its distance from the center of rotation.



Just as you need to apply a force to change the velocity of a particle, to speed it up or slow it down, you also need to apply a turning force, what is known to scientists as a torque or moment, to a rotating object to make it spin faster or slower. And just as you need to apply a greater force to accelerate a more massive particle, you need a greater torque to change the spin rate of a bigger, more massive rotating body. In fact, the parts farther away from the center of a rotating body need more torque to accelerate them, both because they move faster for a given spin rate of the body, and because they are farther away from its center. The rotational equivalent of mass is known as the “moment of inertia” of a body, which not only takes into account the mass but also how far material is from the axis.

Knowing this helps to explain what should happen to a spinning ball of gas. You might expect that the force of gravity would inexorably draw it into a single flaming ball of material—a new star. Certainly, gravity can easily draw all the particles toward one another parallel to the axis of rotation, flattening the cloud. However, it would not be able to move them all the way inward to the axis of rotation because the centrifugal force of the particles would resist gravity; the gravity could only provide the inward force needed to keep the particles traveling in a circle. Consequently, gravity would merely compress the cloud into a flat disk of rotating particles. The particles would continue rotating about the center of the disk, like the rings of Saturn. Once there, however, gravity between the particles would gradually draw them together into larger particles, draw the larger particles together into rocks, and draw the rocks together into bigger and bigger boulders. The gravitational energy would heat them up as they collided, and finally, as the giant boulders collided together, this would melt the rock, allowing them to coalesce into spherical planets. The result would be what we have in our present solar system: a succession of planets, all of which orbit the center of the system, in the same plane, and all of which orbit in the same direction. The apparent chaos of swirling gas would have been transformed into the order of the orbiting planets.
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The nebular hypothesis of the formation of the solar system. In its modern guise the premise is that the system was formed from a cloud of spinning gas (a). Gradually, gravity flattened the cloud into a disk (b) and the particles began to coalesce into larger and larger boulders, and eventually into the sun, planets, and moons (c).



The nebular hypothesis not only explains why the planets all orbit in the same plane and in the same direction. It also explains why the planets spin in the same plane and in the same direction as they orbit, and why the smaller objects that orbit around the planets as moons circle them in the same direction. If a small particle was drawn inward by the gravity of a growing planet, so that it approached the planet from a slightly more distal orbit, it would speed up as it moved nearer the center of the solar system and would eventually hit the planet a glancing blow, causing the outside of the planet to accelerate forward. In contrast, a particle drawn outward toward the planet from an inner orbit would slow down and hit it a glancing backward blow to decelerate the inside of the planet backward. Both types of collisions would spin the planet in the same direction: forward. In the same way a moon that was captured by a planet would always rotate forward around the planet, whether captured from outside or inside its orbit. And, in the near vacuum of space, once a planet was set spinning and a moon was set orbiting, they would continue spinning and orbiting indefinitely.

The nebular hypothesis therefore provides a convincing explanation for why the planets move in the ways they do, and it also explains other aspects of the structure of our solar system. In the hotter inner areas of the solar system, only dust would be able to coalesce, explaining why the inner planets are all rocky. In contrast, in the cold outer recesses of the solar system, gases can also condense and freeze, explaining how gas giants such as Jupiter and Saturn were created. However, in some ways our solar system does not resemble the one that computer simulations predict should have been created. Mars seems too small, and the gas giants are farther out than where they would have formed. The reason is probably that the planets are not only attracted by the gravity of the sun, but one another’s gravity, too; as a consequence they can alter one another’s orbits so that over vast periods of time their behavior can be chaotic. The grand tack hypothesis suggests that billions of years ago Jupiter may have moved first inward and then outward, acting like a giant wrecking ball, forming the asteroid belt in the process. And collisions between other celestial bodies might also have altered their paths. Neptune seems to have been knocked out of its original orbit so that it now spins on its side.

