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Any sufficiently advanced technology is indistinguishable from magic.
 

ARTHUR C. CLARKE

Introduction: The Science of Magic
 



The most beautiful thing we can experience is the mysterious. It is the source of all true art and science.
ALBERT EINSTEIN




I love the Harry Potter books, but maybe not for all the same reasons that you do. For me every enchantment, spell, curse and other act of sorcery in J. K. Rowling’s wonderful creation seems to throw down a challenge to modern science. Surely biologists would be baffled by the phut-like blast of a Skrewt? Surely brain scientists would reject the idea of a hat that can read thoughts? Fluffy, Nifflers, Hinkypunks and the other bizarre creatures that populate Harry’s world seem at odds with what we know about nature. Giants, dragons and Fluffy’s three slavering heads must be figments of the author’s imagination. Beans of any and every imaginable flavor? Sounds unlikely, as do flying broomsticks, the candles that hover in Hogwarts and the Weasleys’ gravity-defying Ford Anglia. Surely magic of this sort can’t be reconciled with the rational laws of science?
After seeking out the truth as diligently as the long pink tongue of a Puffskein searches for wizard bogeys, I think that it can. Harry’s magical world can help illuminate rather than undermine science, casting a fascinating light on some of the most interesting issues that researchers struggle with today. Similarly, what we have learned from our scientific investigations in many fields can help explain many extraordinary and seemingly magical phenomena.
Finding common ground between science and magic depends, of course, on how we define magic. The simplest interpretation of magical practices is that they are bad science. But who can really say what is “good science”? Many innovative ideas have taken years to be accepted by the scientific community. Does that mean they suddenly transform from magic into science? Does magic thrive at the frontiers of research where there is ignorance and intellectual dispute?
Another definition of magic talks of an “art” that, by the use of spells, supposedly invokes supernatural powers to influence events. But this depends on how we define “natural” in the first place. Are all things in the universe “natural”? Perhaps magic has more to do with explanation than understanding, so that supernatural powers are simply those that lie beyond current human understanding. This chimes with another definition of magic, which refers to ritual activities that exert influence by access to “an external mystical force beyond the ordinary human sphere.” But where does the boundary of that sphere fall? Somewhere near the gloomy dungeons and passages of Hogwarts? Between heaven and the stars? Presumably, this human sphere is inflating like a balloon as we build up scientific knowledge and understanding.
Perhaps, instead, the boundary between natural and supernatural lies in the human mind. After all, the perception of what constitutes “magic” depends on the individual observer. What seems magical to one person may seem pedestrian to another. If an aboriginal utters a spell before planting each and every harvest to protect crops from the elements, this ritual may have come to seem so mundane to him as to lack magic. Equally, an urban dweller may be amazed when he catches his first glimpse of the shimmering green and red sheets of the aurora australis, an atmospheric light show in the Southern Hemisphere. Do those vast curtains in the sky count as magic?
I have been immersed in all things scientific for more than two decades, yet many events continue to strike me as profoundly magical, even though I know how to explain them. They include the first cry of my daughter, Holly; the nocturnal green tracks of fish crisscrossing a phosphorescent bay in Puerto Rico; gazing up at an unpolluted night sky from a Mars-red desert in South Africa; and, after a night working in a research nuclear reactor, bouncing a neutron off a soap bubble. These events were magical because they were beyond the familiar, commonplace and everyday.
Magic remains an elusive term. No definition has ever found universal acceptance, and attempts to separate it from “religion” and “superstition” on the one hand and “science” on the other are beset with difficulties. However, as I hope to persuade you, there are some interesting connections between science and magic. They share a belief, as one mathematician put it, that what is visible is merely a superficial reality, not the underlying “real reality.” They both have origins in a basic urge to make sense of a hostile world so that we may predict or manipulate it to our own ends. In the sense that a wizard is a wise man, wizards still exist today—and I don’t just mean in the Harry Potter books and movies. Magic, like science, also gives many insights into the workings of the human brain. Both share some decidedly oddball ideas, whether jumping toadstools or quantum jumps.
The technology created by today’s wizards and witches makes airplanes fly, computers understand speech and sends a faltering voice from one side of the planet to another and is sufficiently inscrutable to most people that these gizmos might as well be the product of sorcery. The biochemistry in a home pregnancy test, the movements of electrons around a silicon chip in a home computer and even the instructions to operate a videocassette recorder can count as magic.
A number of episodes in the Harry Potter books suggest that even the magically gifted characters acknowledge that Muggle scientists and technologists do perform a kind of magic. Take the moment that Hagrid points out a parking meter to Harry, for example. The great man is clearly puzzled by the strange device. Mr. Arthur Weasley also remarks on how Muggles use considerable ingenuity to overcome their lack of magic (praise indeed from someone who works for the Ministry of Magic). He is an avid collector of plugs, batteries and anything else to do with “eckeltricity.” For Mr. Weasley, even matches offer fun-filled pyrotechnics that rival any wizard display. His wife, Molly, suggests that Muggles know much more than the wizard world gives them credit for.
