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			PROLOGUE

			 

			Out of the cradle

			onto dry land

			here it is

			standing:

			atoms with consciousness;

			matter with curiosity.

			Stands at the sea,

			won ders at wondering: I

			a universe of atoms

			an atom in the universe.

			Richard Feynman, “What Do You Care What Other ­People Think?”: Further Adventures of a Curious Character

			It’s 7:00 am, and I’m driving down a mountain in a large four-wheel drive vehicle. Barely awake, exhausted, I notice that my fingers have turned blue. I have never driven a truck before, and now I am hurtling down one of the steepest and toughest roads in the world. I feel the brakes overheating, the truck skidding, and I watch the sunrise wondering if I’m about to drive off the edge. I shouldn’t be driving this truck, descending from an altitude of 13,796 feet (4,205 m) at the summit of Mauna Kea—the second highest peak on Earth, and by some measures the highest—where I have spent the night observing the night sky. The black sand beaches merge into the deep blue sea below. I look to the right and see that my backpack has fallen off the passenger seat. Inside is my computer, which holds the data we obtained from last night’s observing run. There is a little secret of the universe hidden inside that backpack. My fear and sense of a separate self dissolve into the sky above as I reflect on the data on my computer, a gift from a few photons that traveled 47 million light-years to the infrared detector attached to the end of the NASA Infrared Space Telescope (IRTF), where I had been granted four nights of observing with an infrared spectrometer.

			Mauna Kea is an inactive volcano on the island of Hawai‘i that is home to several large observatories. According to Hawaiian tradition it is a deeply sacred and revered mountain. As I drive down the winding road from the valley below to the summit above, I honor its ancient history and feel gratitude for all that has been enabled by Mauna Kea in my lifetime. Founded in the late 1950s, the observatories at its top have allowed humanity to peer into the universe at wavelengths that were unobservable through most of human history. At sea level there are almost 5.5 quadrillion tons of atmosphere above us, providing the air we breathe, protecting us from harmful radiation from space, creating the pressure we need for the liquid water that flows on the surface below. This indispensable blanket that protects our planet makes infrared astronomy hard. Very hard. It’s why I’m on this mountain, barely awake and freezing, gripping the steering wheel. In fact, the science that I want to do is impossible to carry out from the ground at lower altitude. This is because the infrared photons that we have collected, now stored on my computer, cannot make it through the atmosphere. They are absorbed by the precious water molecules found in Earth’s atmosphere. For that reason, we have to build observatories at high altitude or launch them into space in order to be able to do infrared astronomy.

			Last night we peered into the heart of the galaxy NGC 1068 to study its central black hole. NGC 1068, or Messier 77, is a spiral galaxy almost 47 million light-years away in the constellation Cetus. It was discovered by the French astronomer Pierre Méchain in 1780, before we even knew that galaxies outside our own existed. There, obscured by clouds of gas and dust, invisible at optical wavelengths, lies a feeding black hole. It’s not just an ordinary black hole that forms from the death of a massive ordinary star, but a supermassive black hole with an estimated mass of over 100 million times the mass of the Sun.

			How did it form? How does it grow? What does it do to the galaxy that surrounds it, and what will be its ultimate fate? We don’t know the answers to these questions, at least not yet. In the past four nights of observing on this revered mountain we were fortunate to see several galaxies in which we think supermassive black holes reside. The data recorded the light emitted by matter orbiting close to the black hole, swirling around the center at speeds of several hundred kilometers per second. By measuring the speed of gas, we can measure the mass of the central supermassive black hole. We can also study the properties of stars around the black hole. How many are there? How old are they? How are they influenced by the black hole? It turns out that matter isn’t just sucked into black holes. It is also often being expelled from the central supermassive black hole at tremendous velocities, sometimes approaching the speed of light. In fact, black holes can fling out the mass equivalent of an entire galaxy deep into the void of intergalactic space.

			All of this information about the stars, gas, and the supermassive black holes is encoded in the spectra stored in my laptop in my backpack. I sit, sleep-deprived, in a hard plastic seat in the airport waiting to board a fourteen-hour flight back home. It will take months for us to fully reduce this data, but I am going to get started on the plane.

