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			Advance Praise for

			The Physics of Superheroes Goes Hollywood

			
				“Superheroes aren’t actually real, but physics definitely is. By asking how ideas from superhero stories can be related to real concepts in physics, we both learn a little science and appreciate the stories a little better. And when the explanations are offered by a writer as entertaining as Jim Kakalios, anyone can enjoy the wild ride.”

			

			
				—Sean Carroll, author of The Biggest Ideas in the Universe

			
			
				“The Physics of Superheroes Goes Hollywood offers a thrilling excursion to the very extremes of physical reality—from the tiniest quantum scales to the vast frontiers of the cosmos—accompanied by the superpowered champions of modern cinema. With an encyclopedic knowledge of the history and abilities of comic characters, along with a gift for explaining contemporary physics, James Kakalios is the ideal driver for this high-speed joyride. A must for anyone who is a fan of superhero movies and wishes to understand the imaginative science behind them.”

			

			
				—Paul Halpern, author of The Allure of the Multiverse

			
			
				“No one does this sort of material better (blending discussion of science with the high fantasy of superheroics) than Professor James Kakalios. It helps that he writes about both in a crisp, engaging manner that stirs the emotions just as much as the intellect. More than once I teared up a little remembering the exact superhero touchstone moments he describes so beautifully. Highest recommendation.”

			

			
				—Gail Simone, screenwriter and comic book author, Wonder Woman, Deadpool, Uncanny X-Men

			
			
				“Fantastic, amazing, and spectacularly well researched, The Physics of Superheroes Goes Hollywood is an accessible and fascinating way to use fictional heroes to learn more about the real world we all share.”

			

			
				—Ryan North, author of How to Take Over the World

			
			
				“It’s easy to cynically handwave away superhero physics as ‘comic-book stuff.’ Kakalios does the hard and imaginative work of figuring out how the impossible could be possible using cutting-edge science. It’s smart and fun and a must-have.”

			

			
				—Mark Waid, writer of Superman: Birthright

			
			
				“James Kakalios does a truly superheroic job in combining his love of superheroes with his passion for explaining the surprising and fascinating physics that underlies the world around us. Amply laced with his infectious sense of humor, this book will enhance your appreciation of the science in Marvel and DC movies and TV shows and open your eyes to the workings and ideas behind an impressive range of topics, from pencil leads and sand to artificial intelligence and the multiverse.”

			

			
				—Clifford V. Johnson, author and illustrator of The Dialogues: Conversations About the Nature of the Universe
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			Introduction—The New Golden Age

			There is little doubt that future historians will refer to the early part of the twenty-first century as the Golden Age of Geekdom. Comic book characters that were previously known only to die-hard fans are now part of mainstream culture, due to the popularity of movies and television programs featuring superheroes. The global box office of just five of Marvel Studios’ films—The Avengers (2012), Avengers: Age of Ultron (2015), Avengers: Infinity War (2018), Avengers: Endgame (2019), and Spider-Man: No Way Home (2021)—is greater than the 2024 fiscal year total budget of the National Science Foundation, one of the primary sources of scientific research funding in the US. The reach and influence of these characters is truly all encompassing.

			The rise of superheroes into the public consciousness has happened relatively quickly. In the 2002 film Catch Me If You Can, Tom Hanks, playing FBI agent Carl Hanratty, searches for the forger and con artist Frank Abagnale, played by Leonardo DiCaprio. Early in the film, Hanratty meets Abagnale, not realizing that he has inadvertently come across the person he is seeking. Abagnale fools Hanratty into believing that he is actually a CIA agent, giving his name as “Barry Allen.” In a full movie theater, I was the only person who laughed at this reveal, while my wife and those sitting nearby turned to look at me, wondering what was so funny. While a 1960s FBI agent might be fooled by Abagnale using the Flash’s secret identity as an alias, it is doubtful that this joke would go over as many heads today.