To the average Muggle, the revelations of modern science are often as obscure as a witch doctor’s spell, an incantation of the Dark Arts, or the topics examined by a N.E.W.T (Nastily Exhausting Wizarding Test). Ironically, this lack of comprehension of what now seems a normal part of our lives, whether the workings of a jet engine or a photocopier, may even pave the way toward a belief in magic that can make seemingly impossible things possible. As the psychologist Stuart Vyse once remarked: “Technology has taken over our lives, but science has not overtaken our minds.”
For most people modern science, like magic, requires a leap of faith. In the days of Newton, when almost anyone could conduct practical experiments with prisms and cannonballs, science was more open to amateurs and the laws of nature were more accessible. Today scientific research has become deeply mathematical, and experiments often depend on specialized equipment ranging from billion-dollar atom smashers to gene-reading machines. Merely analyzing the results requires thousands more dollars of computer equipment. Most of us have to take the scientists’ word for it that these calculations are correct. (No wonder, then, there is a panic when scientists admit that they are unsure of their ground, as happened when mad cow disease spread to people. No wonder that scientists take some of the blame for these mishaps—one can almost hear the cries of “burn the witch” and “burn the warlock.”)
While scientists, like wizards and witches, claim to have special knowledge that other people don’t have, they would be the first to admit that much magic remains in the world. The scientific effort is relatively young, and is still struggling to explain even many everyday phenomena, whether turbulent patterns in a fast-flowing stream, the language of the brain, or the way that the sun’s energy is moved about the earth by atmosphere and ocean to create climate.
Given this imperfect understanding of the way the world works, imagine what would happen if a Muggle scientist entered Harry’s world. Wearing what looks like a space suit (a biohazard suit, to protect against wizard wheezes), bristling with monitoring equipment, and no doubt armed with one of those Muggle metal wands in case of encounters with the Death Eaters, she takes a good look around at Hogwarts and its inhabitants, from the Whomping Willow to wizards and werewolves. She would probably be struck by how some of what seems magical from Harry’s childlike viewpoint seems quite achievable by current Muggle technology. Think of the Chocolate Frog card where Dumbledore suddenly disappears, the mugshot of Gilderoy Lockhart that winked cheerily or the characters that inhabit Hogwarts paintings. Now conjure up the map used by Oliver Wood, captain of the Gryffindor Quidditch team, marked with arrows that wriggle like caterpillars to show game tactics. A researcher studying electronic displays would recognize that the card, photograph, paintings and map could well have been printed on electronic paper, though he may be puzzled by the interface used to update the moving images. How about the carts that rattle around in the bowels of Gringotts bank? Once again, these would seem familiar to Muggles who are studying intelligent driverless taxis. Or spoken passwords? A routine task for voice-recognition technology.
There are many other phenomena in Harry’s world that, well, seem a little less than magical to those with a scientific bent. Water-repellent coatings for glass have done away with the need for an Impervius spell. The Howler, a red envelope that contains a screaming missive, does not seem too strange in the wake of voice mail or audio files that can be sent over the Internet to deliver a message to someone thousands of miles away.
Muggles can now walk though walls, like ghosts, thanks to a technique that creates screens consisting of a smooth sheets of fog on to which the image of bricks and mortar can be projected. The Finnish inventor Ismo Rakkolainen has proposed many potential applications of his fog walls, some of which are indeed magical. Nor does the Marauder’s Map, which shows everyone’s location in Hogwarts, seem so extraordinary now that Global Positioning System technology is so commonplace. Omnioculars seem, well, a bit ordinary when sports fans can overdose on action replays (although they are a bargain at ten galleons). Why does Rita Skeeter bother with a Quick-Notes Quill in this day of voice-recognition technology? Why amplify a voice with a cry of “Sonorus” when a public-address system will suffice? And why wear specs, Harry, when you can use a laser beam to carry out corrective surgery?
While such an approach may appear to be the scientific equivalent of the Disillusionment Charm, which strips away magic, many features of Harry Potter’s world remain magical when one takes a scientific view. Invisibility cloaks may use clever stealth technology that is only now being developed by Muggles. Broomsticks could function by switching off the tug of gravity, a feat that still seems incredible. Giants, Lobalugs, Hinkypunks and the rest of the magical cast of characters could be the result of genetic modification, a science in its infancy, while Bott’s beans could exploit new understanding of our sense of taste and smell.
But rooting around as avidly as a Niffler searching for something shiny, or as doggedly as a Pogrebin tails its victim, science can actually make the magical world of Harry Potter seem even more extraordinary by laying bare the complexity of creating a double-ended newt, the quantum jumps that color the flash of a wand, or the mind-reading abilities of the Sorting Hat. Digging in ancient deposits, one can even find the inspiration for basilisks, giants and dragons in the bones of long-extinct creatures.
There are also magical elements in J. K. Rowling’s books that are not in themselves scientific, but that chime with scientific understanding. Think of those freshly caught Cornish pixies that ran amok in Gilderoy Lockhart’s Defense Against the Dark Arts classes. A thermodynamicist could well see these mischievous electric blue creatures as a manifestation of the second law of thermodynamics. (Loosely interpreted, the law says that chaos rules.) Certainly the domain of magic seems to comply with this law when it comes to Dumbledore’s gloomy comment that, in the end, no spell can revive the dead.
 

