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			Disclaimer

			Do not try any of this at home.

			The author of this book is an internet cartoonist, not a health or safety expert. He likes it when things catch fire or explode, which means he does not have your best interests in mind. The publisher and the author disclaim responsibility for any adverse effects resulting, directly or indirectly, from information contained in this book.

		

	
		
			Introduction

			I like ridiculous questions because nobody is expected to know the answer, which means it’s okay to be confused.

			I studied physics in college, so there’s a lot of stuff I feel like I’m supposed to know—like the mass of an electron or why your hair sticks up when you rub a balloon against it. If you ask me how much an electron weighs, I feel a little rush of anxiety, like it’s a pop quiz and I’m going to be in trouble if I don’t know the answer without looking it up.

			But if you ask me how much all the electrons in a bottlenose dolphin weigh, that’s a different situation. No one knows that number off the top of their head—unless they have an extremely cool job—which means it’s okay to feel confused and a little silly and take some time to look stuff up. (The answer, in case anyone ever asks you, is about half a pound.)

			Sometimes simple questions turn out to be unexpectedly hard. Why does your hair stand on end when you rub a balloon on it, anyway? The usual answer from science class is that electrons are transferred from your hair to the balloon, leaving your hair positively charged. The charged hairs repel each other and stick out.

			Except . . . why do electrons get transferred from the hair to the balloon? Why don’t they go the other way?

			That’s a great question, and the answer is that no one knows. Physicists don’t have a good general theory for why some materials shed electrons from their surfaces on contact while other materials pick them up. This phenomenon, called triboelectric charging, is an area of cutting-edge research.

			The same kind of science is used to answer serious questions and silly ones. Triboelectric charging is important to understanding how lightning forms in storms. Counting the number of subatomic particles in an organism is something physicists do when modeling radiation hazards. Trying to answer silly questions can take you through some serious science.

			And even if the answers aren’t useful for anything, knowing them is fun. The book you’re holding weighs about as much as the electrons in two dolphins. That information probably isn’t useful for anything, but I hope you enjoy it, anyway.

			
				
				[image: Randall Munroe signature with stick figure]
			

		

	
		
			1. SOUPITER
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			What would happen if the Solar System was filled with soup out to Jupiter?

			—Amelia, age 5

			Please make sure everyone is safely out of the Solar System before you fill it with soup.

			
				[image: Illustration of the solar system with Soupiter taking up half the image (Pluto and friends not pictured)]
			

			If the Solar System were full of soup out to Jupiter, things might be okay for some people for a few minutes. Then, for the next half hour, things would definitely not be okay for anyone. After that, time would end.

			
				[image: Timeline of Amelia’s soup incident, starting with “some things are okay,” moving to “nothing is okay” after about 15 minutes, and ultimately leading to “the violent end of time itself” after about 45 minutes.]
			

			Filling the Solar System would take about 2 × 1039 liters of soup. If the soup is tomato, that works out to about 1042 calories worth, more energy than the Sun has put out over its entire lifetime.

			The soup would be so heavy that nothing would be able to escape its enormous gravitational pull; it would be a black hole. The event horizon of the black hole, the region where the pull is too strong for light to escape, would extend to the orbit of Uranus. Pluto would be outside the event horizon at first, but that doesn’t mean it would escape. It would just have a chance to broadcast out a radio message before being vacuumed up.

			
				[image: Diagram of the black hole event horizon. Inside the event are the planets extending to the orbit of Uranus, all doomed. Outside the event horizon are Neptune, Pluto, and any farther planets, also doomed.]
			

			What would the soup look like from inside?

			You wouldn’t want to stand on the surface of the Earth. Even if we assume the soup is rotating in sync with the planets in the Solar System, with little whirlpools surrounding each planet so the soup is stationary where it touches their surfaces, the pressure due to the Earth’s gravity would crush anyone on the planet within seconds. Earth’s gravity may not be as strong as a black hole’s, but it’s more than enough to pull an ocean of soup down hard enough to squish you. After all, the pressure of our regular water oceans under Earth’s gravity can do that, and Amelia’s soup is a lot deeper than the ocean.

			
				[image: Two diagrams. The first shows Earth with a normal waterline and the second shows the much denser soupline crushing the Earth]
			

			If you were floating between the planets, away from Earth’s gravity, you’d actually be okay for a little while, which is kind of weird. Even if the soup didn’t kill you, you’d still be inside a black hole. Shouldn’t you die instantly from . . . something?

			Strangely enough, no! Normally, when you get close to a black hole, tidal forces tear you apart. But tidal forces are weaker for larger black holes, and the Jupiter Soup black hole would be about 1/500th the mass of the Milky Way. That’s a monster even by astronomical standards—it would be comparable in size to the largest known black holes. Amelia’s souper-massive black hole would be large enough that the different parts of your body would experience about the same pull, so you wouldn’t be able to feel any tidal forces.

			
				[image: Illustration of Amelia floating in the soup black hole saying “This is actually kind of comfortable.”]
			

			Even though you wouldn’t be able to feel the soup’s gravitational pull, it would still accelerate you, and you would immediately begin to plunge toward the center. After a second had passed, you’d have fallen 20 kilometers and you’d be traveling at 40 kilometers per second, faster than most spacecraft. But since the soup would be falling along with you, you’d feel like nothing was wrong.

			
				[image: Illustration of Amelia floating in soup, saying “I feel pretty normal!” while a second figure points out “We’re floating in soup and I think the sun just collapsed,” to which she responds, “No problems here!”]
			