			Join us as we take you through a journey from the early history of black holes, of how they arose as mathematical predictions of Einstein’s theory of general relativity to how they became real astrophysical objects that can be almost 100 million times the mass of the Sun. We will bring you up to speed on the latest research on these invisible beasts now found to be lurking in the hearts of galaxies only a few hundred million years after the Big Bang.

			My airplane ride will last a bit more than half a day. Getting to this point has required thousands of years of scientific discovery. More recently, it has turned on the critically important discovery that black holes exist in the first place, and that some are more massive than others. This scientific journey takes us to the desk of the brilliant scientist Albert Einstein, whose general theory of relativity helped us predict black holes before we even saw them. Our whirlwind tour of the universe begins just a few hundred million years after the Big Bang, 13 or so billion years ago.
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			FROM NEWTON TO EINSTEIN

			 

			The Khazars believe that deep in the inky blackness of the Caspian Sea there is an eyeless fish that marks the only correct time in the universe.

			Milorad Pavič, Dictionary of the Khazars

			The universe used to be such a simple place. Events ticked along like the hands of a clock, driven by simple laws that were not only knowable, but known. Behind the surface complexity of the world there lurked an amazing simplicity.

			Perhaps nothing better exemplifies this way of looking at the universe than the work of the English scientist Isaac Newton (1642–1727). In a period that will be familiar to modern readers, the appearance of the Black Plague in England led to what we would call today a lockdown, and Newton was forced to spend eighteen months in isolation on his family farm. During those eighteen months, he developed differential calculus, integral calculus, the law of universal gravitation, the theory of color, the laws of motion, and a few miscellaneous mathematical theorems. All we can say is that if reading that list makes you wonder what you’ve accomplished in the last few years, you aren’t alone.

			For our journey into the heart of black holes, the most important item on Newton’s list is the law of universal gravitation. As Newton stated it, this law says that there is an attractive gravitational force between any two objects in the universe. The size of the force depends on the mass of the two objects and the distance between them. Double the mass of one of them, and the gravitational force doubles. Double the mass of both of them, and the force will be four times as strong. The gravitational force gets weaker the farther apart the two objects are: double the distance, and the force will be four times smaller; triple the distance, and it will be nine times smaller; and so on.

			The equation that describes the gravitational force between bodies of mass, m and M, separated by a distance, D, is:
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				where G is a number known as the gravitational constant.

			THE NEWTONIAN UNIVERSE

			
				According to Newton, who described the event later in life, his discovery of universal gravitation was triggered by seeing an apple fall from a tree at the same time he saw the Moon in the sky. He realized that there had to be a force acting on the Moon, otherwise it would fly into space instead of staying in orbit. He also realized that there had to be a force acting on the apple to make it fall. In one of those insights that seem so obvious in retrospect but that takes a genius to see for the first time, he asked whether those two forces—one operating on Earth, the other in the heavens—could be one and the same. With this insight he paved the way for generations of astronomers to study the skies, secure in the knowledge that the phenomena they saw in their laboratories were the same as the ones they saw through their telescopes. Philosophers regard this insight as the first of a series of great unifications that characterize the history of science.

			While Newton recognized that the force of gravity existed, he couldn’t understand how it worked. In Newton’s world, forces could be transmitted only by contact, something like what happens when billiard balls collide. In his theory, the action of gravity was instantaneous. This apparently bothered him, but he necessarily accepted that idea, since it would be years before the first estimates of the speed of light or the speed at which gravitational forces actually move would be available. The discovery that matter is made from atoms, and that atoms interact with each other through electromagnetic force, would also occur well beyond Newton’s lifetime. He pondered the nature of gravity in a letter to his friend Richard Bentley in 1692:

			
				It is inconceivable that inanimate Matter should, without the Mediation of something else, which is not material, operate upon, and affect other matter without mutual Contact…. That Gravity should be innate, inherent and essential to Matter, so that one body may act upon another at a distance thro’ a Vacuum, without the Mediation of any thing else, by and through which their Action and Force may be conveyed from one to another, is to me so great an Absurdity that I believe no Man who has in philosophical Matters a competent Faculty of thinking can ever fall into it. Gravity must be caused by an Agent acting constantly according to certain laws; but whether this Agent be material or immaterial, I have left to the Consideration of my readers.