To find out just how much our world is like the magical world of Harry Potter I contacted more than one hundred scientists from across the planet. The Science of Harry Potter is the result, in which I attempt to approach this subject from two distinct perspectives, as reflected in the structure of my book. Though it is not possible to split every field neatly in two, the first half is concerned more with “how to” issues and can be read as a secret scientific study of everything that goes on at Hogwarts and the wizarding world, whether it’s installing extra eyes on monsters, flying through the air on broomsticks or punishing antisocial people.
Consider those beans, nasty and nice. How does Mr. Bott make them so flavorful? While our understanding of the molecular machinery of living things has led to tasty leaps in bean science, so our understanding of the genetics of development has paved the way toward manipulating a body to create a creepy Kappa, turn a croaking toad into wriggling tadpole, or shuffle genes to make Dobby the house elf. That leads us to a roundup of strange-but-real creatures and creature features, before explaining the games played in Hogwarts society. Then comes the science of the Sorting Hat, the Invisibility Cloak and other enchanted apparel.
The second half of the book focuses more on the origins of magical thinking, whether expressed by myth, legend, witchcraft or monsters. It is fittingly introduced by a foreword on the limitations of the Muggle mind. A lot of ground is covered here: the quest to turn base elements into gold and to create the elixir of life, both of which are linked to the philosopher’s stone and advances across a broad sweep of science, from the physics of atoms to the biology of all-powerful cells in the body. I assess the historical evidence for witchcraft, cauldrons and wands, and study the origins of Snape’s potions. Then come the origins of mythical beasts in archaeology and natural phenomena, and the astonishing ability of the human brain to create monsters and demons. Why do we believe in magic, witchcraft and wizardry? We will see that we are, to some extent, programmed to believe and that magic will never be made extinct by the advance of science. There are very real limits to scientific prediction. There are some decidedly odd things lurking in the mathematical foundations of science. And, at the ever-expanding horizon of scientific knowledge, new questions, puzzles and mysteries will continue to emerge as surely as existing mysteries are solved.
Let’s get off to a flying start and reveal what the somewhat magical-sounding fields of antigravity, wormholes and quantum teleportation have to say about wizard transport, whether by broomstick, Floo powder or that muddy old footwear that turns out to be a Portkey to another place, time or dimension. As the great Albus Dumbledore would say, tuck in.

Part I
1.
Broomsticks, Time Travel and Splinching




	The purest
mobile form,
the cosmic
one . . . is only
created
through the
liquidation of
gravity.

	PAUL KLEE





“The Bludgers are up!” yells the commentator. In the airborne stadium with golden goalposts, two teams of seven players zoom around on broomsticks, swooping and weaving as they dodge their opponents’ missiles—Bludgers—while trying to score with the red Quaffle. The game of Quidditch enthralls the broomstick-riding Harry, who tries to catch the Golden Snitch and win the game for Gryffindor House.

The wizarding world’s favorite form of transport, the broomstick, is one of its worst-kept secrets, for every Muggle knows that witches and wizards use them to get about. Even now, scientists and engineers are trying to figure out how they do so. The most prized of racing broomsticks, the Nimbus 2002 and the Firebolt, probably use extremely advanced technology to defy the tug of Earth’s gravity, a technology that has massive commercial and scientific implications. Researchers from NASA would sell their grandmothers to obtain Harry’s broomstick, not to mention Hover Charms, Mr. Weasley’s enchanted turquoise Ford Anglia, the flying motorbike that Hagrid borrowed from Sirius Black or the candles that hover in the Great Hall of Hogwarts, all of which suggest that witches and wizards must know how to turn gravity on and off at will.

Exotic materials that can produce antigravity could also pave the way to wormholes, hypothetical shortcuts between two widely separated points in space-time. You could, for example, step into one end of a wormhole and emerge from the other a million miles away, 10,000 years in the past. There are several episodes in the Harry Potter books where wizards travel through a shortcut to Platform Nine and ¾, or to visit the Diagon Alley wizard shopping arcade. Maybe they made these quick trips by wriggling through wormholes.
Enchanted travel opportunities do not end there. Harry used Floo powder to flit about. Other objects and people can appear out of thin air, whether the Knight bus, the food that fills plates at meal-times or a wizard clutching an old boot. Such remarkable materializations could be due to exotic technology, perhaps similar to that used in Star Trek to beam members of the Enterprise down to the surface of alien planets. Today, the possibility of such extraordinary feats taking place can be glimpsed when properties of atoms have been shuffled around the laboratory by practitioners of a leading-edge field called quantum teleportation.