			Another example: In the summer of 2023, I saw a five-year-old boy walking with his mother in Antalya, Türkiye. The boy was wearing a white T-shirt with Captain America’s face on the front, and a backpack that featured images of all the Avengers as portrayed in the 2012 Marvel film. Any doubt as to which hero was his personal favorite was removed by the small plastic Captain America–style shield he wore on his right arm. Captain America was created in 1941 by Joe Simon and Jacob Kurtzberg (whose pen name was Jack Kirby), two young men in their twenties from New York’s Morningside Heights and Lower East Side neighborhoods, respectively, who were just trying to make a living writing and drawing comic books during the Depression. They never dreamed that their creation would continue to inspire all over the world eighty years later.

			While superhero films and television shows are not a recent phenomenon (Fleischer Studios produced animated Superman shorts in color for movie theaters starting in 1941, just three years after the Man of Steel’s debut in Action Comics #1), the past twenty-five years have seen a striking growth in the number of such features. 20th Century Fox’s X-Men premiered in 2000, while Sony’s Spider-Man came out two years later. Marvel Comics had sold the cinematic adaptation rights of these characters, along with the Hulk, the Fantastic Four, and Daredevil, back in the 1990s, when it was struggling financially. The success of some (but not all) of these films led Marvel to produce their own movies, using characters they had retained the rights to, as they were considered too obscure for licensing by other movie studios. Beginning in 2008 with Iron Man, starring Robert Downey Jr. as Tony Stark, and Warner Bros.’ The Dark Knight, featuring Christian Bale as Batman and Heath Ledger as the Joker, not a year has gone by that hasn’t seen the release of multiple superhero movies and television shows, relating the adventures of Marvel heroes as well as those of DC Comics (such as Superman, Batman, Wonder Woman, and Aquaman).

			The first edition of my book The Physics of Superheroes was published in 2005, while the Spectacular Second Edition came out in 2009, just one year after Iron Man and The Dark Knight lit the match that ignited the superhero explosion at the multiplex. In these earlier editions, I drew on eighty years of print superhero comic books to provide illustrations of physics concepts and principles. As much as possible, I selected (the technical term is “cherry-picked”) comic book examples where the heroes got the science right. I started, as in a standard introductory physics class, with a consideration of forces and motion. I then turned to discussions of momentum, energy, thermodynamics, electricity, and magnetism, all the way to quantum physics.

			This is not that book. Here I’ll consider concepts and situations in superhero movies and TV shows and examine the real-world physics that underlies these fictional scenarios. While I don’t go to the movies with a pad of paper and a calculator, waiting for my physics-sense to start tingling, I’m nevertheless delighted whenever the characters on the screen, big or small, get their science right. It is just such examples, similarly cherry-picked, that I will discuss here.[*1]

			In this Hollywood edition, you, Fearless Reader, will learn the real physics underlying the multiverse (true to its name—there are different interpretations of what “multiverse” means); if there really is a Quantum Realm (yes); why someone the size of an ant can knock someone out with one punch (it involves the Higgs boson); whether nanotechnology can fabricate and alter Iron Man’s suit (not yet, but maybe soon); whether we can create fibers as strong as Spider-Man’s webbing (actually, scientists have made threads sixty times stronger); whether a material such as vibranium is real (it is, and you can fabricate it using a pencil and Scotch tape); whether we can control devices just by thinking (yes); and the connection between the Infinity Stones and one of the greatest mathematical minds of the twentieth century (hint: She’s not Albert Einstein). This book will confirm what we all have long suspected—they couldn’t put it in a movie if it weren’t true!

			As in the earlier editions, I won’t belabor the superpowers themselves, as they nearly always violate the laws of physics as we understand them. Rather, we’ll grant each character a onetime “miracle exception” to the laws of nature, and then explore the real physics that they encounter when using their “powers and abilities far beyond those of mortal men.” If there’s one thing I’ve learned from my years of reading comic books, it’s that combining words and pictures makes for a highly effective form of communication. For the illustrations in this text, it turned out to be simpler to have professional comic book artist Gene Ha provide the necessary figures. In place of the hero or villain under discussion, we will use the hero featured on the cover of this book, who also appeared on the covers of the first two editions of The Physics of Superheroes. While nameless in those earlier books, I can now reveal that this champion of science is actually Captain Legally Protected Intellectual Property (CLPIP to his fans). CLPIP has the unique power of being able to perform any task called upon to illustrate a given scene or physics principle without violating any litigious company’s copyrights!