			

			What is amazing to us, as we follow Newton’s thoughts about the nature of gravity, is how close he came to understanding the way that the gravitational force arises in modern post-Einsteinian theories. In string theory and quantum loop gravity, the two leading contenders for a “theory of everything,” the gravitational force is mediated by the exchange of massless particles called gravitons. Whether you want to call these particles, which were undiscovered in Newton’s time, “material” or “immaterial agents,” to use Newton’s language, there does seem to be an uncanny foreshadowing of future events in his musings.

			The law of universal gravitation has proved to be a reliable tool for explaining familiar phenomena like the orbits of the planets and the path of space probes. It is only when you get to massive objects like black holes that you need a better theory, in this case the theory of general relativity, about which more soon.

			First, though, consider two important aspects of the Newtonian worldview. One of them can be considered the philosophical basis of general relativity, and the other had to be overcome before progress on relativity could be made. In Newtonian mechanics, all observers see the same laws of nature operating regardless of their frame of reference, provided that the frames of reference are moving with constant velocity. We call this the principle of special relativity. The second thing built into the Newtonian worldview is the hidden assumption that there exists a correct universal time underlying all laws of nature.

			Suppose you are standing at the side of a road, and a friend drives by in a car. As your friend passes you, she drops a small tennis ball inside the car. As far as your friend is concerned, the ball dropped straight down, but because the car is moving, you see the ball fall in a curved path. You and your friend, in other words, give different descriptions of the event. There is actually nothing surprising about this, because the two of you are in different frames of reference.

			Now, however, suppose I asked what the basic laws of physics were in your respective frames of reference, with the assumption that you both had sufficient laboratory facilities to find an answer to my question. As far as Newtonian mechanics is concerned, you would both find the same laws operating. The statement that the laws of mechanics are the same in all frames of reference is known as the principle of relativity. In suitably expanded form, it is the basis for general relativity, our best theory of gravitation and our current effort to understand black holes.

			The second item isn’t normally stated explicitly by people working in Newtonian mechanics, but it plays the role of a universal, though unstated, assumption. It has to do with the nature of time. In the example we just considered about your friend in the car, you’ll notice that we never said anything about the behavior of the clocks you and your friend had. The reason for this is simple: we simply assumed that all clocks run at the same rate. A second is a second, after all. But if you think about it for a moment, you’ll realize that when we do this we are making an assumption about the fundamental nature of time. We are assuming that there is a single correct time, a clock kept by God, or perhaps by the blind fish in the Caspian described in the epigraph. The assumption seems to match our experience, but questioning this unspoken assumption was one of the things that led Albert Einstein to the theory of relativity. In addition, for the Newtonians space was not a thing but simply the empty stage on which events took place.

			Newton’s work gave scientists a road map for exploring the universe. His laws of motion, as far as we could see, applied to every object in the universe, from galaxies to billiard balls. It wasn’t long before scientists began to apply Newton’s reasoning to events involving other things.

			THE ELECTROMAGNETIC WORLD

			
				We continue our story by investigating an unexpected result that came out of applying Newton’s methods to the investigation of the phenomena of electricity and magnetism. Both of these phenomena had been known since antiquity; indeed, the Chinese invented the first compass around 200 bce, and the Greeks investigated static electricity in 600 bce. It wasn’t until the nineteenth century, however, that it was discovered that these two seemingly disparate phenomena were related. Essentially they were two sides of the same coin. The invention of the battery allowed scientists to discover that moving electrical charges, or what we call electrical currents, would create magnetic fields and that changing magnetic fields could produce electrical currents.

			These discoveries, made by many different scientists, were brought together in 1873 by the Scottish physicist James Clerk Maxwell (1831–79), who added a term that had been missing up to that point. What he showed was that all the phenomena associated with electricity and magnetism, as well as the connections between them, were summarized in a series of four equations, now universally known as Maxwell’s equations.