The Quest to Fly with Broomsticks
It is a dream that is as old as humanity: to step into thin air and fly like a bird, to cast off the bonds of gravity, to soar free, zooming through the clouds with the wind rustling past our outstretched and rapidly flapping arms.
Why, then, can’t we fly? The short answer is that we are not birds. The longer one is that the human body is unable to deliver the right combination of thrust and lift. The longest answer I intend to give is that we lack feathers to help generate lift and propulsion, efficient lung design, large enough hearts, hollow bones to reduce our weight, and adequate muscle power to generate a sufficient flap.
While we cannot fly unaided, a broomstick is not as preposterous a form of transport as it sounds. Even NASA has pronounced on broomstick propulsion: A considered overview of the various technologies on offer has been put together by Mark Millis, who has the impressive title of project manager for the Breakthrough Propulsion Physics Project at the NASA Glenn Research Center in Cleveland, Ohio.
Millis began with the oldest technology, a balloon-assisted broomstick. This does not seem like a particularly promising contender for Harry’s wooden steed. First, a blimplike construction would seem unlikely to achieve the Firebolt’s quoted performance of zero to 150 mph in ten seconds. (That’s fast, although a fraction of the performance of a 6,000-horsepower dragster, which can cover a quarter mile from a standing start in less than five seconds to reach 320-plus mph.) Millis also points out that balloon-based vehicles would make easy targets for Bludgers.
How about an airplane-style broom? Intriguingly, this suggestion is more magical than it may at first seem. A century after the Wright brothers made their first flight, Jef Raskin, a former professor at the University of California at San Diego and the inventor of the Macintosh computer, says that the usual popular textbook explanations for what keeps aircraft aloft are wrong.
Aircraft fly because air travels faster over the top surface of each wing than underneath. A theory by Dutch-born Daniel Bernoulli established that this speed difference produces a drop in air pressure over the top of the wing, which generates lift. (You can demonstrate this effect at home by blowing between two dollar bills.) But there is a problem, says Raskin. “The naive explanation attributes the lift to the difference in length between the curved top of a wing and the flat bottom of the wing. If this were true, planes could not fly upside down, for then the curve would be on the bottom and the flat on the top.” But planes can fly upside down, and not only do some wings have the same curve on top and bottom, but even flat-winged paper airplanes can take to the skies.
The key question remains: How do wings generate lift? Robert Bowles of University College London, a mathematician with expertise in aerodynamics, agrees with Raskin that lift occurs when the flow of air around a wing is turned downward. When flow is deflected in one direction, lift is generated in the opposite direction, according to Newton’s third law of motion. However, for a wing, it is crucial to understand that the downward flow depends on air being both deflected by the underside of the wing and bent by the topside.
The latter is trickier to visualize. Because air is slightly viscous it tends to stick to the top of the wing, particularly near the tips, and can generate whirling masses of air called vortices. You can see this effect by adding a dash of milk to black coffee and moving a spoon through it, revealing how movement through such a “sticky” fluid generates a coffee vortex. As vortices are shed by the top surface of a wing, the flow turns downward to generate an upward force on the wing.
With the right equipment, you could detect a force on your spoon as you move it through the coffee, says Bowles. This force—the same as the one that keeps a wing aloft—depends on the angle of attack, shape of the spoon and speed. Mathematical models, confirmed by generations of schoolchildren, show that even flat wings can fly if they have an angle of attack to deflect air downward.
Although this “airfoil theory” is now standard in books on mathematical fluid mechanics, some mysteries of flight remain. How to capture the essence of turbulence (when air flow is disorderly) in a computer or clever mathematical formula has in no way been mastered by even the best Muggle scientists. Turbulence is generated to some degree by all forms of flight through air. Next time you board an aircraft, just remember that Muggles still don’t understand the magic of air travel.
Wings mark a conventional solution to the broomstick problem, and one that would be a good way to build up frequent-flyer miles, though it may be easy to lose your luggage, remarked Millis, a not entirely serious answer. Save for mention of the Slytherin team whizzing through the air like jump jets, however, the many references to swooping and soaring on brooms contain no suggestion of wings, engines, or any such equipment. Harry must sit on exotic technology.
How about a rocket-assisted broom? This is an entirely feasible solution, but a stick thus outfitted could be tricky to steer and, given the long robes that wizards wear, something of a fire hazard. Which brings us to the antigravity and warp-drive brooms, a more promising approach, and a technology in which NASA seems to be very interested. Although it does not use the terms “antigravity” or “warp drive,” Millis acknowledges that NASA is investigating related research at the frontier of physics.