			As the soup collapsed inward toward the center of the Solar System, its molecules would be squeezed closer together and the pressure would rise. It would take a few minutes for this pressure to build up to levels that would crush you. If you were in some kind of a soup bathyscaphe, the pressure vessels that people use to visit deep ocean trenches, you could conceivably last for 10 or 15 minutes.

			There would be nothing you could do to escape the soup. Everything inside it would flow inward toward the singularity. In the regular universe, we’re all dragged forward through time with no way to stop or back up. Inside a black hole’s event horizon, in a sense time stops flowing forward and starts flowing inward. All time lines converge toward the center.

			From the point of view of an unlucky observer inside our black hole, it would take about half an hour for the soup and everything in it to fall to the center. After that, our definition of time—and our understanding of physics in general—breaks down.

			Outside the soup, time would continue passing and problems would keep happening. The black hole of soup would start slurping up the rest of the Solar System, starting with Pluto almost immediately, and the Kuiper belt shortly thereafter. Over the course of the next few thousand years, the black hole would cut a large swath through the Milky Way, gobbling up stars and scattering more in all directions.

			
				
				[image: An illustration of a welcome sign to the “Soupy Way Galaxy, home of Amelia the Destroyer”]
			

			This leaves us with one more question: What kind of soup is this, anyway?

			If Amelia fills the Solar System with broth, and there are planets floating in it, is it planet soup? If there are already noodles in the soup, does it become planet-and-noodle soup, or are the planets more like croutons? If you make a noodle soup, then someone sprinkles some rocks and dirt in it, is it really noodle-and-dirt soup, or is it just noodle soup that got dirty? Does the presence of the Sun make this star soup?

			The internet loves arguing about soup categorization. Luckily, physics can settle the debate in this particular case. It’s believed that black holes don’t retain the characteristics of the matter that goes into them. Physicists call this the no hair theorem, because it says that black holes don’t have any distinguishing traits or defining characteristics. Other than a handful of simple variables like mass, spin, and electric charge, all black holes are identical.

			In other words, it doesn’t matter what kind of ingredients you put into a black hole soup. The recipe always turns out the same in the end.

			
				[image: Illustration of a seated figure saying, “Waiter, there’s a hair in my soup,” and the waiter responds “Impossible. Black holes have no hair.”]
			

		

	
		
			2. HELICOPTER RIDE
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			What if you were hanging on a helicopter blade by your hands and then someone turned it on?

			—Corban Blanset

			You may be picturing a cool movie action scene like this:

			
				[image: Illustration of a figure making a dramatic leap from moving helicopter blades mid-flight while shooting a gun]
			

			If so, you’re going to be disappointed, because what would actually happen would be more like this:

			
				[image: Illustration of that same figure falling to the ground as the helicopter blades barely move]
			

			Helicopter rotors take a little while to get up to speed. Once the rotor starts moving, it might take 10 or 15 seconds for it to make its first full turn, so you’d have an uncomfortable amount of time to make eye contact with the pilot before you rotated out of view.

			
				[image: Illustration of still that same figure holding on to a helicopter blade saying, “So, uh…hi.” He looks directly at the pilot of the helicopter, who replies “Hi.”]
			

			Luckily, you probably won’t have to pass in front of the pilot a second time, because you’ll fall off embarrassingly quickly.

			Hanging on to the smooth surface of the blade would be hard enough when it was standing still, but even if you found a comfortable handhold, you’d probably lose your grip before the blade finished a single turn.

			
				[image: Diagram of 3 helicopters, showing blade rotation, with the final image showing a figure losing grip on the blade and “plopping.”]
			

			Helicopter blades are pretty big, which makes them look like they’re moving more slowly than they really are. We’re not used to large objects moving around that fast. When a helicopter is sitting on the pad with the rotor revolving slowly, it may look pretty gentle, like a dangling mobile rotating over a baby’s crib. But if you tried to hang on to the end of the rotor, you’d find yourself flung outward surprisingly hard.

			It might take 5 to 10 seconds from the time when the rotor starts moving to when it makes its first half-turn. If you were hanging on, by that point you’d already be swinging noticeably outward and you’d feel an extra 10 or 20 pounds of weight from the centrifugal force. Luckily, most helicopter rotors are close enough to the ground that you’d probably survive the fall with only minor injuries and bruised dignity.

			If you do manage to hang on, things will get worse very fast. By the time the blade makes one full turn, [*] the centrifugal force will be pulling on you even harder than gravity, causing you to swing way outward. The extra force would be the equivalent of the weight of another person clinging to you.

			
				[image: Illustration of two figures, one grabbing the other, desperately trying to hold on to a moving helicopter blade]
			

			Even if you had a really good grip, you’d probably struggle to hang on. If you wanted to ride the rotor all the way around, you’d need to arrange some kind of system to keep your hands attached to the blade.

			
				
				[image: Illustrations of an advertisement for ACME Hand Anchors. The first shows a figure losing grip on a blade with the text “Are you tired of this happening to you every time you try to hang on to a helicopter blade?” The second shows the same figure, locked onto the helicopter blade, with “Incredibly dangerous!” and “The FAA hates it!” around the figure. The tag line below the figure reads “ACME Hand Anchors: Why would anyone buy these? Trademarked”.]
			