			Maxwell was an expert on the advanced math of his day. Think of him as being analogous to someone who can navigate around Big Data today. Using techniques from a field that we call partial differential equations, he showed that the basic equations of electromagnetism predicted the existence of a strange kind of wave composed of electric and magnetic fields. Basically, the magnetic fields changed, which produced an electric field, which in turn produced a changing magnetic field, which produced another electrical field, and so on. Think of the energy in the wave being tossed back and forth between the electric and magnetic fields as the wave moves along.

			What was really interesting was the speed of this strange wave depended on the forces between electrical charges and the forces between magnets. Both of the quantities were well known, and when Maxwell plugged in the numbers, he found that the waves would move at 186,000 miles per second.

			That’s the speed of light. What Maxwell’s mathematical manipulations had proved, in other words, was that light was an aspect of electricity and magnetism. This is such an important result that this speed is customarily given its own letter of the alphabet, c. The realization that light is connected to the same processes that stick notes of your refrigerator and generate static cling was another of those great unifications that make up the history of science, like Newton’s unification of earthly and heavenly gravity.

			It’s an interesting fact that, like Newton, Maxwell had a hard time imagining a wave that could travel through a vacuum. Like all scientists at the time, he assumed that space was filled with a tenuous substance, called “luminiferous ether,” and he devised complex models (gears, sprockets, and all) to explain how his waves worked. Today we understand that light can move along just by exchanging electric and magnetic fields, without needing any sort of medium to support it.

			One interesting aspect of electromagnetic radiation is that, according to the equations, it should come at all wavelengths. The wavelengths of visible light range from about four thousand atoms long (for violet light) to about eight thousand atoms long (for red light). For Maxwell, most of what we call today the electromagnetic spectrum was missing. One author compared the situation to seeing a full orchestra on a stage but hearing only the piccolo. Beginning in 1888, when Heinrich Hertz discovered radio waves, the entire panoply of wavelengths, from radio waves (with wavelengths measured in miles) to gamma rays (with wavelengths shorter than the nuclei of atoms), had been found. All of these waves move with velocity c in the vacuum.

			With a full understanding of Maxwell’s equations, then, another corner of the universe was brought inside the purview of science. Just as Newton’s laws gave us the tools to understand motion wherever it occurred, Maxwell’s equations gave us the tools to understand electrical and magnetic phenomena. There was, however, an important difference between these two great unifications. There is a specific speed—the speed of light—built into Maxwell’s equations, but there is no such speed built into Newton’s laws. It was this fundamental difference that Albert Einstein exploited in the early years of the twentieth century.

			Note that this fundamental difference has an extremely important consequence. If the laws of relativity are going to tell us that the laws of nature have to be the same in all reference frames, then the speed of light has to be a universal constant, or the same everywhere. Otherwise the laws of nature, and specifically Maxwell’s equations, are going to depend on the observer’s frame of reference.

			EINSTEIN AND RELATIVITY

			It’s so seldom that a single individual has an enormous effect on the development of science that it’s worth pausing for a moment to talk about the life of Albert Einstein, especially since it was his theory of general relativity that led scientists to the concept of the black hole.

			Einstein was born in 1879 in the town of Ulm in southern Germany. His family was what would be characterized as upper middle class today, his father a partner in a manufacturing firm that produced feather beds. They were Jewish, but because Albert was not given a biblical name, scholars believe they were not observant. He was apparently slow to start speaking, though in later life he said he didn’t want to start talking until he could speak in complete sentences. In 1880 the feather bed business collapsed, and the family moved to Munich, where, at the age of six, Albert started school.

			An urban legend has it that there he flunked grade school math, but in fact, we have letters from his mother to his grandmother bragging about what a good student he was. After finishing gymnasium (roughly the equivalent of high school) he applied for admission to the Eidgenössiche Technische Hochschule (ETH) in Zurich, then as now one of Europe’s leading technical universities. It was here that the legend of Einstein as a poor student got its start, because he flunked the entrance exam. It wasn’t the physics and math that did him in, though. It was the fact that the exam included subjects like drawing and literary history, which he hadn’t mastered.