The earth, too, is unusual. Other planets have relatively tiny moons, which formed around them in just the same way that the planets themselves formed: from clouds of gas and dust. In contrast, our own moon, at one-sixth of the earth’s diameter, is exceedingly large. Modern thinking is that the early earth, Gaia, probably acquired its moon following a collision with another planet the size of Mars, Theia. The two planets fused to form a single larger planet, while part of the material broke away and coalesced to form our large moon. This collision would have speeded up the spin of the earth so that it rotated once every six hours or so, but it also gave the earth its unusual tilt of around 23.5 degrees from the plane of its orbit, while the moon settled into an orbit that is tilted around 5 degrees from the earth’s orbit. As we shall see, these details of how the earth spins and how our oversize moon orbits around it have proved crucial in making our planet an ideal place to live.

Despite the complexities, therefore, it is clear that spin was, along with gravity, the major factor in forming the system of planets that circle our solar system. However, the most difficult aspect of the creation of our solar system to explain is how the sun, the source of all our energy, and the part of the solar system that contains almost 99.9 percent of its mass, formed at its center. Since the central part of the cloud of gas would be spinning just like the material farther out, you might expect that gravity would only have been able to flatten it into a series of ever larger planets toward the middle of the system—planets that would rotate rapidly around the center. Gravity would simply not have been able to have drawn all that matter into a body that is only 865 thousand miles (1.4 million kilometers) across, a hundred times smaller than the orbit of the nearest planet, Mercury. Something must have happened to slow the rotation of the gases at the center of our solar system, to allow the atoms to spiral inward to form the sun.

Once again, it is believed that the mechanism by which this was achieved involved spin. As the material near the center of the solar system was flattened, the gravitational energy would have been converted into heat, which would be great enough to turn the gas into a plasma of charged particles so hot that it would start undergoing nuclear fusion. These changes would have two consequences. First, the nuclear fusion would cause large numbers of the charged particles—electrons, protons, and helium nuclei—to be spat out of the core. On its own this would not slow the spin down. However, another consequence of being composed of a plasma would be that the spinning charged particles would set up a huge magnetic field around the sun, a field that itself spun around the core. Trapped within this rotating field as they were ejected, the particles would not move straight outward from the center of the sun, but be pulled into a spiral motion, traveling along the rotating magnetic fields before finally being flung forward as they escaped, like water being released from a rotating crop sprayer. This process would slow the remaining material down, taking away some of the sun’s angular momentum, and allowing gravity to draw the remaining gases farther inward. In turn this would further increase the sun’s core temperature, ensuring that fusion reactions could continue to produce energy. It is this energy, released in the form of the electromagnetic radiation, mostly light, that heats up our planet to its balmy temperature and powers the photochemical reactions that algae and plants use to make the food on which we rely.

We therefore have a convincing theory about how our solar system was formed and how it works today. And in recent years astronomers and physicists have been able to back up this story, using evidence both from other solar systems that we have observed during their early life and from investigating the behavior of our own sun. Powerful modern telescopes have revealed that some apparently young stars, such as Beta Pictoris, are surrounded by disks of cool dust, just as the nebular hypothesis predicts. Meanwhile, many young stars that are too far away for us to see clearly emit an excess of infrared radiation, a fact that could best be explained if they were surrounded by disks of cool material.

We also have good evidence that the rotation of our sun is continuing to slow down, allowing it to continue to shrink. NASA’s Parker Solar Probe is currently finding that the solar particles emitted from the sun rotate with it and are released from its magnetic field in just the way that had been proposed. And they are being released much farther out than had previously been thought, some 20 million miles from the sun’s core. This provides evidence that verifies how the sun initially shrank into a ball and shows that the sprinkler mechanism is even more effective than had previously been believed. Indeed, the mechanism has been so effective that though the sun still rotates once every twelve hours, this is nowhere near fast enough to keep it at its present size. It is only kept inflated by the pressure caused by the fusion reactions at its core. When its fuel eventually runs out in several billion years’ time, the sun will collapse into a white dwarf star with a radius only slightly larger than that of the earth.