			If the rotor kept accelerating at its normal rate, and you somehow stayed attached, then after another full rotation you’d be swinging almost straight outward, with your hands trying to support many times your own body weight. If you hung on for 20 seconds, the rotor would be making one revolution per second, putting several tons of force on your hands. After 30 seconds, you’d have lost your grip on the helicopter one way or another. If your hands stay attached to the rotor, they won’t stay attached to your body.

			
				[image: Illustration of the Acme Hand Anchors in action. A figure grabs a helicopter blade with the anchors. The hands and anchors “may still be attached to the helicopter” as it gains speed. The rest of you “will no longer be attached to the helicopter”]
			

			This experience won’t be any more pleasant for the helicopter than for you. The rotor wouldn’t be able to keep accelerating like it would during a normal start-up. After all, if your hands are experiencing this much force, then so is the helicopter. A helicopter blade is designed to handle many tons of tension, but that tension is carefully balanced between the blades. If one blade is exerting more force than the other, it will yank the helicopter back and forth, like an unbalanced washing machine.

			Adding just a few ounces of weight to the base of a blade can cause (or cancel out) uncomfortably strong vibrations. Adding a human-size weight to the end of a blade would cause the helicopter to flip itself over and tear itself apart long before it got up to speed.

			
				[image: Three panels, each showing the progressively uneven weight distribution of a human-size weight to the blade, wobbling worse and worse until it ultimately flips the helicoper in the final panel.]
			

			Come to think of it, maybe this would make a good movie action scene. You know the scene where the villain’s helicopter is escaping, and the hero runs and jumps and dangles from the landing skids?

			If the hero really wants to keep the villain from escaping . . .

			
				[image: Two illustrations. The first shows a figure dangling from the landing skids to stop it taking off, with a large ‘X’ next to it. The second shows the figure holding on to the helicopter blade and successfully flipping the helicopter while shouting “AAAAA,” with a large check next to it.]
			

			 . . . they should just grab a little higher.

		

	
		
			3. DANGEROUSLY COLD

			
				[image: ]
			

			Would there be any danger from standing next to a large object that was 0 Kelvin?

			—Christopher

			So you’ve decided to install an ultracold cube of iron in your living room.

			
				[image: Illustration of two figures with an ultracold cube between them. The first asks “Is it dangerous?” and the second replies, “Well, if you touch it, your skin will be okay.”]
			

			First of all, definitely don’t touch it. As long as you resist the urge to touch it, you probably won’t suffer any immediate harm.

			
				[image: Illustration of the same figures, the first asking “Should I lick it?” The second replies “Definitely don’t lick it.” The first figure then says “I’m gonna lick it.”]
			

			Cold things and hot things are different. [citation needed] Standing near a hot object can kill you very fast—for more on this, flip to basically any other random page of this book—but standing near a cold thing won’t freeze you instantly. Hot objects emit thermal radiation that heats up things around them, but cold objects don’t emit cold radiation. They just sit there.

			
				[image: A flowchart, asking “Should I stand near this thing?” Below, the question “Are Physicists excited about it?” To one side is “no” with an arrow leading to “maybe”. Another arrow below the question says “yes” and leads to a “no” answer.]
			

			Even though it doesn’t give off cold radiation, the lack of heat radiation can make you feel cold. Your body, like all warm objects, is constantly radiating heat. Luckily for you, everything around you—like furniture and walls and trees—is also radiating heat, and that incoming radiation partly balances out the heat you’re losing. We usually measure room temperatures in Fahrenheit or Celsius, but setting our thermostats to Kelvin would make it clearer that most of the stuff in the room has roughly the same absolute heat level—since it’s all 250 or 300 degrees Kelvin—so it all radiates heat.

			When you stand near something much colder than room temperature, the heat you’re losing in that direction isn’t balanced by any incoming heat, so that side of your body gets cold much faster. From your point of view, it feels like the object is radiating cold.

			
				[image: Two sets of illustrations showing the direction of heat flow. The first shows a figure with “You (temp: 300-ish K)” and then a plant and a cat on either showing the figure’s head radiating heat outward with “Environment (250-300 K)” and arrows pointing to them. Next to it, a small drawing of the net heat flow from the figure going outward. The second set of illustrations, below the first, shows the cat replaced with “Cold void” to show that net heat flow would disproportionatly go from the figure to the cold spot.]
			

			You can feel this “cold radiation” by looking up at the stars on a summer night. Your face will feel cold since your body heat is pouring away into space. If you hold up an umbrella to block your view of the sky, you’ll feel warmer—almost as if the umbrella is “blocking the cold” from the sky. This “cold sky” effect can cool things down to below the ambient air temperature. If you leave out a tray of water under a clear sky, it can turn to ice overnight even if the air temperature stays well above freezing.

			
				[image: An illustration of a figure holding an umbrella. Lines from above show the “cold rays from space.” At the bottom of the drawing is a tray of water with the label “Tray of water freezing despite above-freezing air temperatures.”]
			

			You’ll feel chilly standing next to your cube, but not that chilly—nothing a good winter coat can’t solve. But before you rush to get a cryogenic cube, we need to talk about the air.

			
				[image: An illustration of the ultracold cube from earlier, with an arrow pointing to it reading “fine.” Next to the cube is an outline of the air near it, with an arrow reading “problem”.]
			

			Cold objects can condense the air itself, causing liquid oxygen to collect on their surfaces like dew. If they’re cold enough, they can even freeze it solid. Engineers working with cold industrial equipment have to watch out for this oxygen buildup, since liquid oxygen is pretty dangerous stuff. It’s highly reactive and tends to cause flammable things to spontaneously ignite. A really cold object can set your house on fire.