			He was eventually admitted to the ETH, although his attitude rubbed some of his professors the wrong way. He was characterized as a young man who was reluctant to accept advice from his elders, a trait not uncommon among college students. When he graduated in 1900, he landed a couple of temporary teaching appointments that kept him going until the father of a college friend introduced him to the head of the Swiss Patent Office, and in 1902 he became a patent examiner third class.

			Einstein would make his mark in the esoteric field of theoretical physics, but before that he was a great, eminently practical patent examiner. He seemed to have had a real feeling for mechanical apparatus, and during his lifetime had no fewer than fifty patents issued in his own name. Perhaps the most well-known of these is U.S. Patent 1,781,541, issued in 1930, protecting Einstein’s solution to a serious problem that developed when people began installing refrigerators in their homes. The mechanical pumps in the refrigerators were often leaky, releasing toxic gases into the home’s environment. Einstein’s patent, submitted together with physicist Leo Szilard, replaced the mechanical pumps with a sealed compressor that had no moving parts but did its work with electromagnetic fields. The device was never commercialized, but it illustrates one legacy of his time in the Patent Office.

			All through his time as a patent examiner, Einstein kept publishing papers in theoretical physics. In 1905, which physicists still refer to as the annus mirabilis or miracle year, he published four important papers, any one of which could have resulted in a Nobel Prize. From our point of view, the most important of these introduced the theory of special relativity. The other papers deal with the photoelectric effect, Brownian motion, and mass-energy equivalence. The first of these was one of the seminal papers in the development of quantum mechanics and the work for which he was awarded the Nobel Prize in 1923; the second provided convincing evidence for the reality of atoms; and the third led to the famous equation E = mc2. For our purposes, however, it is special relativity that needs attention.

			According to Einstein, the idea for relativity came to him one day when he was riding in a streetcar in Bern, Switzerland. Looking at a nearby tower that had a large clock on display, he realized that if the streetcar were to move away from the tower at the speed of light, it would appear to him that the clock had stopped. It seemed, in other words, that what an observer saw as the reading on the clock would depend on the observer’s frame of reference. The faster the observer was moving, the more the clock would appear to slow down.

			Incidentally, this method of trying to understand some natural phenomenon by thinking about an imaginary situation is customarily described as performing a Gedanken (from the German denken, “to think”) or thought experiment. It was one of Einstein’s favorite techniques. It isn’t necessary to perform the experiment; Einstein didn’t have to accelerate his streetcar to the speed of light, for example. He could learn what he had to learn just by thinking about doing so.

			The point is that if different observers in different frames of reference see the same clock ticking at different rates, we have to call into question the unquestioned Newtonian assumption about the existence of a universal time. Time, like space, becomes a variable that depends on the observer’s frame of reference, a fact that explains why you will often see the word “space-time” in the rest of this book.

			There is, however, a deeper issue involved in the world as seen from different frames of reference, an issue that arises from the fact that the speed of light is built into Maxwell’s equations. To see this, go back to the example of your friend dropping a ball in a moving car while you watch from the side of the road. Suppose now that your friend, instead of dropping the ball, throws it forward. Suppose further that you, standing next to the road, see a car going by with a velocity v, and suppose your friend inside the car sees the ball moving forward with velocity u. Now perform the Gedanken experiment of measuring the speed of the ball that you, on the ground, see. Our intuitive answer is that you will see the ball moving with velocity v + u, the speed of the ball plus the speed of the car.

			Now suppose we perform a slightly different Gedanken experiment. Suppose that instead of throwing a ball your friend shines a flashlight, and the two of you measure the speed of the emitted light. It’s pretty obvious that your friend will see the light moving with the customary speed c, but what about you? Will you see the light moving at a velocity c + v?