The nebular hypothesis is able to explain more than just the birth of our own solar system. The stars that we see in the night sky were also produced in much the same way, and as we are now finding, many if not most of them are also surrounded by systems of planets very like our own. The theory has also been extended to explain phenomena that occur on a much grander scale. As well as suggesting the nebular hypothesis, Immanuel Kant was probably the first person to realize that the shimmering band of light that circles the heavens, the Milky Way, is in fact a huge disk of stars, and that our sun is merely a single star within this huge structure. We now know that our sun is positioned some two-thirds of the way out from the center of our galaxy, and like the rest of the stars our sun is not still, but rotating about a supermassive black hole at the galaxy’s center. Like our solar system, our galaxy was also created from condensation of a spinning cloud. However, it was formed far earlier, around 13.6 billion years ago, shortly after the big bang, and from a far larger cloud of the gas that was formed during the creation of the universe: hydrogen. The early stars would have been quite different from our own, which has been recycled from the debris produced by the destruction of earlier stars. Kant also correctly surmised that many of the tiny elliptical smudges in the night sky, which are known as nebulae, are also disk-shaped galaxies, which are oriented at an angle to us and that are located at almost unimaginable distances from our tiny home planet. They, too, must have been formed by spin.

So spin really did create both the heavens and the earth. Which leads to the question of what created the clouds of gas that formed the galaxies in the first place, and what caused them to spin. The answer seems to lie right back at the start of the universe, in the big bang. Recent measurements of the background microwave radiation, the echo of the big bang, have shown fine-scale graduations in intensity—an indication that the expansion of the universe was not uniform. Just as a conventional explosion sets up a whole series of eddies in the air that it displaces, so the big bang formed huge swirls in the clouds of gas that it produced. It was these eddies that acted as the nuclei for the formation of the huge range of galaxies, black holes, stars, and planets that make up the known universe. Spin is the very reason our universe is here at all.






CHAPTER 2 How Spin Made the Earth Habitable


When the earth and moon had been formed, some 4.5 billion years ago from a massive interplanetary car crash, they found themselves in the “Goldilocks zone.” They were orbiting the sun in a region where its radiation could keep the surface of a planet at balmy temperatures between the freezing and boiling points of water; they were in a zone where liquid water could exist and where life could evolve. However, at that point in time there seemed to be no prospect of life ever emerging. For the earth’s interior was so hot that even at its surface the rocks were molten, and it was covered by a dense atmosphere of carbon dioxide 3 million times as dense as today’s. This created a massive greenhouse effect, effectively insulating the earth’s surface from the cold of space. There seemed to be no way that it would ever cool down. However, within 10 million years the situation was completely different. The surface crust had solidified; tectonic plates were moving across the earth’s surface; and most of the carbon dioxide had dissolved into the rock and been dragged down into the earth’s mantle as the plates were subducted at plate boundaries. The earth’s surface had become much cooler and much of it was now covered in liquid water. The conditions were starting to become perfect for life. The key to this rapid change was the spin of the earth and the orbit of the moon. And surprisingly it was down to forces that also produce a modern phenomenon that locally increases biodiversity, but which is hardly transformational: tides.

The clue that oceanic tides are caused by the action of the moon is that high and low tides coincide with the rise and fall of the moon. The clue that the sun is also involved is that the strength of the tides varies with the moon’s phases. However, it took the genius of Isaac Newton to explain how this miracle was powered by the moon’s gravity. It is not surprising that people found this hard to believe at first, because the effect of the moon’s gravity on earth is tiny. Of course, just as the gravity of the earth attracts the moon to keep it in orbit, so the moon’s gravity attracts the earth, but the acceleration it causes is just three-millionths of the earth’s gravity. However, because the water on the side facing the moon is closer, it is attracted to it slightly more than the planet itself, around a tenth of a millionth of earth’s gravity, while the seawater on the far side will be attracted about a tenth of a millionth of earth’s gravity less. It does not sound like much, but since this acceleration acts perpetually, this is enough to move the water large distances; the seas have long since flowed toward and away from the moon and formed bulges on both the near and far sides of the earth. And as the earth spins past the moon, the bulges wash around the surface of the earth, forming the tides: high tides when the moon is high in the sky or below the horizon, and low tides when the moon is rising or setting.