			We’ll begin with one of the greatest superhero films of all time—1978’s Superman: The Movie (starring Christopher Reeve as the Man of Steel), and ask: Could Superman reverse time by flying rapidly around Earth?[*2]

			
				Skip Notes

				
					*1 Of course there are many times the movies and TV shows get their science wrong—but I think it’s more fun and interesting to examine correct applications rather than egregious errors.

				

				
					*2 If it was not already clear, this book is massively packed with spoilers. But seriously, if you haven’t yet seen these superhero movies and TV shows, and you’re reading this in the bookstore wondering whether you should buy this book and if you’ll be able to follow the arguments here, let me assure you: yes and yes.
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			I

			I Believed a Man Could Fly

			General Relativity Saves Lois Lane

			The first time I saw Christopher Reeve as Superman was one evening in 1977 in Midtown Manhattan, at Fifty-Seventh Street and Fifth Avenue—9 West Fifty-Seventh Street, to be exact. My date and I were walking along Fifty-Seventh Street on our way to a movie when we came upon a film shoot. The street was blocked off, as was the sidewalk on one side. A crowd had gathered behind police barriers on the other side, and we decided to join them for a moment. In addition to the large lights and camera setup and the street doused with a fire hose (to enhance the blacktop’s reflectivity), there was a building crane, from which two men wearing plain clothes and small harnesses were suspended by a cable. As we watched the crane practice raising and lowering the men, I noticed that some of the production assistants walking past the crowd had press badges indicating their affiliation with the Daily Planet. Comments from the crowd confirmed what we had stumbled upon. At some point in those pre-internet days, I had heard a rumor that efforts were underway to make a Superman film, and here we were able to confirm that this rumor was true!

			Keeping an eye on the time before we would have to head off to the movie theater a few blocks away, we waited for something more dramatic than a pair of stuntmen being lifted up and down by a crane. We didn’t have to wait much longer, as Christopher Reeve, wearing his Superman suit, soon passed through the well-lit building lobby and walked onto the sidewalk set. A huge cheer went up from the crowd of definitely nonjaded New Yorkers, with all of us yelling: “Yay! Superman!” I will never forget Reeve’s reaction as he turned, smiled his 1,000-Watt smile at us, and, raising his right hand, palm out, forefinger touching his forehead, gave us a short little wave/salute, which elicited louder and more prolonged cheers. A year later, we watched the finished product, Superman: The Movie, and learned that we had witnessed the setup for the scene in which Superman, after capturing a jewel thief who is using suction cups to climb the outside of a building, flies down to the street and hands the crook off to Police Officer Mooney. Though I must confess that, not having actually seen Reeve in the harness hoisted by the crane, I cannot definitively state that he didn’t just fly down under his own power.

			When Superman first debuted in comic books, he could not fly but merely jump great distances (“leap a tall building in a single bound”). Superman’s true secret origin begins, as Captain America’s did, with two young men trying to find a way to make a buck during the economic depression of the 1930s. Teenagers Jerry Siegel and Joe Shuster, friends united in their love of science fiction pulp magazine adventures and their pressing need to generate an income, did not intend to create a comic book hero—for the simple reason that comic books barely existed when they first imagined Superman. Back in 1934, they hoped for their new character to join a great metropolitan newspaper—as a daily comic strip. Alas, it appears that the Man of Tomorrow was too ahead of his time—for Siegel and Shuster’s creation was rejected by every newspaper comic strip distribution syndicate. Four years later, they were able to sell their sample newspaper strips (along with the rights to the character) to a new comic book titled Action. While his first appearance occupied only thirteen of a total of fifty-two pages in the debut issue of Action, Superman was an instant hit, changing not just the course of mighty rivers but the entire comic book industry.

			“Faster than a speeding bullet,”[*1] Superman made the transition from print comic books to other media, first radio and then film screens. No special effects were required the first time Superman’s flying ability was presented in a movie theater, as he appeared in an animated short created by Fleischer Studios. The quality of the Fleischer Superman cartoons was very high, and the first one was nominated for an Academy Award for Best Short Subject (Cartoon). Aspects of the character that we now take for granted, such as Clark Kent using a phone booth to change into Superman, first appeared in these animated shorts and then transitioned to the comic books.