			
				
				[image: Plaque reading “Decorating tip: the air in your house should be in gas form”]
			

			One of the biggest hazards of ultracold materials is that they often don’t want to stay ultracold. When liquid nitrogen or dry ice warm up and turn to gas, they expand a lot, often pushing all the regular air out of the room. A bucket of liquid nitrogen can turn into enough nitrogen gas to fill a room, which is bad news if you breathe oxygen.

			
				[image: Another plaque, this one reading “Decorating tip: make oxygen available for guests who rely on aerobic respiration”]
			

			Luckily, iron is solid at room temperature, so you don’t have to worry about your cube of iron evaporating. As long as you avoid touching it, keep any oxygen on the surface from coming into contact with anything flammable, and wear a winter coat, you’ll probably be fine.

			SO YOU’VE DECIDED YOU DON’T WANT A FROZEN CUBE

			The cube will take an awfully long time to warm up. It will sit there at cryogenic temperatures for days, soaking up heat from the room while remaining cold enough to freeze the air. Even if you open the windows and run the furnace at full blast to keep the surrounding air as warm as possible, it will take at least a week for the cube to get close to room temperature.

			You could try to speed the process up by surrounding the cube with a dozen space heaters—with the help of an electrician, because otherwise you’ll blow all the fuses in your house—but it would still take days to warm it up.

			If you wanted to thaw out the cube more quickly, you could try pouring water on it. The water would instantly turn to ice, which you could chip away and discard, leaving some of the water’s heat behind in the iron. It might take a few bathtubs full of water, but you could use this technique to get the cube up to a reasonable temperature more quickly.

			
				[image: Three panel illustration. The first shows a figure in a bulldozer tossing the iron cube into water with a “sploosh.” The second panel shows the figure lifting the cube out of the water with a crane while two other figures watch. The final panel shows two figures using pickaxes to “chop” the cube.]
			

			Once the iron reaches room temperature, it will become just another object in your house. Hopefully, you like it where it is—if not, given how hard it would be to move a smooth eight-ton cube, it might be easier for you to move instead.

			
				[image: A bar graph showing how hard it is to move an iron cube versus “you, to a new house.” Is is slightly less effort to move you.]
			

			If you don’t want to move, and you’re looking for another way to get rid of a cube of iron, you could always try adding more heat to it.

			To find out what happens if you do that, turn to the next chapter.

		

	
		
			4. IRONIC VAPORIZATION

			
				[image: ]
			

			What if we somehow evaporated a solid block of iron on earth?

			—Cooper C.

			So you’ve decided to evaporate a one-meter cube of iron in your backyard.

			
				[image: An illustration of two figures standing on either side of a cube. The first asks, “Why do you even have this thing?” and the second replies, “My doctor told me I had an iron deficiency.”]
			

			Iron can boil and evaporate like anything else, but since its boiling point is so high—roughly 3,000°C—you don’t see it happen much in everyday life.

			To boil water, you put it in a pot and heat the pot until the water reaches 100°C. Boiling iron is trickier, because what would the pot be made of? Most metals have a melting point below iron’s boiling point, so you wouldn’t be able to use them to hold boiling iron—they’d melt before the iron started to simmer.

			
				[image: Two illustrations next to each other. The first shows a figure melting iron over a wood fire. The second shows “boiling iron” which is melting all over the place. The figure says, “Uh-oh.”]
			

			There are a few substances that remain solid slightly above iron’s boiling point, like tungsten, tantalum, or carbon, but using them to hold boiling iron is tricky. Getting the iron to boil while keeping the container below its melting point is difficult in practice, and there are chemical problems as well. Iron is chemically troublesome—once it’s molten, it tends to react with its container and form alloys.

			In real life, when people want to vaporize iron, [*] they generally don’t just put it over a heat source. They either use induction heating to heat the iron with electromagnetic fields or electron beams to vaporize it a little at a time. One nice thing about electron beams is that you can use a magnetic field to curve the beam around, so the really exciting and dangerous stuff happens on the other side of the iron from your delicate equipment.

			
				[image: A diagram showing the effect of an electron beam to vaporize iron. The iron is in three parts, surrounded by a shield that is shorter on the left side. The electron source below it is spitting out electrons, which curve because of the magnetic field and hit the iron.]
			

			You should be sure to stand on the “shield” side of the apparatus, since the iron evaporation side will have lots of high-energy particles flying away from it. “Stand on the other side from where the physics is happening” is actually a good general rule for scientific equipment.

			
				[image: A diagram labeled “Generalized safety diagram for scientific equipment.” The word “equipment” is surrounded by a dotted-line box, with “side where neat stuff happens” to the left and “side where you should stand” to the right.]
			

			Once you’ve built your apparatus to vaporize iron, you’ll want to stand back, since vaporizing a 1-meter cube of iron will take about 60 gigajoules of energy. If you vaporize the iron over the course of three hours, your apparatus will have roughly the same total heat output as a raging house fire. [*]

			But your question wasn’t whether we could do it. It was what the consequences would be, and the answer to that is pretty simple: Your house and yard would catch fire. Then the fire department would show up, and lots of people would be mad at you.

			
				[image: An illustration of a house and yard in flames, labeled “Your house (on fire)” and “Your yard (on fire).” To the right are two figures, labeled “Your neighbors (mad at you) (maybe also on fire)”]
			

			The consequences to the atmosphere are more interesting. You’d be releasing a plume of 8 tons of iron into the atmosphere—what would that do to your surroundings?