The sun has a similar, if smaller, effect on the world’s seas. The sun’s gravitational pull on the earth is around 180 times greater than that of the moon, but because the sun is so much farther away, the difference between its gravity on the near and far sides of the earth is only around a third that of the moon. This would cause the water to bulge to a correspondingly smaller extent when the sun is overhead (at midday) and when it is on the far side of the earth (midnight). The two sets of tides, lunar and solar, interact to form a consistent daily and monthly pattern. We get two high tides every twenty-five hours as the earth spins around to the same position relative to the moon, but the strength of the tides varies over a fourteen-day period. They are strongest, so-called spring tides, when the lunar and solar tides coincide, at full and new moons, and weakest, so-called neap tides, about half the size of spring tides, when they oppose each other, during half moons. The average height of the ocean’s tides is actually tiny—ranging from 12 inches (30 centimeters) for neap tides to 36 inches (90 centimeters) for spring tides, but as they reach the shore and the water depth falls, the height of the tides is magnified, just like the waves produced by tsunamis, and the effect can be magnified further if water moves in and out of a funnel-shaped bay. In the Bay of Fundy, in Eastern Canada, for instance, the distance between high and low tides can be up to 55 feet (17 meters).

As anyone who has lived, or had vacations by the seaside, knows, the effect of tides can be dramatic. The rise and fall of water around the world’s shores creates the miraculous phenomenon of the regular covering and uncovering of sandy beaches, mangrove swamps, coral reefs, salt marshes, and rocky shores. Intertidal habitats contain a vast variety of seaweeds, corals, sea grasses, and mangroves, which in turn provide food and shelter for an even greater variety of animals. The spin of the earth has given the world the amazing intertidal ecosystems that hold over half of the sea’s biodiversity.
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The explanation of the diurnal tides. Because gravity is stronger on the side facing the moon, and lower on the side facing away, the water bulges out on both sides, and the bulges are swept around the earth as it spins.



However, the benefits the tides confer to intertidal creatures and vacationers are just a minor aspect of the effects that they have had on our planet. They also have had much larger global impacts. Tidal forces have changed and are continuing to change the speed at which the earth spins and the distance at which the moon rotates about the earth. The energy needed to sweep the seas across the globe comes from the kinetic energy of the spinning earth. As the oceans sweep westward around the earth their motion is resisted by friction with the seafloor, so one of the main effects of the tides is to slow down the eastward rotation of the earth. Days are consequently getting 2.3 milliseconds longer every century. And just as the moon affects the tides, so the tides affect the moon. Because the center of the bulges of water are slightly in front of the moon, gravity is gradually acting to pull it forward, increasing its angular momentum and causing it to be slung 1.4 inches (3.5 centimeters) farther away from the earth every year. In the future the earth will slow down still further, the moon will be slung farther away, and given enough time the lunar tides will get weaker, until finally solar tides dominate and high tides will occur exactly twice a day. And meanwhile the earth will continue to slow down so that the days get longer. However, we need not worry too much about this. Long before the earth’s spin slows to a halt, some 1.5 billion years in the future, the sun will have expanded and burned away the oceans, dramatically reducing the rate at which the earth slows down. And by 4 billion years’ time the sun will have become a red giant and engulfed the earth in a flaming mass of gas.

But just as in the future the earth will spin more slowly and the moon will be farther away, in the past the reverse must have been true; the earth must have spun faster and the moon would have been closer. In fact, soon after the birth of our planet and its consort, the moon was only 15,000 miles (24,000 kilometers) away, sixteen times closer than today, and it would have orbited the earth once every ten hours or so, while the earth itself spun around once every six hours. The tidal forces would have been far greater, large enough to squeeze the molten earth into a lemon shape, churning the mantle so that it released more heat, like porridge being stirred. The huge friction caused by the internal movements of magma caused the earth to slow rapidly, and the moon to be slung farther away, so that the tidal forces quickly fell. The change was so rapid that within a few million years the surface of the earth started to solidify. The solid rock was finally able to absorb some of the carbon dioxide in the atmosphere and draw it down into the earth as the tectonic plates subducted into the mantle. The earth cooled increasingly rapidly, allowing water to condense to form the oceans just 10 million years after the cosmic collision.