			Live-action portrayals of the Man of Steel in flight in movie serials in 1948 and 1950 and in the 1950s television series had special effects that were not very special. The 1978 Superman film understood that this, among all the powers Superman possessed, had to be convincing, so much so that it was a marketing slogan for the film (“You’ll believe a man can fly”). This was, of course, in the pre-computer-generated-image (CGI) days, when special effects had to be, for the most part, practically done. A unique and clever process was developed by special effects expert Zoran Perisic, who used a rear projection system behind Christopher Reeve. Varying zoom lenses in both the camera filming the scene and the projector creating the background image enabled a stationary Reeve to appear to be realistically in flight. Perisic’s invention won an Academy Award for Special Achievement in Visual Effects, following in the footsteps of the innovative rear projection system developed for another special effects fantasy film a generation earlier—1933’s King Kong—by Sidney Sanders, who received a Technical Academy Award.

			Superman Breaks the Law (of Physics)

			As mentioned, when Superman debuted, he was able to leap great distances (his range was once put at one-eighth of a mile, or 660 feet, a height that would certainly qualify a building as “tall” in 1938) but not fly, as such. His jumping ability was ascribed to his origin on Krypton, which had a gravity greater than Earth’s. Over time, when he had mastered true flight, the source of his powers was attributed to the fact that Earth orbited a yellow sun, while Krypton’s sun[*2] was red. For the time being, let’s set aside the physics issues associated with Superman’s flying and address a particular scene from the 1978 film.

			In the movie’s dramatic finale, evil genius Lex Luthor (played by Gene Hackman) has sent two missiles, each armed with a nuclear warhead, in opposite directions. One is headed for the San Andreas Fault in California, while the other, intended as a distraction, is aimed at Hackensack, New Jersey. Promising to stop the New Jersey–bound missile first (it being a condition of one of Luthor’s allies to betray Lex, and free Superman from a Kryptonite trap), Superman is delayed and arrives too late to stop the California missile. Reaching its target, the missile triggers the massive earthquake that Luthor intended to cause the western portion of California to sink into the sea. Leaving aside that even a magnitude-8 earthquake would not cause California to “sink into the Pacific Ocean,” such a catastrophe would cause unprecedented devastation. Millions would die, and as poignantly portrayed, one of the casualties in the film was Lois Lane. In a grief-stricken rage, Superman flies into orbit around Earth, with conflicting advice from his birth and adoptive fathers echoing in his ears: Jor-El’s “It is forbidden for you to interfere with human history” being gainsaid by Jonathan Kent’s “You are here for a reason.” Summoning strength he never knew he possessed, he orbits Earth so rapidly that it begins to revolve in the opposite direction. On the planet’s surface, time runs backward, undoing much of the damage done and, most important (to Superman), providing an opportunity to save Lois’s life. After a period, he flies in the opposite direction until the planet resumes its normal rotation and flow of time.

			Note that Superman’s orbits do not simply change Earth’s rotation. Stopping Earth’s motion so that it could rotate in the opposite direction would not undo the damage done by the earthquake, but would in fact cause even more destruction. Any buildings still standing would topple due to their attempt to maintain their angular momentum.[*3] Rather, as any longtime reader of Superman comics could explain, what Superman had done was create a time vortex such that the direction of time itself would be reversed. But is this realistic?

			Actually—yes! There is a mechanism, completely consistent with Einstein’s general theory of relativity, whereby an orbiting Superman, traveling fast enough, could reverse the motion of space-time around the Earth, enabling the Man of Tomorrow to move backward in time. So, first thing, how fast is Superman flying?