			This is where the world of electromagnetism enters the picture, because, as we stressed earlier, the speed of light is built into Maxwell’s equations. If your friend sees the light moving with velocity c and you see it moving with c + v, then Maxwell’s equations will be different in your two frames of reference. This would mean that the laws of electromagnetism would be different in the two frames, and this in turn would mean that the principle of relativity would not apply in the world of electromagnetism as it does in the world of mechanical motion. The only way to find out if the principle is universal is by experimentation. There are several ways that Maxwell’s equations could be modified to allow light to have different speeds in different frames of reference while preserving something like the principle of relativity:

			
					
					
						The c in the equations might refer only to the speed of light in the ether.

						

					
					There might be terms in the Maxwell equations, as yet undetected, that make the speed of light dependent on the speed of the source.

				

					
					There may be something wrong with the way we think about space and time when we calculate velocities.

				

			

			The first of these options was already pretty much a dead letter by the time Einstein began his work on relativity. In 1887 physicists Albert Michelson and Edward Morley, working at what is now Case Western Reserve University in Cleveland, had already shown that the ether, so beloved of ancient philosophers, simply didn’t exist. They reasoned that if there was an ether and Earth was moving through it, there should be a detectable ether wind, much as there is a perceptible wind in a moving vehicle on a still day. The only conclusion we can draw from the fact that Michelson and Morley (and generations of experimentalists after them) failed to detect the ether wind is that there is no ether to produce it. And although Einstein later said that this experiment did not influence his thinking, it certainly allows us to reject option 1.

			Option 2 can also be eliminated using some basic astronomy. It happens that many of the stars we see in the sky are actually double star systems—systems in which the stars rotate around each other. Light from a star in such a system will be emitted when the star is moving toward you part of the time and away from you the rest of the time. It’s a simple matter to detect a change like this, and from the fact that we don’t see any such effect we have to conclude that there are no extra undetected terms in Maxwell’s equations.

			That leaves us with option 3—the one that Einstein chose to investigate. After all, our arguments involve comparing velocities, and velocity is defined as distance divided by time. If our understanding of distance (that is, space) and time are wrong, nothing that we say based on our incorrect concepts can be trusted.

			Before we plunge into the theory of relativity, however, there is one point we have to make. Nothing that we have done up to this point proves that the principle of relativity is correct. What we will do is look at the predictions that relativity makes and see if they match what nature shows us. This is the only way to justify adopting any new theory.

			Einstein’s ride on that streetcar gives us a hint about how to proceed. The fact that the time shown by the clocktower depends on the velocity of the observer tells us we should begin our investigations by looking at time and motion. Furthermore, if we are going to take the principle of relativity seriously and assume that it applies to all laws of nature, we are going to have to assume that the speed of light, c, is the same in all frames of reference. Without this assumption, Maxwell’s equations would be different in different frames of reference.

			This is, as we shall see, a huge assumption—so huge, in fact, that it often listed as a separate assumption in discussions of relativity. However you want to think about it, it is an essential part of what follows.

			One thing we have to realize about time is that physicists do not consider it our job to say what it is, but only to find a way of measuring it. Traditionally, we do this by finding a regularly repeating event, use it to define a basic unit of time, and then measure all other times in terms of that basic unit. Nature, in fact, gives us several such events. We list some of them below along with the regularly repeating event associated with it.

			
					
					The year—the time it takes Earth to complete an orbit around the sun

				

					
					The day—the time it takes Earth to complete one rotation on its axis

				

					
					The month (approximately)—the time it takes the Moon to complete an orbit around Earth

				

			

			Starting in the Middle Ages, humans began adding items to the list of regularly repeating events to define the basic unit of time. The swinging of a pendulum was an early choice. Since 1967, the second has been defined in terms of the energy levels of electrons in a cesium atom, a definition that we still use today.

			All of this tells us there is nothing preventing us from imagining a Gedanken experiment that uses a new kind of regularly repeating event. For this experiment we will construct in our minds a device known as a light clock. It has three parts: a flashbulb that generates a beam of light, a mirror that reflects the beam back toward the flashbulb, and a photocell that registers the arrival of the beam and triggers the flashbulb, thereby starting the whole process again. The “ticking” of this clock would then be “flash, reflect, click at the photocell.”