By this stage, tidal forces had slowed the earth’s spin to once every ten hours and the moon had been flung out to 80 percent of its present distance. The first oceanic tides on earth were just 40 percent more powerful than today’s, and the forces slowing the earth were little greater than they are today. The days continued to get longer, but only gradually. By 3.5 billion years ago, when life was first emerging, days were around twelve hours long. By 1.4 billion years ago, when the first eukaryotic cells were appearing, day length was around eighteen hours; by 500 million years ago when the first multicellular organisms were emerging onto land, days were around twenty hours, fifty minutes long; and by the end of the reign of the dinosaurs, just under 70 million years ago, days were twenty-three hours and thirty minutes long, just half an hour shorter than today, and there were 372 days in a year.

Tidal forces have had one further effect that is visible even to the naked eye when we look up at the night sky. When it was created, the moon was spinning rapidly, just like the earth and rotating in the same direction. However, since the earth has a mass that is around eighty-one times that of the moon, it produced much greater tidal forces on the moon than the moon did on the earth. The earth’s gravity therefore caused the early moon to bulge much more than the earth, deforming into a lemon-shaped body. And as the moon spun around and changed shape, internal friction rapidly slowed its spin. The effect was so great that the tidal forces soon stopped the moon from rotating at all, relative to the earth. Today the moon is tidally locked to the earth. It spins just once every twenty-eight days, effectively still relative to the earth, so that the same side of the moon is always pointing toward us. We can all gaze at its rough mountains and smooth seas, and try to make out the “man in the moon,” but only a few astronauts have ever set eyes on the far side of the moon.






CHAPTER 3 How Spin Stabilizes the Earth


At the end of the last chapter we left the earth orbiting the sun at its present distance of around 93 million miles (150 million kilometers) and spinning around its axis at an angle of 23.5 degrees to its orbit; and we left the moon orbiting the earth, along a plane that is oriented at 5 degrees from the earth’s orbit. These angles have remained remarkably constant throughout the earth’s existence. Over their 4.5-billion-year history, the earth’s spin has slowed down a bit and the moon has been slung a bit farther away, but nothing much else has altered. One might have expected that, in over 4 billion years, the earth might have flipped over a few times, like Dzhanibekov’s wing nut; or other planets, especially our nearest large neighbor, Venus, might have perturbed its course and caused it to wobble or tilt. After all, soccer balls and plates are all too prone to wobble about or turn as they fly through the air. The fact that the earth has been stable for so long has been crucial for the emergence and continued existence of life on this planet. We have been extremely fortunate that we live on a planet that rotates in a near circular orbit, and at just the right distance from the sun so that its average surface temperature lies between the freezing point and boiling point of water. But that would be no use for life if the earth tumbled erratically; any point on its surface might alternate between periods of such extreme heat and cold that no organism could survive. As we shall see, part of the reason that the earth is stable is down to its spin; the rest is due to our relationship with our neighbor, the moon, and the way our two orbs rotate about each other.

We usually assume that the earth is more or less perfectly spherical, because gravity will have long since drawn the material as close to its center as possible. Certainly, the pressure at the center of the earth due to all the rock pressing down from above is more than enough to compress it into a sphere; it is an astonishing 364 gigapascals, almost 4 million atmospheres! However, because the earth is spinning, as we saw in chapter 1, each part of it is also accelerating inward, centripetally toward its axis. According to Newton’s third law, therefore, this will apply an outward centrifugal force on the material. The earth is consequently stretched outward by its own spin. It’s not by a large amount. Since the earth only spins once a day, the centrifugal force on an object standing on the equator is a mere 0.3 percent of the force of gravity at that point. Consequently, unlike a pizza base that flattens into a thin crust when it is tossed, spinning into the air, or a molten glass vessel that bulges outward when spun around by a glassblower, the effect is not noticeable, even from space. But it is measurable and important. The spin has deformed the earth into an oblate ellipsoid, flattened at the top and bottom and bulging at the sides, like a mandarin orange, so that its diameter across the equator is 30 miles (48 kilometers) greater than it is from pole to pole.