			It wouldn’t have a big effect on the atmosphere as a whole. There’s already a lot of iron in the air, most of it in the form of wind-blown dust. Human activities, mostly the burning of fossil fuels, also pump a lot of iron into the air. Based on estimates from a 2009 study by Natalie Mahowald et al., over the three hours it takes to vaporize your 8-ton iron cube, desert winds will blow 30,000 tons of iron into the air, and industrial facilities will add another 1,000 tons.

			
				[image: A diagram of “Iron added to the atmosphere during your project” with three boxes getting progressively smaller. The first quite large, showing the iron added “by wind: 30,000 tons”. The second is quite a bit smaller, showing the iron added “by industry: 1,000 tons”. The third is the smallest, showing the iron added “by you: 8 tons”]
			

			Eight tons of iron might not affect the Earth as a whole, but what about your neighbors? What would the people downwind of you notice, besides the fire trucks? Would they wake up to find everything metal-plated?

			
				[image: Illustration of two figures, the one on the right standing on the front steps of his house, the one on the left kneeling over flowers saying “Aw, man, someone gilded the lilies.” She is knocking on them with her fist, producing a “clink, clink” sound.]
			

			To answer these questions, I reached out to Dr. Mahowald, the lead author of the 2009 study and an expert on atmospheric transport of metals.

			Dr. Mahowald explained that when you release a plume of iron vapor, the iron rapidly reacts with oxygen in the air to condense into iron oxide particles. “Iron oxide particles aren’t particularly hazardous for air quality,” she said, although if there are enough of them, they could certainly be bad for your lungs. That’s not necessarily because of any properties specific to iron oxide—it’s just that your lungs are designed to breathe air.

			
				[image: Two figures standing next to each other. The one on the right wears a doctor’s coat, saying “Lungs are supposed to breathe air. There’s not a lot of other stuff you can breathe that’s good for you.”]
			

			Eventually, the iron oxide particles would settle out of the air somewhere downwind of your houses, but they wouldn’t necessarily cause any serious problems. “They probably wouldn’t kill anything,” Dr. Mahowald said. “On land, there’s a good bit of iron already.” But if there was enough of it, she added, it could cover up the vegetation, like the layers of ash downwind of a volcanic eruption. Your neighbors might be annoyed because they have to brush off their car.

			
				[image: A sketch of two figures, one standing on top of the car, using a broom and dustpant to brush the volcanic ash off their car.]
			

			Dr. Mahowald said the vaporized iron would contribute to climate change by absorbing small amounts of sunlight and radiating it as heat. But iron in the atmosphere could also help slow down climate change, by fertilizing the ocean and encouraging the growth of algae that pull CO2 out of the atmosphere. In 1988, oceanographer John Martin famously claimed—in his best supervillain voice—“Give me half a tanker of iron, and I will give you an ice age.”

			
				[image: A plaque that reads “Decorating tip: When a scientist asks for ‘a tanker full of’ anything, you should think about boarding up your windows”]
			

			Dr. Martin never became a supervillain [citation needed] and never attempted this plan, but it’s doubtful it would have worked. Further research has shown that dumping iron in the ocean is probably not an efficient way to pull carbon out of the air, which is kind of disappointing for supervillains who want to cause an ice age and for superheroes who want to stop global warming.

			
				
				[image: Two panels. The one on the left is labeled “Scientific conference.” Three figures stand in front of a list of “Ideas for stopping global warming” that include the bullet points “ask nicely; publish reports; iron in the ocean” all with lines through them. The second panel on the right is labeled “Supervillain conference” with three figures dressed like villains in front of a list of “Ideas for causing global destruction.” The ideas are “giant death ray; radioactive bees; and iron in the ocean,” all crossed off.]
			

			But if you do have a block of iron and the means to vaporize it, and you really hate your house, yard, and the gardens of the neighbors who live downwind of you, then I have some great news about your plan.

			
				[image: A diagram showing “How annoyed your neighbors will be, by location.” A the top, there is an arrow showing the prevailing wind is from right to left. Below that are four elliptical ovals. The first is labeled to show where your house is. The line separating your house and the next oval reads “lifelong next-door vendetta.” The next circle out reads “furious,” while the one after that reads, “very annoying.” The fourth circle is labeled “mildly annoyed,” and the space outside that circle reads “not annoyed.”]
			

		

	
		
			5. COSMIC ROAD TRIP

			
				[image: ]
			

			If the universe stopped expanding right now, how long would it take for a human to drive a car all the way to the edge of the universe?

			—Sam H-H

			
				[image: Illustration of a highway sign reading, “Spring Lake: 6; Plainview: 41; Wichita Falls: 249; Edge of the observable universe: 270,000,000,000,000,000,000,000]
			

			The edge of the observable universe is about 270,­000,­000,­000,­000,­000,­000,­000 miles away.

			If you drive at a steady 65 miles per hour, it will take you 480,­000,­000,­000,­000,­000 years—that’s 4.8 × 1017—to get there, or 35 million times the current age of the universe.

			This will be a dangerous road trip. I don’t mean because of space stuff—we’re not worrying about all that—but because driving itself is pretty dangerous. In the United States, the average middle-aged driver suffers about one fatal crash per 100 million miles driven. If someone built a highway out of the Solar System, most drivers wouldn’t make it past the asteroid belt. Truck drivers, who are used to driving long distances on highways, have a lower per-mile crash rate than ordinary drivers, but they would still be unlikely to reach Jupiter.