The Quest for Antigravity
Conventional attempts to fly have relied on generating another force to counter the tug of gravity and, so far, no one has ever found any way of “shielding” matter from its effects. That, of course, has not stopped people from trying to turn off the most familiar force in the Muggles’ universe. One can imagine the excitement caused in 1992 when the Russian researcher Evgeny Podkletnov announced to the world in a paper in the obscure journal Physica C that he had shielded an area of space from gravity. The apparatus that accomplished this consisted of a cooled and magnetically suspended ring of superconducting ceramic material disk 145 millimeters in diameter and 6 millimeters thick. Podkletnov applied an alternating electric current to coils surrounding the disk to make it rotate and found that this setup reduced the weight of any object placed over it by up to 2 percent. He observed the antigravity effect with a wide range of materials, from ceramics to wood. The faster the rotations, the greater the reduction in gravity’s force.
With Petri Vuorinen of Tampere University, Finland, Podkletnov submitted a second paper in 1996 to Journal of Physics-D. This time, however, the paper’s description of additional experiments was picked up by the media and he seems to have been accused of sorcery by his peers. Tampere University—whose Institute of Material Science was at the center of the controversy generated by the announcement—declared that it no longer had links with Podkletnov, and refused to comment on whether the antigravity device functioned or not. Vuorinen denied being involved in the project, the paper was not published, and the work was dismissed as fantasy.
One of the hallmarks of real science is the way that, even if great scientists like Newton and Einstein had never lived, others would have eventually made their discoveries. In the case of antigravity, another scientist, Ning Li, had been independently researching gravity modification at the University of Alabama in Huntsville, and had studied the possibility that superconductors might generate unexpected gravitational effects, as predicted by Einstein’s theory of gravity (general relativity). In the mid 1990s she, too, seemed to be getting somewhere—fast-spinning charged atoms in her superconductor produced a measurable change in a gravitational field—but then she dropped out of sight.
Inspired by Podkletnov’s paper in Physica C, a number of scientific institutions decided to take a closer look. Ron Koczor and his colleagues at NASA’s Marshall Space Flight Center in Huntsville, Alabama, had taken an earlier interest in Li’s work but could not determine how best to test her ideas with experiments. Podkletnov’s approach seemed to be a simpler way to do the same thing. But their first attempts to reproduce his gravity-defying experiments proved futile according to a 1997 paper by Koczor’s team.
At the time of writing, Koczor was awaiting delivery of a replica of Podkletnov’s apparatus, which NASA had commissioned with $600,000 from the company Superconductive Components of Columbus, Ohio. Aware of the skeptics, of which there are very many, Koczor stresses that it is important to keep an open mind until he has a chance to test the device. (He adds: “Please don’t call it an antigravity machine. You don’t know the level of heartburn and pain that would cause me.”)
Other commercial organizations have stated that, though they doubt the effect is real, the implications of this research are too huge to ignore. If a souped-up version of this apparatus could be fitted on a spacecraft, rocket propulsion would be history: a nudge is all that would be required for lift-off. The same, of course, would go for a broomstick: one prod, and your toes would soon be skimming the ground.