			To answer this question we will have to, after all, bring a pad of paper and a calculator to the movie theater. Speed is a measure of how much distance one covers in a given time interval. So, in order to determine Superman’s velocity, we need to know the length of his trajectory as he orbits Earth and how long it takes him to complete a trip around the planet. As shown in Fig. 1, when making his orbits around our planet, Superman is moving so fast that he leaves blurry afterimage trails, an optical illusion that gives Earth rings like those of the planet Saturn. We can use these speed rings to gauge how high above Earth’s surface he is, relative to the radius of the planet. That is, if we view this scene on a TV screen or computer monitor, we can measure in inches the radius of the Earth (the distance from Earth’s center to its surface), as well as the distance from the center of the Earth to Superman’s speed rings. The ratio of those two distances (speed ring height over the radius of Earth) will be a number (which turns out to be 1.6). This ratio will be the same if we make the image twice as large—Earth’s radius will double, but so will the height of the speed ring. In fact, this ratio does not change even if we make the image so large that Earth’s radius in the image is the actual radius of the Earth—that is, REarth = 4,000 miles. For the ratio to maintain the same value, the height of the speed ring must be h = 6,400 miles (that is, h / REarth = 6,400 miles / 4,000 miles = 1.6). Knowing the distance from the center of the Earth to the speed ring, we use the formula for the circumference C of a circle that has a radius equal to h—that is, C = 2πh, where π is 3.14159…. We then find that C = 40,200 miles, the distance that Superman travels when making one orbit around the Earth.
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						Figure 1: Sketch of Earth and our superhero CLPIP orbiting the planet. Earth’s radius (labeled REarth) and the height of the orbiting hero h are indicated.

					
				
			

			To determine how long it takes him to complete this orbit, we just need a stopwatch. Actually, he’s moving so fast that it’s easier to measure the time it takes him to complete ten orbits and then just divide that measured time by ten, but you get the idea. Discounting the first few orbits, when he’s just getting up to his maximum speed, we find that the time to make one orbit of Earth is 0.15 seconds. His velocity then is the orbital distance divided by this time period— 40,200 miles / 0.15 seconds = 270,000 miles per second!

			If this seems fast, it’s because it is. The experimentally measured speed of light is 186,000 miles/second (using round numbers). According to Einstein’s special theory of relativity, it would take an infinite amount of energy to accelerate any object that has mass up to light speed. Nothing that is not already traveling at the speed of light can go that fast (or faster). Nothing, that is, save for Superman.[*4]

			In fact, in his comic book adventures, Superman would so routinely travel faster than the speed of light that it attracted the attention of several physics students at MIT. These students wrote to Mort Weisinger, the editor of Superman comics back in the 1950s, pointing out that Superman’s faster-than-light-speed travel was in violation of Einstein’s special theory of relativity, and how could the editor account for this contradiction? Weisinger’s succinct explanation was: “Einstein’s is merely a theory, while Superman is fact!”

			In his grief and anger over Lois’s death, Superman flew so fast around Earth that he created a “rip in the space-time continuum.”[*5] Such a rip presumably caused time to flow backward (because comics). Once he had reversed time sufficiently, Superman then flew around the Earth in the opposite direction, which apparently healed the space-time rip and caused time to continue its normal flow (once again, because comics). That is, it is not that Superman caused Earth itself to spin in the opposite direction (which would not undo any death and destruction), but that he created a localized region that enabled him to travel backward in time. But comic book–inspired “rips in the fabric of space-time” aside, is there a physics-accurate way that Superman could go back in time to save Lois?

			Einstein to the Rescue

			Now, earlier I stated that Superman reversing time as shown in the movie is consistent with Einstein’s general theory of relativity (oftentimes simplified as “general relativity”). So, let me take a few sentences to explain what that theory is, and how it enables time travel.

			General relativity is a theory of gravitation that doesn’t involve the force of gravity! In 1915, Einstein proposed a fundamental equation where terms involving mass and energy are on one side, and mathematical terms involving the curvature of space-time are on the other. In Einstein’s theory, space-time is the combination of three spatial dimensions and one time dimension into a single geometric description. If there is no mass or energy nearby, then space-time will be flat and uniform in all directions. In that case, as shown in Fig. 2, a person tossing a bowling ball in a straight line will find that it continues its uniform straight-line motion.
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						Figure 2: Sketch of CLPIP bowling in a region where there is no mass or energy. Space-time is flat and uniform, and the bowling ball moves in a straight line.