			Remember that according to the rules of Gedanken experiments, we don’t have to actually build this clock, we just have to think about it. Another point that may help you visualize the operation of the light clock is to note that it can be synchronized with any familiar clock you want. Do you like to picture a grandfather’s clock with a swinging pendulum? Fine—just move the mirror far enough away from the flashbulb so that it takes a full swing of the pendulum for the light to get back. This would involve placing the mirror most of the way to the Moon. (Are you starting to see why not having to build the apparatus in a Gedanken experiment is such an advantage?) The point, however, is that anything we prove about a light click will be true of any clock you can imagine.

			Now for the experiment. Let’s start with two identical light clocks, one on the ground and the other on an open railroad car moving at a constant velocity with respect to the ground. Let’s further arrange things so that the two flashbulbs both go off as the moving clock passes the clock on the ground. What will the observer on the ground see?

			The ground observer will see his or her clock behaving normally—the light travels straight up to the mirror and comes straight back down again. Looking at the moving clock, however, he or she sees something else entirely. While the light in the moving clock is traveling up to the mirror, the train will move. Thus, the ground observer sees the light in the moving path traveling on a slanting path. The same thing happens as the light in the moving clock travels down to the photocell. The end result is that the ground observer seeing the light in the moving clock traveling in a sawtooth pattern.

			This in turn means that as far as the observer on the ground is concerned, the light in the moving clock has to travel farther between ticks than the clock on the ground. And this is where the principle of relativity comes in, because if the speed of light is the same in both frames of reference, the photocell on the ground will go off before the photocell on the moving train. In other worlds, according to the principle of relativity, moving clocks slow down!

			Not just light clocks. Every clock. This conclusion, known as “time dilation,” is one of the fundamental results predicted by the principle of relativity. Without going into a lot of detail, we can say that this prediction has been repeatedly confirmed by experimentation since Einstein published it in 1905. Perhaps the most dramatic confirmation occurred in 1971, when atomic clocks were flown on commercial airliners traveling around the world and compared to clocks that had remained stationary. The results were exactly as Einstein had predicted.

			Further verification of time dilation comes from experiments on cosmic rays. They produce sprays of unstable particles high in the atmosphere, particles that should decay before reaching the ground if it weren’t for the effects of time dilation. The fact that they do make it to the ground means an observer sees that the moving particles have slowed down. Other arguments, only slightly more complex than those given earlier, result in other (well-verified) predictions: moving objects get more massive and shrink in the direction of motion, and then there’s the famous mass-energy equivalence E = mc2.

			All of these predictions come out of arguments, like the one for time, based on clocks and meter sticks moving at a constant velocity—no acceleration or rotation. These are called “inertial” frames of reference, and the field that deals with them is known as special relativity. Special relativity is simple, requiring math no more complex than basic algebra and the Pythagorean theorem. It is routinely taught to thousands of physics undergraduates every year.

			The basic statement of special relativity is that the laws of nature, including Maxwell’s equations, are the same in all inertial frames of reference. To go from this to the basic statement of general relativity—the statement that the laws of nature are the same in all frames of reference—is a difficult task. For one thing, the math becomes much more complicated. (It took Einstein ten years to master it.) One source of the difficulty is that when we deal with space-time we are looking at a four-dimensional system. There are three space dimensions (up-down, front-back, left-right) and one for time. Thus, in their full glory, Einstein’s results come out to sixteen coupled partial differential equations. which is customarily reduced to only ten coupled partial differential equations because of inherent symmetries in the system. No wonder it took him so long to get there.

			Complex or not, though, we’re going to have to have some sense of what general relativity is about before we tackle black holes and the origin of the universe. Fortunately, our old friend the Gedanken experiment will help.
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			IS GRAVITY REALLY A FORCE?

			 

			Things are seldom what they seem.

			W. S. Gilbert and Arthur Sullivan, H.M.S. Pinafore; or, The Lass That Loved a Sailor

			We have seen that the principle of relativity can be used to gain insights into the nature of time in a world that contains only inertial frames of reference. Similar results give us what we call the special theory of relativity. We also pointed out that extending the principle of relativity to all frames of reference—leading to what is called the general theory of relativity—involves some pretty complex mathematics. In what follows we will look at some simple examples of how the general theory works and, in the process, raise a fundamental question about the nature of gravity.