Magnets, the Levitron and Levitating Frogs
One striking example of gravity defiance is found in an enchanting toy called the Levitron, which consists of a magnet, in the form of a spinning top, that can hover an inch or three above a repelling magnetic base. At first sight, the Levitron seems truly magical. We have known that such a device should not function since 1842, when Samuel Earnshaw of St. John’s College, Cambridge, published a paper that showed that levitation should be impossible using stationary magnets. The American inventor Roy Harrigan was assured as much by Muggle wizards, who warned him that he was wasting his time by trying to defy Earnshaw’s theorem. Fortunately he ignored them and, like a true magician, pulled the Levitron out of his hat two decades ago, and the toy was then developed by Bill Hones of the company Fascination Inc. As if to underline its magical ability, the toy’s patents referred to how its stability depended on the way it spins like a top but missed one important scientific point. Although this explanation actually violates Earnshaw’s theorem, the Levitron’s ability to hover patently does not.
A convincing scientific account of how it works had to wait until a 1996 study by Sir Michael Berry. Working at the University of Bristol, Berry is one of the wizards of quantum mechanics, the most revolutionary scientific theory of the past century, which was developed by European physicists who realized that the previous theories of physics did not hold true for subatomic particles, such as electrons.
The “antigravity” force that repels the top from the base of the Levitron is magnetism. Think of the base magnet with its north pole pointing up, and the top as a magnet with its north pole pointing down. As anyone who has played around with magnets knows, there is repulsion between two north poles, which balances the downward tug of gravity and makes the Levitron float.
However, in order for the toy to function, the top has to spin; otherwise, the magnetic force would flip it over. Then its south pole would point downward, and the force from the base would be attractive—that is, in the same direction as gravity—and the top would fall. The tricky part for Berry was explaining how a slight horizontal or vertical movement of the Levitron produces a force pushing the top back toward the point about which it gently bobs and weaves. It is precisely because it wobbles (technically speaking, the top “precesses”) that it does not violate Earnshaw’s theorem. In recent decades, one of the building blocks of atoms, the neutron, has been trapped using a similar effect, so the theory has implications far beyond magnetic toys. However, there are no references in Harry Potter to spinning broomsticks, so there must be another way to overcome Earnshaw.
Enter the curious case of the levitating frogs, which, once again, blurs the distinctions between science and magic. The feat was carried out by Andrey Geim while at the Nijmegen High Field Magnet Laboratory in Holland, working with Peter Main and Humberto Carmona. The team suspended a frog in midair without use of mirrors, strings, sleight of hand or any other trickery. They defeated the force of gravity with a balancing force of magnetism rather than attempting to turn gravity off at its source. “This is, in fact, as close as we can—probably ever—approach the science-fiction antigravity machine,” they say.
The floating frog is impressive proof of a fact that most of us do not realize: it’s not just metals that respond to magnetic fields. The team has repeated this uplifting feat with grasshoppers, fish, mice and plants. In fact, it is possible to levitate magnetically every living creature due to an omnipresent form of magnetism called diamagnetism.
This kind of levitation is not ruled out by Earnshaw’s theorem unlike other types of magnetism: paramagnetism and ferromagnetism. Diamagnetism is a quantum phenomenon that cannot be explained by the classical physics of Earnshaw, and it turns out that everything from wood, grapes and water to pizza, frogs and even humans can be lofted by a magnet, providing it is strong enough.
All everyday materials are made of atoms, two hundred thousand million million of which would fit on the period at the end of this sentence. And all kinds of magnetism rest ultimately on the behavior of electrons in atoms. Traditionally, atoms have been described as miniature solar systems, in which negatively charged electrons fly around the positively charged atomic nucleus like tiny spinning planets. (Today, we think of electrons as a negatively charged mist, rather than as discrete particles.)
Because electrons are electrically charged, their motion can generate magnetic fields. In this way, they turn into magnets that can themselves be affected by magnetic fields. When a magnetic field of sufficient intensity distorts the electron orbits in the frog’s atoms, they generate a tiny net electric current, which, like an electromagnet, generates an opposing magnetic field. Like opposing magnets, the repulsive force pushes the fields apart.
“There is a sense in which the Levitron and the frog are the same, since diamagnetism is microscopically the result of tiny rotating magnets—little versions of the Levitron’s spinning top,” says Michael Berry, who has worked with Andrey Geim, now at the University of Manchester, to extend his theory to show how levitating amphibians also defy Earnshaw.
When the little frog underwent this form of levitation it looked comfortable inside the magnet and, afterward, happily rejoined its fellow frogs in the laboratory’s biology department. Geim’s research team has been exposed to high fields, as has one of his American colleagues who spent several hours inside a magnet (reclining, not levitating), and none of them has suffered any ill effects. Geim has even levitated a hamster, called Tisha, who went on to live to a healthy old age of three. (Remarkably, they coauthored a levitation paper in the journal Physica B by A. K. Geim and H.A.M.S. ter Tisha.) Because there are no signs that these strong static fields have any health effects, Harry could easily be carried aloft this way. All it requires is a big enough magnet. The frog was lifted two meters up a cylinder by a magnetic field 100,000 times stronger than Earth’s natural magnetic field and between 10 and 100 times stronger than refrigerator magnets.
The natural pose when riding a broomstick—leaning forward, so the body is more horizontal than vertical—is in fact the best posture for magnetic levitation. The catch is that you would not really need a broomstick at all to exploit diamagnetism, and you would have to be inside a vast magnet several meters across that could generate many times the field currently used by the magnetic resonance imaging scanners that are commonly used in medicine.
“I would enthusiastically volunteer to be the first levitatee,” says Michael Berry. “To be levitated in this way could be an interesting experience . . . more like the weightlessness experienced by astronauts in space. But there is a difference: the diamagnetism of the body is not quite uniform—tissues, bone, blood and so on have different magnetic properties—so we would feel slight pullings and pushes over the body. If the magnetic force on flesh is greater than that on bone, it would be as though we were held up by our flesh, with our bones hanging down—a bizarre reversal of the usual situation, and possibly the basis for an (expensive) type of face-lift.”
Intriguingly, one of the Potter books contains a fleeting reference to how there is too much magic in the air around Hogwarts for electronics to work—a tantalizing hint that the school is bathed in an electromagnetic field powerful enough not only to disrupt sensitive microchips but also to lift a person into the sky. However, so strong a field would also exert an extraordinary tug on anything ferromagnetic, such as iron, cobalt and nickel, making its presence obvious and something of a nuisance to the inhabitants. Kennilworthy Whisp also points out that no spell yet devised allows wizards to fly unaided in human form. We may have to look elsewhere to find the secret of the Firebolt.