This bulge, though small, effectively stabilizes the earth’s axis. If the earth tilted, the centrifugal forces acting on the bulges as it spins around would act to return it to its original orientation. Just like a plate spinning on a stick, or a Frisbee spinning through the air, the spin of the earth maintains its orientation. The effect is weak, however, because of the small size of the bulge. It has been estimated that if the earth was spinning on its own through space, the gravitational pull of the other planets in the solar system, particularly Venus, would have tilted its axis by a full 90 degrees. Fortunately, the earth is kept in its orientation even more firmly because it is held in the grip of a much more stable system. Because the earth and moon rotate about each other at such a great distance, they, too, are stabilized by the centrifugal forces that would generate a much larger restoring torque if they tilted. They rotate stably around each other, just like the weights at the end of a majorette’s baton as it is twirled around.


[image: Image]
Stability of a spinning plate. If the axis tilts, the centrifugal force on the raised and lowered sides will produce a restoring moment tending to return it to its original orientation.



The bulge of the earth does cause one potential problem, however. Since the moon orbits the earth at a lower angle than the earth’s axis, and since its gravitational pull on the near side will be greater than that on its far side (just as they are on the world’s oceans), it will exert a small torque causing the tilt of the earth’s axis to decrease. The sun has the same, if somewhat smaller, destabilizing effect, just as it has a smaller effect on the earth’s tides and for much the same reason; the sun’s pull is greater than that of the moon, but being so far away the sun’s gravity on the near and far sides of the earth are more equal. As a consequence of these torques you might expect the earth’s axis to have long ago been pulled upright so that it spins parallel to its orbit, banishing the seasons. But since the earth is spinning it does not behave like a simple stationary object, but like a spinning top or gyroscope that is leaning away from its support and being pulled over by the force of gravity. And, despite what Eric Laithwaite said in his Christmas lectures back in 1974, the behavior of a gyroscope is really quite easy to understand, and can be readily explained using the known laws of physics.


[image: Image]
The precession of the earth. The difference in gravitational attraction to the moon on the near and far sides of the earth’s bulge produces a turning moment that should return its axis to the orbital plane. Instead, however, it wobbles or precesses once every twenty-six thousand years (small arrows).



What initially happens when you release a spinning gyroscope that has one end resting on a support and is leaning over is exactly what you would expect to happen if it was not spinning: it starts to fall over, tilting farther under its own weight. But as it tilts, something interesting happens to the material spinning around its rim. The parts of the rim on the side moving downward are accelerated inward because of the downward movement of its axis (see the diagram opposite), while the parts of the rim on the side moving upward are accelerated outward. The reaction to these accelerations automatically sets up a torque that pushes the gyroscope sideways, toward the side of the rim that is moving upward. The gyroscope will start to rotate around a vertical axis through its base, a motion known to physicists as precession. And as the gyroscope moves sideways as well as downward, the reaction force, which is at right angles to the motion of the gyroscope’s axis, will turn upward as well as sideways. The gyroscope will move along a cycloidal path, like the movement of a point on the rim of a rotating wheel, and because the upward moment will soon exceed the effect of the weight, the gyroscope will “bounce” upward again and slow down. In an ideal world the gyroscope would continue traveling around the axis in a series of cycloids. However, because of friction, the oscillations will gradually die away and the gyroscope will eventually settle into a steady sideways motion, at which point the upward force produced by the precession equals the downward force of gravity. The gyroscope will move around with its axis at a slightly lower angle than where it started.