			
				[image: An illustration of a highway into space. Jupiter is to the right and has a sign planted that has “Trucks” inside a circle-backslash symbol]
			

			Based on US crash rates, the odds of a driver traveling 46 billion light-years without a crash would be about 1 in 101015. That’s roughly the same as the probability of a monkey with a typewriter typing out the entire Library of Congress, with no typos, fifty times in a row. You’ll want a self-driving car, or at least one with one of those alarms that warns you if you drift out of your lane.

			The trip would take a lot of fuel. At 33 miles per gallon, it would take a Moon-size sphere of gasoline to reach the edge of the universe. [*] You’d run through about 30 quintillion oil changes, requiring a container of engine oil the volume of the Arctic Ocean. [*]

			
				[image: Illustration of Earth with an engine oil spill on the top left. Above it to the left is a large moon-size sphere labeled, “gasoline”]
			

			You’d also need 1017 tons of snacks. Hopefully, there are a lot of intergalactic rest areas, or your trunk is going to be pretty full.

			
				[image: A large mountain labeled “Snacks.” Next to it are two dots representing people next to a slightly larger dot representing their car, one person saying “I don’t think this is going to fit.” The other responds “Maybe if we fold the seat down?”]
			

			It’s going to be a very long drive, and the scenery won’t change much at all. Most of the visible stars will burn out before you even exit the Milky Way galaxy. If you want to try touching a room-temperature star—see chapter 63 for what that would be like—I suggest planning a route that takes you past Kepler-1606. It’s 2,800 light-years away, so when you drive past it after 30 billion years, it will have cooled to a comfortable room temperature. It has a planet right now, although it will have probably devoured it by the time you get there.

			
				[image: Illustration of a car in the distance driving on the space highway, asking “Hey, where’s your planet?” The star it is driving passed burps and says “What planet?”]
			

			Once the stars have burned out, you’ll have to find a new source of entertainment. Even if you bring every audiobook ever recorded and every episode of every podcast, that won’t even last you to the edge of the Solar System.

			
				[image: Diagram of the solar system with the sun and planets in a line. The “habitable zone” is surrounding Earth, the “frost line” is just before Jupiter, and the “podcast limit” is just before Uranus.]
			

			Robin Dunbar famously suggested that the average human maintains about 150 social relationships. The total number of humans who have ever lived is somewhere north of 100 billion. A 1017-year road trip would be long enough to replay the lives of every one of those people in real time—in a sort of unedited documentary—and then rewatch every one of those documentaries 150 times, each time with a different commentary track by the 150 people who knew the subject best.

			
				
				[image: Illustration of two figures in a car, in space. The person on the left asks, “Who’s up next?” and the person on the right (driving) responds, “Leopold, born in Hungary in 1833, with commentary from Maria, a childhood friend who once threw a rock at him.” The figure on the left says, “Another childhood friend? Great, 75 more years of commentary on Leo’s boring life from someone who wasn’t even around for most of it.” The driver replies, “Yeah, but remember Maria’s episode? She’s hilarious, so it should be fun.”]
			

			By the time you finished watching this complete documentary of human perspective, you’d still be less than 1 percent of the way to the edge of the universe, so you’d have plenty of time to rewatch the whole project—each human life with all 150 commentary tracks—100 times before you finally arrived.

			Once you reached the edge of the observable universe, you could spend another 4.8 × 1017 years driving back home, but since there won’t be any Earth to return to—all that will be left are black holes and frozen husks of stars—you might as well keep going.

			As far as we know, the edge of the observable universe isn’t the edge of the actual universe. It’s just the farthest that we’re able to see, because there hasn’t been time for light to reach us from any farther parts of space. There’s no reason to think space itself ends at that particular point, but we don’t know how much farther it goes. It might just continue forever. The edge of the observable universe isn’t the edge of space, but it’s the edge of the map. There’s no way to be sure what you’ll find when you cross it.

			Be sure to pack extra snacks.

			
				[image: A small illustration of the car about to drive by a sign saying, “Edge of the universe (from Earth, 2022 C.E.)” Under the main text is an arrow pointing left saying “Observable” while an arrow pointing right says “????”]
			

		

	
		
			6. PIGEON CHAIR

			
				[image: ]
			

			How many pigeons would it require in order to lift the average person and a launch chair to the height of Australia’s Q1 skyscraper?

			—Nick Evans

			Believe it or not, science can answer this question.

			
				[image: Two figures, the first asking “It can?” while the second holds papers and replies “Honestly, I’m as surprised as you.”]
			

			In a 2013 study, researchers at the Nanjing University of Aeronautics and Astronautics led by Ting Ting Liu trained pigeons to fly up to a perch while wearing a weighted harness. They found that the average pigeon in their study could take off and fly upward while carrying 124 grams, about 25 percent of its body weight.

			The researchers determined that the pigeons could fly better if the weights were slung below their bodies, rather than on their backs, so you would probably want pigeons to lift your chair from above rather than support it from below.

			
				
				[image: Two pigeon illustrations. The first has the weight on its back and an ‘x’ below it. The second has the wight hanging off its neck with a check mark below it.]
			

			Let’s suppose your chair and harnesses weigh 5 kilograms and you weigh 65 kilograms. If you used the pigeons from the 2013 study, it would take a flock of about 600 of them to lift your chair and fly upward with it.