Cosmic Antigravity
In other fields of physics, antigravity is beginning to be taken seriously. Strangely enough, Einstein himself formulated the idea, but then abandoned it. Today, however, there are hints that his first instincts were correct. There is growing evidence from our studies of the heavens to suggest that mysterious “dark energy” may be shoving huge collections of stars—galaxies—away from one another, which sounds as ominous as anything out of the pages of the Harry Potter books.
Einstein’s 1915 theory of gravity came about after he realized that a person falling from a sufficient height would not feel his own weight, not until he hit the ground, that is. The force of acceleration matches that of gravity so precisely that the faller’s sensation of weight is canceled out. Thus gravity and acceleration are equivalent. Einstein recognized that his 1905 special theory of relativity had to be generalized so that it could describe varying accelerations found in real-life situations, when gravitational fields are not uniform.
General relativity replaced the previous way of describing gravity devised by Sir Isaac Newton. Einstein did not view gravity as a force, as did Sir Isaac, but as the curvature of a four-dimensional mixture of space and time called space-time. While special relativity deals only with flat space-time, general relativity deals with space-time that has been warped by gravity. For example, space-time around Earth is warped into a shape like the inside of a bell so that falling objects are toppling into the bell and orbiting satellites and spacemen are rolling around within it.
Einstein’s theory suggested the universe was dynamic: It would either expand, then collapse under the relentless pull of gravity, or it would continue to expand forever. However, like many scientists of his time, he assumed the universe was not contracting or expanding, but unchanging. To make his theory predict a static universe he added a fudge factor, something he called the “cosmological constant,” representing antigravity, though he had no idea if it was real. Einstein said later that his introduction of a cosmological constant was the biggest blunder of his career. He had missed the chance to predict what the American astronomer Edwin Hubble discovered in 1929: the universe is expanding. However, recent experiments suggest that Einstein’s original “repulsive suggestion” of antigravity was on the right track and that the expansion of the universe recently began speeding up, as if something were pushing it: the antigravitational force of dark energy seems to be loosening gravity’s grip. Dark energy gets stronger as the universe expands. That means our cosmos may fly apart faster as time goes by, ending with a whimper, not a bang.
The source of this repulsive gravity is unknown. It may be something entirely new, and these first observations may mark the start of efforts to grapple with a puzzle as mysterious as the pitch-black monolith that stars in Stanley Kubrick’s masterpiece 2001: A Space Odyssey.
Over huge distances this force becomes something to reckon with, and is strong enough to dent the effects of gravity. However, there is skepticism that it will be possible to harness this force to lift a broomstick. “The only more or less accepted fact about antigravity (and there is not universal agreement) is the evidence for the acceleration of the expansion of the universe, which points to a ‘cosmological constant’ or ‘energy field’ (normally called quintessence) which produces antigravity,” says Miguel Alcubierre of the Universidad Nacional Autónoma de México. “The effects, however, are extremely small.”

Wriggling through Wormholes
If we could find materials that have enormous non-gravitational tension or pull, another form of transport might become possible. (Although a rubber band shows this kind of behavior, as do electric fields, their pulls are just not strong enough.) In that case we might be able to create wormholes, which are the cosmic equivalent of their counterpart in an apple. But rather than providing a route between core and peel, cosmic wormholes provide shortcuts between two distinct points in space-time, separated by five miles or five million, five years or five million years. These could explain some of Harry’s more spectacular journeys such as the one he took through Tom Riddle’s diary. The description of his falling into one page, June thirteenth, sounds very much as though he was passing through a wormhole portal. Wormholes may likewise snake to the sorcery shops of Diagon Alley or from King’s Cross Station to Platform Nine and ¾.
To understand wormholes, we must turn to Einstein’s theory of gravity as warped space-time. Then we have to look at what happens as a result of the extreme space-time distortions caused by the biggest gravitational tug of all, that occurring around black holes, where gravity is so intense than even light cannot escape. While working with Nathan Rosen in Princeton in the 1930s Einstein had discovered that the equations of relativity show that a black hole forms a bridge between two places/times (regions of space-time). Such an “Einstein-Rosen bridge”—which we now call a wormhole—could lead to the possibility of movement through vast distances across the universe, or even time travel.
At first sight, it seems unlikely that wizards use black holes for transportation. For one thing, a wormhole itself cannot even exist for long enough for light to cross from one part of the universe to the other. In effect, gravity quickly slams this portal shut. This proved to be a headache when the late astronomer Carl Sagan decided to write a science-fiction novel, Contact. Sagan wanted to fix this problem so that his characters could travel from Earth to a point near the star Vega. In 1985 he approached Kip Thorne at Caltech for help, who in turn enlisted the aid of his students.
They tried to work out what kinds of matter and energy would be needed for the feat of interstellar travel. In 1987 they reported that for a wormhole to be held open, its throat would have to be threaded by some form of exotic matter, or some form of field, that would exert negative pressure and have antigravity associated with it.
Thorne recently said that researchers were still studying whether it was possible to get enough exotic matter in the mouth of a wormhole to maintain its gape. But the bottom line, at present at least, is that it looks as though it will be a difficult feat. “I regarded it as fairly negative a few years ago and it has become more negative,” declared Thorne. However, he admits that his skepticism that wormholes will ever be established to be feasible for travel is not the final word on the matter.
That is just as well for Harry Potter. His experiences do seem to mirror those described in Contact. Sagan describes traveling through a wormhole as racing down a long dark tunnel. After a pinch of Floo powder was thrown into the burning flames of a fireplace, Harry described how he felt as if he were being sucked down a giant plug hole. As he spun around, blurred fireplaces flashed past him while bacon sandwiches churned within him. Similarly, Sagan referred to the texture of the tunnel walls as they flashed past, from which it was possible to sense the incredible speed, one at which even a collision with a sparrow would produce a devastating explosion.