			Let’s start with a familiar noninertial frame of reference, the rotating Earth. For our first Gedanken experiment we will have someone standing on the North Pole, throwing a ball to someone standing on the equator. We will look at this process from two frames of reference—one in a stationary spaceship high above Earth, the other located next to the catcher at the equator. What do these observers see?

			The observer in the spaceship sees the ball moving in a straight line, as required by Newton’s laws of motion, with Earth rotating under it as it flies southward. During the flight, the only force acting on the ball will be Earth’s gravity pulling the ball downward and keeping it from flying off into space. This observer will see no forces acting in the horizontal direction.

			The observer on Earth sees something entirely different. As soon as the ball leaves the pole, it begins to deviate from a straight line, eventually landing on a spot behind the catcher—actually the spot the catcher occupied when the ball was thrown. According to Newton’s laws of motion, the fact that the ball does not move in a straight line means that there must be a force acting on it. In fact, we call this the Coriolis force, after the French engineer and mathematician Gustave Coriolis (1792–1843), who first analyzed the effects of rotation on motion.

			This is a strange situation. We have a “force” that is present in one frame of reference but not in another. Physicists long ago learned to deal with this kind of situation and refer to things like the Coriolis force as “fictitious forces.” Clearly the fictitious forces are connected to the accelerated frames of reference in which they are seen. They are also somehow connected to the fact that there are two obvious ways to observe the system: from inside and outside.

			We can emphasize this fact by pointing out that there is a third way to analyze our Gedanken experiment, one that we don’t normally think about but that is very much in keeping with the way we’ll get to general relativity. In our two ways of looking at the experiment, we have (implicitly) assumed that the coordinate system on Earth is not affected by the planet’s rotation; it simply spins along with the solid ground. But what if we changed that assumption? Suppose we said that the rotation warped the coordinate grid on the planet so that the equivalent of lines of longitude became curved in such a way that, to an observer on Earth, they marked out the path that a terrestrial observer would see the ball follow. (The technical term for such a path is “geodesic.”)

			In this case an observer on Earth would say that the presence of rotation warped the coordinate grid, and that in the new grid that ball follows a geodesic line. In this case we wouldn’t have to introduce fictitious forces; we’d just have to modify Newton’s laws to say that objects move along geodesics in the space that has been warped by the rotation.

			Once we have the idea that we can analyze motion by changing the coordinate system, we can move on to a second set of Gedanken experiments. Suppose we have a ship in deep space whose occupants can’t look outside. Let’s start by having the ship moving with a constant velocity and have an astronaut hold a ball out at arm’s length and let it go. An observer outside the ship will see the ball continue to move at the same velocity as the astronaut, and the astronaut will see the ball float. No fictitious forces arise in either frame of reference.

			Now suppose we have the spaceship accelerating upward. When the astronaut lets go of the ball it will continue to move at whatever velocity it had when it was released. An outside observer will see the floor of the spaceship accelerate and move upward until it encounters the ball. In this case we see no forces acting on the ball. The astronaut in the ship, on the other hand, will see the ball fall toward the floor, eventually bouncing off of it. He or she would have to conclude that there was a force acting to pull the ball down. Like Newton and his apple, the astronaut would call that force gravity.

			But, of course, this is just how we defined a fictitious force, one that is present in one frame of reference but not in another. To make this point more strongly, imagine that the spaceship is accelerating upward at a rate of 32 feet per second per second, the acceleration due to gravity at Earth’s surface. There is no way the astronaut could tell if the ship were accelerating in deep space or sitting on the ground at Cape Canaveral. Gravity, in other words, may well be a fictitious force, just like the Coriolis force!

			Just as we discussed a “third way” to look at the Coriolis force, a way that involved allowing the rotation of Earth to distort the coordinate grid on the planet, we can think of allowing a massive body like Earth to
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