			Unfortunately, flying with a load is a lot of work. The pigeons in the 2013 study were able to carry a load 1.4 meters upward to a perch, but they probably wouldn’t have been able to fly too much higher than that. Even unencumbered pigeons can only maintain strenuous vertical flight for a few seconds. One 1965 study measured a climb rate of 2.5 m/s for unencumbered pigeons, [*] so even if we’re being optimistic, it seems unlikely that pigeons could lift your chair more than 5 meters. [*]

			
				[image: An illustration of a figure attempting to fly in a chair attached to pigeons. In the first phase, the person is seated, with the chair on the ground, as pigeons “coo” on the floor behind him. In the second phase, the person is lifted 5 meters in the air by the pigeons, attached to the chair with strings. The final phase shows the person mid-air, plummeting to the ground as the pigeons detatch and fly away, screaming “AAAAA”]
			

			No problem, you might think. If 600 pigeons can lift you the first 5 meters, then you just need to bring another 600 along with you, like the second stage of a rocket, to carry you the next 5 meters when the first flock gets tired. You can bring another 600 for the 5 meters after that and so on. The Q1 is 322 meters high, so about 40,000 pigeons should be able to get you to the top, right?

			No. There’s a problem with this idea.

			
				[image: Two figures in conversation. The first is holding papers at their side, saying “There’s a problem with this idea…” The second replies, “Just one? That’s great!”]
			

			Since a pigeon can carry only a quarter of its body weight, it takes four flying pigeons to carry one resting pigeon. That means each “stage” will need at least four times as many pigeons as the one above it. Lifting one person may only take 600 pigeons, but lifting one person and 600 resting pigeons would take another 3,000 pigeons.

			
				[image: A large circular ball labeled “Pigeons” on which a much smaller Earth rests at the top.]
			

			This exponential growth means that a 9-stage vehicle, able to lift you 45 meters, would need almost 300 million pigeons, roughly equal to the entire global population. Reaching the halfway point would require 1.6 × 1025 pigeons, which would weigh about 8 × 1024 kilograms—more than the Earth itself. At that point, the pigeons wouldn’t be pulled down by the Earth’s gravity—the Earth would be pulled up by the pigeons’ gravity.

			The full 65-stage craft to reach the top of the Q1 would weigh 3.5 × 1046 kilograms. That’s not just more pigeons than there are on Earth, it’s more mass than there is in the galaxy.

			A better approach might be to avoid carrying the pigeons with you. After all, pigeons can get up to the top of the skyscraper themselves, so you might as well send them ahead to wait for you there instead of having their friends carry them up with you. If you could train them well enough, you could have them glide along at the appropriate height, then grab you and tug you upward for a few seconds when you reach their altitude. Keep in mind that pigeons can’t grab and carry things with their feet, so they’d need little harnesses with aircraft-carrier-style hooks to intercept you.

			
				[image: On the top right, a diagram of a pigeon wearing a harness, with a hook dangling down. The rest of the image is showing the phases for being carried by the pigeons, “Approach phase,” “life phase,” and “release.”]
			

			With this arrangement, it’s possible you could fly yourself to the top of the tower with just a few tens of thousands of well-trained pigeons. You should probably make sure you have some kind of safety system that will keep you from plunging to your demise every time a falcon flies by and spooks the pigeons.

			The craft wouldn’t just be more dangerous than an elevator, it would also be a lot harder to pick your destination. You might plan to go to the top of the Q1, but once you take off . . .

			
				[image: Three panels, the first showing the figure in a chair on the ground with the pigeons attached, shouting “Go!” The second shows the pigeons in flight, with a second figure appearing saying, “Who wants some seeds?” The final panel shows the pigeon chair going off course, and the figure yelling, “AAAAAA.”]
			

			 . . . you’ll be completely under the control of anyone with a bag of seeds.

		

	
		
			#1

			short answers

			
				Q What if your blood became liquid uranium? Would you die from radiation, lack of oxygen, or something else?

				—Thomas Chattaway

			

			
				[image: A figure in a doctor’s coat saying, “You would die from what we in the medical profession call not-having-any-blood-and-being-full-of-molten-uranium syndrome. Or, ‘Jeff’s Disease’ for short. Man, poor Jeff.”]
			

			
				Q Could someone have an anime-style attack where they created a sword out of air? I’m not talking about an air blade, but something like cooling the air enough so that you had solid air to attack people.

				—Emma from Manhattan

			

			Sure. It would take a whole room full of air, but you could do it.

			Studies of solid oxygen suggest that it has mechanical properties similar to soft plastic, growing a bit harder as it gets colder. So if you make your sword out of oxygen, it wouldn’t be very strong, it would be hard to sharpen, and it would quickly give your hand frost damage. Nitrogen, which has a slightly higher melting point, wouldn’t be much better. But you could do it.

			
				[image: Two figures standing next to each other. The first wields a sword, saying “This air sword was forged by the mountain elves. Its oxygen blade makes it extra weak and soft, and it’s freezing my skin through my oven mitt.” The second figure replies, “We really need to meet some elves who are better at making swords.” The first figure then says, “Oops, it’s sublimating. Gotta put it away!”]
			

			
				Q How much water do you have to drink to become 99 percent water?

				—LyraxH

			

			
				
				[image: A complex math equation showing how many gallons of water are necessary to become 99% water. Below, an illustration of 10 50-gallon jugs of water, one with a straw. The caption reads, “Here you go!”]
			

			
				Q What would we see if we attached a lightweight camera to a balloon and let it fly away?