[image: Image]
The behavior of a gyroscope. When released (a), it first starts to fall before moving sideways and upward again in a series of loops, before precessing, rotating about its base around a vertical axis, lower than when it started. The force driving precession is caused by movements of the rim of the gyroscope. As the axle of the gyroscope falls (b), the part of the rim that is moving downward from A follows an inwardly curved path (A1 to A3), whereas the part of the rim moving upward from B follows an outwardly curved path (B1 to B3). Reaction to these movements produces the sideways force that starts precession.



Once we understand the basic mechanics, it is also easy to see what’s going on when we wind up a spinning top and set it down vertically on its point. At the start, when it is spinning fastest, it will drop only a tiny amount because the torques set up by the spin will be large, and it will precess only slowly. But as friction slows down the spin, for a given rate of precession, the gyroscope will produce less and less restoring torque; it will start to drop again until its precession speeds up enough so that the restoring moment once again balances the weight of the top. Gradually the axis of the top will tilt farther and it will rotate in wider and wider circles and precess faster and faster. Its movement will get wilder and wilder until eventually the rim hits the floor and the top careers around the room.

Toy gyroscopes and tops spin rapidly, so they typically precess about once every second. In the case of the earth, however, the precession caused by the action of the sun and moon is very slow. Partly this is because the earth spins so slowly, only once a day. And the restoring torques of the moon and sun effectively act only half of the time because the earth’s axis is rarely oriented parallel to the line between the celestial bodies. But the main reason is because the bulge of the earth is very small compared to its diameter; the difference in the gravitational accelerations on the bulges on the near and far sides are therefore tiny compared with the huge mass and size of the earth. As a consequence, the earth precesses only once every twenty-six thousand years, the so-called “precession of the equinoxes” that has been observed by astronomers down the ages. This precession is a main contributor to what are known as the Milankovitch cycles. Along with drift in the elliptical orbit of the earth, which varies every 110,000 years, and wobbles in its axis, caused by interference with other planets, which varies every 41,000 years, the earth’s precession controls the amount of heat the earth receives from the sun. These cycles consequently drive the onset and duration of ice ages.

The earth’s axis also undergoes a couple of minor movements over much shorter time scales. The moon’s orbit precesses every 18.6 years, for instance, which causes the earth to wobble with the same frequency, but only by about 160 feet (49 meters). And the earth itself wobbles, like a spinning plate, every 433 days, buffeted by storms on its surface, but this is even less worth worrying about as the movement is a mere 30 feet (9 meters)! For all intents and purposes, the earth’s surface is stable. And as long as it continues to rotate, the earth, distorted and stabilized by its spin, and kept even more stable by being shepherded by our large companion moon, will remain safely orbiting for many hundreds of millions of years into the future. There is no danger of a Dzhanibekov flip.






CHAPTER 4 How Spin Shields the Earth


From the pioneering science fiction tale, Johannes Kepler’s Somnium, which describes an imaginary journey to the moon, novelists and scientists alike seem to have been obsessed with the idea of space travel. In particular they seem to love the prospect of humans visiting and even living on the moon and on other planets, especially Mars. However, quite apart from the logistical difficulties and huge expense involved, there is one major barrier that might make colonizing space impractical: its radiation environment. Throughout our solar system, an astronaut would be assailed from all sides by deadly ionizing rays. As we saw in chapter 1, the sun emits a stream of charged particles, mostly alpha and beta particles (helium nuclei and electrons respectively), streams that wax and wane along with the appearance and disappearance of sunspots over the eleven-year solar cycle, and which can flare up over periods of a few days into intense solar storms. The astronauts would also be rained on by a slower stream of cosmic rays from outside the solar system, rays that consist of charged nuclei of helium, oxygen, and iron. Spaceships have to be shielded from this radiation using multiple layers of aluminum, Kevlar, and epoxy resin, interspersed with air spaces that can stop or slow down most of the particles. And space walks are limited to a few hours at most. The astronauts on America’s Apollo moon missions were also lucky that their voyages never coincided with solar flares; if they had, their missions would have had to be aborted and the astronauts returned as soon as possible to earth so they could be treated for the effects of severe radiation sickness.
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