					
				
			

			If the person is moving on a surface that is covered with hills and valleys, then even though they will try to maintain a straight trajectory, their motion will be altered due to the nonuniform terrain. These hills and valleys are variations in the curvature of space-time that in general relativity arise from the presence of mass and energy, not unlike how a large mattress will be deformed by a bowling ball sitting on its surface. A person bowling near such a large mass (Fig. 3) will find that the ball has a curved trajectory. While they tossed the ball in a straight line, the surface itself is curved, forcing a deflection in the ball’s motion. In Isaac Newton’s theory of gravity, the ball would be deflected due to an attractive force of gravity; in Einstein’s theory, the ball’s motion deviates from a straight line due to the presence of mass and energy, which causes curvature in the geometry of space-time.
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						Figure 3: Sketch of CLPIP bowling near a large planet-size mass that distorts space-time. The ball’s trajectory is bent by the curvature in space-time.

					
				
			

			Einstein’s theory was able to explain everything that Newton’s theory of gravity, developed in the seventeenth century, could[*6]—and more! One new prediction of general relativity is that a large enough local accumulation of mass could create a distortion in space-time so great that if you wandered too close to this mass, you could never escape out of the deep gravity well—even if you were traveling at the speed of light. That is, Einstein’s theory predicted the existence of black holes. Moreover, large changes in local density of mass and energy, such as when two black holes or neutron stars collide, can cause shockwaves in space-time that radiate out in the form of “gravitational waves.” These gravitational waves were first experimentally detected by the Laser Interferometer Gravitational-Wave Observatory (LIGO) in 2015, and they provide striking confirmation of Einstein’s theory. Another example: We are held fast to Earth’s surface due to the distortion of space-time created by our planet’s mass. Physicists were therefore not surprised by experiments in 2023 at CERN that found that antimatter falls toward Earth in the same way that normal matter does, since the distorted space-time due to Earth’s mass determines your motion, whether you are made of matter, antimatter, or anything else. (Though I belong to the camp that believes that one should carry out such experiments regardless, just to be sure.)

			General relativity tells us that the larger the mass, the greater the distortion of space-time, and the more it deflects the motion of anyone nearby. We’d like to understand not just how Superman is able to fly so fast, but also how he is able to maintain a circular orbit. If you tie a string to a bucket and twirl it in a horizontal circle, parallel to the ground, you must supply constant tension in the string. The external force of the string’s tension keeps the bucket moving in a circular trajectory. The faster you twirl the bucket, the more tension is needed to keep the bucket moving in a circle. If the string were to snap, the tension would disappear, and the bucket would fly away in the direction it was moving at the moment the string broke. Similarly, Superman in his circular orbit needs a force, an invisible string, as it were, pulling him in toward the planet, to account for his constantly changing direction. This force creates his “centripetal acceleration,” and assuming the Man of Steel’s mass is 100 kilograms (about 220 pounds on Earth), when he is flying faster than the speed of light (as we calculated above), this force must be over 400 billion pounds! The gravitational attraction between Superman and the Earth is at least two billion times too small to enable Kal-El to maintain uniform circular motion.

			How Is Superman So Super?

			As mentioned in the introduction, in the first edition of The Physics of Superheroes I invoked a “onetime ‘miracle exception’ to the laws of nature” in order to account for a given superhero’s or supervillain’s powers. However, the Man of Steel was one character whose onetime miracle exception I didn’t dare explore—as it seemed to me that there was no way just one single change to the laws of physics could account for the wide range of powers he possessed. Or at least, that was what I believed, until I read “A Unified Theory of Superman’s Powers” by physicist Ben Tippett.

			In a 2009 essay, Tippett, an instructor of mathematics, astronomy, and physics at the College of the Rockies in Cranbrook, British Columbia, proposed that Superman’s ability to fly, his great strength, invulnerability, superspeed, X-ray and heat vision, freeze breath, and super hearing can all be accounted for if one assumes that Kal-El is able to alter at will his inertia, as well as that of any object with which he is in contact.