				—Raymond Peng

			

			
				[image: Two panels. The first shows two figures standing in a pastoral scene by a house, watching a balloon drift into the sky. The second panel is a close up of their faces, with one figure saying, “That was pretty.” The second replies, “Next time, we should attach a transmitter, though.”]
			

			
				Q How many calories does Mario burn a day?

				—daniel and xavier hovley

			

			
				[image: “Mushrooms in Super Mario Bros: 56; Calories in one medium mushroom: 5; Total available calories: 280; Super Mario Bros release date: Sept 13, 1985; Release of next Mario game with mushrooms: June 13, 1986; Interval: 263 days; Calories per day: 1.1” Conclusion: Mario starved to death in late 1985.]
			

			
				Q If a snake unhinged its jaw and swallowed a balloon whole, could/would the balloon carry the snake up?

				—Freezachu

			

			
				[image: Illustration of two figures standing side-by-side, one holding a balloon and the other holding a snake with a balloon inside it. The top just reads, “No.”]
			

			
				Q If you were to jump out of an airplane that was traveling at Mach 880980 that was 100,000 feet above the ground in New York City, with skydiving gear, could you survive?

				—Jack Catten

			

			
				Q If there was no water on Earth, would we all live?

				—Karen

			

			These two scenarios are equally unsurvivable.

			
				[image: A table of two colums, labeled “Scenario” and “Survival odds”. Realativistic skydiving has 0.0% odds of survival. Water all gone also has 0.0% odds.]
			

			
				Q Is it possible to make a homemade jet pack?

				—Azhari Zadil

			

			It’s pretty easy to make a jet pack that works once. Twice or more is much harder.

			
				
				[image: Two panels, the first showing a figure successfully launching in their jetpack, saying “Wheeee!” while another figure looks on. Labeled, “relatively easy.” The second panel shows the jetpack figure mid-air, then landing. The figure watching says, “Nice landing!” and the panel is labeled “Much harder”]
			

			
				Q I was wondering whether there’s a way to use my welder as a defibrillator? (The specific model I own is an Impax IM-ARC140 arc welder.)

				—Łukasz Grabowski, Lancaster, UK

			

			You should definitely not use your arc welder as a defibrillator, and after reading your question, I honestly don’t think you should be allowed to use it as an arc welder, either.

			
				[image: Drawing of an arc welder, with a sign saying, “Warning Do Not Use.” “As a defibrillator” is scribbled out and “At all, Lukasz” has been added.]
			

			
				Q What if all atoms on Earth were expanded to the size of a grape? Would we survive?

				—Jasper

			

			I’m not really sure how to answer this question using science, but now I really want some grapes.

			
				[image: Illustration of a figure using a blackboard. He is thinking about grapes, saying, “Mmm”]
			

		

	
		
			7. T. REX CALORIES

			
				[image: ]
			

			If a T. rex were released in New York City, how many humans/day would it need to consume to get its needed calorie intake?

			—T. Schmitz

			About half of an adult, or one ten-year-old child.

			
				
					[image: A drawing of a calendar, Sunday through Saturday, with a small stick figure person drawn under each day.]
				

				
					Shoot, I forgot to eat one yesterday. Am I allowed to double up?

				
			
			Tyrannosaurus rex weighed about as much as an elephant. [*]

			
				[image: An elephant and a T-Rex on either side of a see-saw.]
			

			No one is totally sure what dinosaur metabolism looked like, but the best guesses for how much food a T. rex ate seem to cluster around 40,000 calories per day.

			If we assume dinosaurs had metabolisms similar to today’s mammals, they’d eat a lot more than 40,000 calories each day. But the current thinking is that while dinosaurs were more active (loosely speaking, “warm-blooded”) than modern snakes and lizards, very large dinosaurs probably had metabolisms that more closely resembled Komodo dragons than elephants and tigers. [*]

			Next, we need to know how many calories are in a human. This number is helpfully provided by Dinosaur Comics author Ryan North, who produced a T-shirt with a human body nutrition label. According to Ryan’s shirt, an 80-kg human contains about 110,000 calories of energy, so a T. rex would need to consume a human every two days or so. [*]

			The city of New York had 115,000 births in 2018, which could support a population of about 350 tyrannosaurs. However, this ignores immigration—and, more important, emigration, which would probably increase substantially in this scenario.

			
				[image: Two figures standing beside each other, one saying, “I’m thinking of moving out of Brooklyn. The rent is so high, and everyone is getting eaten by tyrannosaurs.”]
			

			The 39,000 McDonald’s restaurants worldwide sell something like 18 billion hamburger patties per year, [*] for an average of 1,250 burgers per restaurant per day. Those 1,250 burgers contain about 600,000 calories, which means that each T. rex only needs about 80 hamburgers per day to survive, and one McDonald’s could support more than a dozen tyrannosaurs on hamburgers alone.

			
				[image: Illustration of the McDonald’s sign. “Over 99 billion served” is crossed out, then “Billions and billions served” is crossed out, then “15 dinosaurs live here” remains.]
			

			If you live in New York and you see a T. rex, don’t worry. You don’t have to choose a friend to sacrifice; just order 80 burgers instead.

			And then if the T. rex goes for your friend, anyway, hey, you have 80 burgers.

			
				[image: To the left, someone off page screaming, “AAAAAAAAA!!!!” while a figure to the right eats a stack of hamburgers. “Om nom nom.”]
			

			Maybe the friend was more of an acquaintance, anyway.
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