Hermione’s Time Turner
Physicists who have studied Einstein’s theory are skeptical about the possibility of time travel but can’t dismiss it. However, as Stephen Hawking once confessed, it is tricky to speculate openly about methods to whiz about in time. One risks either an outcry at the waste of public money or a demand that the research be classified for military purposes. “There are only a few of us foolhardy enough to work on a subject that is so politically incorrect in physics circles. We disguise the fact by using technical terms—such as ‘closed timelike curves’—that are code for time travel.”
Kip Thorne, for example, believes that investigating this topic will help scientists better understand time itself, which remains mysterious. Because space and time are treated on an equal footing by Einstein’s equations, a wormhole that takes a shortcut through space-time might just as well link two different times as two different places. Einstein’s theories contain nothing to forbid time travel.
But that is not the same as saying that such a trip is possible. (Einstein’s theories are not the whole story. They fail to include quantum mechanics, and it is quantum mechanics that is likely to make time travel impossible.) Hawking, for example, claims that while wormholes might be created, they cannot be used for time travel; even with exotic matter stabilizing the wormhole against its own instabilities, he argues, inserting a particle into it will destabilize it quickly enough to prevent its use. He has expounded this in what he calls his chronology protection conjecture.
With Michael Cassidy, Hawking investigated what are called rotating Einstein universes, which admit time loops—time travel—and found that the probability of their having sufficient warping for a time machine to function is almost zero. This makes the universe safe for historians. “Moreover,” he says, “we have no reliable evidence of visitors from the future. (I’m discounting the conspiracy theory that UFOs are from the future and that the government knows and is covering it up. Its record of cover-ups is not that good.)”
However, Muggles who defend the notion of time travel point out that it is not possible to use a time machine to go back in time to before the time machine was built. You can voyage to the future, and come back to where you started, but no farther. This may explain why no time travelers from our future have yet visited us.
Another objection to time travel is that it will create paradoxes. When Hermione Granger was given the Time Turner, which looks like an hourglass, so she could cope with an impossible schedule, she was warned by Professor McGonagall about the grim consequences of meddling with history, particularly the risk of killing a past or future self by mistake. This is a reference to the grandfather paradox, where you would travel back into the past and kill your grandfather, so that your mother, and therefore you yourself, were never born. In which case, you could not have gone back in time to kill your grandfather . . . and so on. No wonder the Ministry of Magic takes a close interest in the use of Time Turners. No wonder changing history is forbidden by wizard law.
David Deutsch of Oxford University counters that there is no grandfather paradox because time travel shifts between different branches of reality. He uses the so-called many worlds formulation of quantum theory. This was first glimpsed by the great quantum pioneer Erwin Schrödinger, but actually published in 1957 by Hugh Everett III. Everett was wrestling with the problem of what actually happens when an observation is made of something of interest—such as an electron, an atom or the movement of Harry Potter on a broomstick—with the intention of measuring its position or its speed. In the traditional brand of quantum mechanics, a mathematical object called a wave function, which contains all possible outcomes of a measurement experiment, “collapses” to give a single real measurement. Everett came up with a more audacious interpretation: the universe is constantly and infinitely splitting, so that no collapse takes place. Every possible outcome of an experimental measurement occurs, each one in a parallel universe. As one wag put it, this theory is cheap on assumptions but expensive on universes.
Parallel universes have been much exploited by science-fiction writers who, one could argue, were the first to propose the idea. In the classic 1937 sci-fi novel Star Maker, Olaf Stapledon wrote: “Whenever a creature was faced with several possible courses of action, it took them all, thereby creating many . . . distinct histories of the cosmos. Since in every evolutionary sequence of the cosmos there were many creatures and each was constantly faced with many possible courses, and the combinations of all their courses were innumerable, an infinity of distinct universes exfoliated from every moment of every temporal sequence.”
If one accepts Everett’s interpretation, our universe is embedded in an infinitely larger and more complex structure called the multiverse, which as a good approximation can be regarded as an ever-multiplying mass of parallel universes. Every time there is an event at the quantum level—a radioactive atom decaying, for example, or a particle of light impinging on your retina—the universe is supposed to “split” or differentiate into different universes.
Accordingly, when Hermione travels backward or forward in time, she may actually be arriving in a different parallel universe. “We do not create a new reality. We just go to an existing reality and make things happen there,” explains David Deutsch. “And they start happening when we arrive, not when we do the ‘paradoxical’ thing.” In this way, the “many worlds” interpretation of quantum mechanics allows a time traveler to alter the past without producing problems such as the notorious grandfather paradox.

Portkeys and How to Apparate
Another way that characters whiz around the wizard world is by conducting the tricky feat of Disapparating and Apparating: disappearing from one place and reappearing almost instantly in another. To do so, they must first pass a test to obtain a license from the Department of Magician Transportation, reflecting a prevalent fear among wizards that if one does not Apparate properly, he could end up splinched, leaving half of himself behind.
For those who can’t Apparate (it can’t be done within the grounds of Hogwarts), or who fear splinching, there are Portkeys. Harry described how he used one to travel in a howl of wind and a swirl of color. An apparently innocuous object—such as an old newspaper, drink can, rubber tire, or punctured football—can transport a wizard from one spot to another at a prearranged time. (Portkeys don’t always have to be mundane objects, for the Triwizard Cup turned out to be one, too.)
What if Portkeys and the ability to Apparate rely on a transporter of the kind used by Captain Kirk to beam down from the starship Enterprise to an alien planet? This line of thought
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