			Inertia is the property of matter, represented by its mass, that reflects its resistance to a change in its motion. Bigger objects are harder to move than smaller ones, and more force is needed to change the state of the object. Normally, a person’s mass is determined solely by the atoms of which they are comprised. Some atoms, such as hydrogen, have a low mass; carbon in our DNA and cells has a mass approximately twelve times larger than hydrogen; and calcium in our bones and teeth has a mass forty times larger still. Your mass and hence your weight result from the atoms you have in and on your person, and for us earthlings, the only way to change your mass is to have more or fewer atoms. But what if Kryptonian biology, powered by the absorption of the light of Earth’s yellow sun, enabled one to vary this mass, either for your entire body or specific parts of it, at will? And what if you could also change the mass of anything you came into contact with?

			In such a case, you could be invulnerable, either by increasing the inertia of the atoms in your body (thereby making them harder to move) or by reducing the inertia of anything that struck you (we would all be bulletproof if bullets had the inertia of a speck of dust). You could easily lift a car overhead if the automobile’s inertia, its resistance to being moved, was that of a pillow. And you could fly if your inertia was less than that of the surrounding atmosphere, your lift being provided by the same buoyancy force that keeps you afloat in water if your density is less than that of water. Tippett argued that this one exception to the laws of nature could account for many of the Man of Steel’s powers. Superman utilizes this ability instinctively, presumably the same way we use our body when walking and talking without being conscious of all the actions (neurological and mechanical) necessary for these activities. But what about Superman flying circular orbits in outer space?

			Here I propose what I hope Dr. Tippett will consider to be a “friendly amendment” to his Unified Theory. What if Superman is able to modify the inertia of not just the matter with which he is in direct physical contact, but also of objects at a distance?

			In this case, Superman would be able to fly at great speeds in outer space and even maintain a circular orbit around the Earth. Being able to vary mass, even if one is not in contact with an object, would enable one to warp space-time at will. Superman can therefore create a trough in space-time that guides his motion around the Earth, and then shape it so that he moves through this distortion at great speed. In fact, if Superman can indeed shape distortions in space-time, he would be able to reverse time by using a Tipler cylinder.

			A what now? Soon after Einstein published his general theory of relativity, two Austrian physicists, Josef Lense and Hans Thirring, realized that very rapid rotation of a massive object would cause an additional distortion of space-time, distinct from that arising from its mass alone. This is another difference between Einstein’s theory of gravity and Isaac Newton’s—in the latter, it is only the mass that matters, independent of whether it is rotating. But if what we call gravity is the result of distortions of space-time, then a rotating mass can drag space-time with it as it revolves.

			
				
					
						[image: ]
					

					
						Figure 4: Sketch of CLPIP bowling near a rotating black hole, dragging space-time along with it in the direction of rotation. When the ball moves in the same direction as the rotation, it is sped up by the moving space-time frame.

					
				
			

			Think of a large bowling ball creating an indentation on a mattress. A smaller mass moving near it will have its trajectory changed by this indentation. Now if the bowling ball is rotating like a top, it can cause the mattress indentation to be pulled along with it. Anybody moving near the rotating mass will be not just deflected but also sped up (see Fig. 4), similar to how when you jog on a moving walkway at the airport, you travel faster than you would on the stationary floor. This phenomenon is termed “frame dragging.” In 2023, Canadian and US scientists reported observations of X-ray emissions of matter falling into Sagittarius A*, a supermassive black hole in the center of the Milky Way galaxy, that are consistent with frame dragging by this black hole’s high rotational spin rate. While the predicted frame-dragging effect due to Earth’s rotation is very small, its presence has been experimentally confirmed by the extremely sensitive Gravity Probe B project.
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						Figure 5: Sketch of CLPIP bowling by a rotating massive cylinder (to save on paper, the infinitely long cylinder is not shown!). For certain trajectories the ball could move back in time.

					
				
			

			In 1974, US physicist Frank Tipler proposed that if an object with the mass of several black holes, stretched out into an infinitely long cylinder, were rotating very near the speed of light, then there are certain spiral trajectories around the cylinder that would be “closed timelike curves.” As shown in Fig. 5, such a curve is a loop that returns to its starting point, not just in space but in time as well! That is, valid solutions in general relativity (albeit purely theoretical) open the possibility of time travel into the past. Superman’s apparent ability to control mass, and hence the curvature of space-time, could enable him to create a frame-dragging effect sufficient for a closed timelike curve into the past. (I’ll leave the precise configuration of the distortion of space-time necessary to achieve this effect as an exercise for the reader.) By then maintaining this speed but in the opposite direction, he was able to prevent Earth from moving too far back in time. Once Superman’s orbits around the planet stopped, he returned to standard space-time, enabling him to rescue Lois Lane. Nearly thirty years after those MIT physics students wrote to the editor of Superman comics, Einstein’s theory and Superman’s fact came together to save the day!

			
				Skip Notes

				
					*1 Okay—that’s enough. This will be the last reference to the opening narration of the Superman radio and TV programs.

				

				
					*2 The red sun of Krypton is named Rao, and its location was identified by astrophysicist Neil deGrasse Tyson in Action #14 in 2012 (the numbering of Action, along with most other comics, has experienced multiple resets over the decades).

				

				
					*3 In the 1937 film The Man Who Could Work Miracles, based on an H. G. Wells story, a mild-mannered accountant played by Roland Young gains the ability from some bored celestial beings to make his every wish a reality. When he demands that the Earth stop spinning, every structure over three stories tall comes crashing down, as while their foundations may have suddenly become stationary, the buildings themselves retained their angular momentum.

				

				
					*4 And before you “Well, actually…” me—yes, the Flash can also run faster than the speed of light and has done so on many occasions. More about the Scarlet Speedster in a later chapter.

				

				
					*5 From a physics point of view this expression doesn’t really mean anything. But it sounds cool.

				

				
					*6 Newton’s theory stood unchallenged for roughly three hundred years, which really is not such a bad run.
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			II

			Is Density Destiny?

			Pym Particles and the Higgs Boson

			The very first Ant-Man, appearing in the 2015 Marvel film of the same name, was Dr. Henry Pym, played by Michael Douglas. The second ant-size hero was Scott Lang (played by Paul Rudd), who took up the costume, the powers, and (reluctantly) the name of Pym’s alter ego. Pym had discovered a way to reversibly shrink down to the size of an ant (and even much, much smaller—though we’ll postpone our discussion of the Quantum Realm for a later chapter). Ant-Man’s powers are purely technological and involve the hero’s interaction with “Pym particles”—the MacGuffin mechanism by which one can alter the size of any object. But there is another aspect of Ant-Man’s shrinking ability that is not explicitly discussed yet is crucial for his superhero adventures: Consider how Ant-Man can be lightweight enough to be able to ride atop a flying ant without crushing it, yet also be strong enough to knock out a full-size person when he (Ant-Man) is only a quarter of an inch tall. Obviously, the diminutive dynamo must also be able to change his mass as well as his size as needed. Superman is apparently not the only superhero who has independent control over his inertia.

			By being able to change both his size and his mass, Ant-Man can vary his density, defined as the ratio of an object’s weight or mass to its volume. As mentioned in the previous chapter, an object’s mass is determined by how many atoms it has and the mass of those individual atoms. It’s possible for a big object to have a small density, if its atoms are spread over a large volume. For example, the planet Saturn has a mass of 500 trillion trillion kilograms (on Earth, 1 kilogram weighs about 2.2 pounds). Saturn, with a mass 95 times that of Earth’s, is very big (like Jupiter, it is termed a “gas giant”), with a volume of 800 trillion cubic kilometers, roughly 760 times the volume of our planet. When its mass is divided by its volume (ignoring the rings), Saturn’s density is 0.7 grams per cubic centimeter. For comparison, the density of water is 1 gram per cubic centimeter—and objects with a density less than water experience a buoyancy force greater than their weight. If we could build a swimming pool on Earth large enough to hold Saturn, the planet would float in the pool! The reason we can float is that a person’s average density, regardless of whether they are tall or short, thin or stout, is about 0.98 grams per cubic centimeter. Increasing the amount of air in our bodies (in our lungs or other cavities) will decrease our average density, making it easier to float. It’s also easier to float in seawater, which has a density slightly greater than that of fresh water or swimming pool water.

			When Scott Lang shrinks down to the size of an ant, his height decreases from 5 feet 10 inches (Paul Rudd’s height) to about

			
			
			How Big Are Atoms?

			
			
			Changing Constants

			
			
			
			
			
			Constantly Changing
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